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EXECUTIVE SUMMARY

The purpose of this work was to review all existinghnologies that were non-combustion in
character and identify those technologies thatrarevative and emerging and hold promise
for the destruction of the POPs stockpiles.

The definition of non-combustion technologies usethis report are processes which operate
in a starved or ambient oxygen atmosphere. Swtimtdogies may produce dioxins or furans
but require less technology to remove those chdsiiban an oxidised process such as a high
temperature rotary kiln.

Approximately 50 technologies were reviewed andqudainto one of four categories:
A Commercialised technologies with considerable erpee
Gas Phase Chemical Reduction (GPCR)
Base Catalysed Decomposition (BCD)
Sodium Reduction
Super-Critical Water Oxidation (SCWO)
Plasma Arc (PLASCON)
Pyrolysis/gasifiers
B Technologies near or at the start of commerciatina
Molten Salt Oxidation
Solvated Electron Technology
C Promising technologies
Ball Milling
GeoMelt™ Process
Mediated Electrochemical Oxidation (CerOx)
Mediated Electrochemical Oxidation (AEA Silver lideéess)
Catalytic Hydrogenation
D Technologies which require significant research
No technologies were found which were suitable ftbrs category although
preliminary research had been undertaken on sochdéogies. These are placed in
Annexure 1.
E Technologies which are unlikely to be applicabler fdestruction of POPs
stockpiles
MnO,/TiO,—Al,O3 Catalyst Degradation
TiO,-based YOs/WO; Catalysis
Fe(lll) Photocatalyst Degradation
Ozonation/Electrical Discharge Destruction
Molten Metal
Molten Slag Process
All bio- and phytoremediation including:
Photochemically Enhanced Microbial Degradation
Biodegradation/Fenton’s Reaction
White Rot Fungi Biodegradation
Enzyme Degradation
In situ Bioremediation of Soils
DARAMEND Bioremediation
Phytoremediation
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In addition, there was considered to be insufficieormation to classify one technology,
Self-Propagating High Temperature DehalogenatiétHBG).

It is of concern that there are so few emergindinetogies, especially those that may be
suited for in situ destruction of POPs. To someseixthis may be a reflection of the large
amount of low cost high temperature incineratiopagaty in Europe, the ongoing POPs
removal in developing countries to HTI coupled wathleluctance of research funding in this
sector.

A number of technologies have been placed in Anreetuas technologies which have been
insufficiently researched to indicate their promigeis likely that some of these technologies
should have been placed in Category D but thereingagficient information to place them in
that category.

It is also possible that some technologies whiclrewentified as unsuitable could be
successfully developed as suitable technologiesweder, with the direction of the research
and the limited availability of information for semtechnologies, it was considered
appropriate by the workshop to place them in Catego

In addition, information was provided by Zoltan 231, Director, Cleaner Production and
Environmental Management Branch, UNIDO, on techgels acceptable for use in Japan for
destroying PCBs (Annexure 2). There was insufficiaformation provided to include them

in this report although some of the technologiesehfeen included as they are used
elsewhere and data were available.

An additional goal of this work was to examine théeria that a developing country could

use to evaluate the application of a particulahtetgy. A set of criteria was developed that
has two elements. These criteria can be usecegstand for evaluative purposes but with an
application of an ‘Expert’ system a fully integrdtand interactive evaluation model cam be
achieved that is dynamic in that new technolog#@slaze added to it as they become available.

Recommendations

It is recommended that the five identified emergarg promising technologies be further
evaluated for the purpose of providing funding $attthe technologies may become
commercialised in the near future.

It is also recommended that a decision supporesysie developed which will assist users in
deciding which technologies are appropriate foatingg POPs wastes and contaminated soils
in their region. Such a system should be devel@sesbon as possible to enable users around
the world to make effective decisions on POPs mamegnt.
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1.0 INTRODUCTION

1.1

Background

Environmental and health concerns about the usmwibustion systems for
the destruction of obsolete POPs have encouragedd#velopment of
alternative destruction technologies. Emerging netdgies could play an
important role in the final treatment and/or destinn of large numbers of
obsolete POPs stockpiles, including the soils sumiang the stockpiles,
provided their further development and deploymesit encouraged and
supported. Non-combustion technologies, includingiordmediation
technologies offer an environmentally sound altevea to traditional
incineration technologies.

In the case of developing countries, appropriatd adequate destruction
facilities are lacking, and the costs associateih wroviding them may be
greater than what the region can afford withoutimezal assistance. Moreover,
countries are generally reluctant to divert develept funds for disposal of
obsolete pesticide stockpiles. As a result, theontgjof obsolete pesticides
disposed of from developing countries, have beeippsd to developed
countries for destruction, mostly by high temperatacineration.

However, after the Stockholm Convention enters ifdoce and Parties
develop their national implementation plans pursw@nhe obligations arising
from the Stockholm Convention on POPs, almost alll meed to develop
programs to identify and destroy their POPs pelgisiockpiles. Whereas the
requirements of the POPs Convention will createntiges to develop and
encourage the use of technologies that are enveotatly sound and that do
not produce other POPs by-products, there is a tee@dsess the experience
so far, and to identify promising technologies tbaitild be supported.

Developing countries present a unique challengemtmdern technology.
Instead of following the general trend of incregsaomplexity, the situations
in developing countries demand simplicity. Any heclogy used in this
situation must be appropriate. It must be ablegerate successfully in the
face of limited infrastructure, technical knowledwed expertise.

The challenge of making technology appropriate @eweklopment sustainable
has been a high priority for many years. With ee$go obsolete pesticides
the challenges are great. Obsolete pesticideslassified as hazardous waste
requiring extensive training and expertise for dadadling and management.
Present disposal technologies involve complex euxeigd, sophisticated
controls and dangerous processes. Extensive tinfcaisre, such as a reliable
power supply, is needed for safe operation. THes®rs conspire to prevent
many established technologies from operating iretdgmg countries. With
obsolete pesticides the problem is compounded kywide dispersal of
obsolete stocks and their deteriorated condition.
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1.2 Project Objectives

Introduce the subject of the review by outlining ffotential and drawbacks of
non-combustion and bio-remediation technologies, tbnstraints for their

further development and use, the experience switarlarger scale use, and
current trends.

1.2.1 Provide a comprehensive overview of existingy @nerging innovative
non-combustion and bio-remediation technologiegherdestruction of
POPs, with a focus on emerging technologies, usetggories that
reflect the different stages of experience and lbdgveent with a
technology (it is suggested that the NATO categoaie used, namely:
1. direct applicable technologies with considerable expesgenz.
applicable technologies on the stage of a “breaktingugh and/or start
of commercialization”; 3. technologies that givere tright financial
circumstances could be full scale within approxehat5 years; 4.
technologies in the stage of laboratory scalerigkti

1.2.2 Summarize their performance and evaluationltess described in
case studies, evaluations, commercial informatiootiober sources, and
citing the source of information.

1.2.3 Provide a global overview of sites where nomisustion and bio-
remediation technologies are being used at difterscales, and
supplement his information where possible and selewith available
case studies.

1.2.4 Describe experiences to date with non-commustnd bio-remediation
technologies in developing countries and countiiél economies in
transition.

1.2.5 Review non-combustion and bio-remediationrietdyies critically in
terms of their potential use in developing coust@ad countries with
economies in transition, using criteria of robus#e safety,
sustainability, ease of operation, cost-effectigsneonformity with the
Basel Convention and Stockholm Convention, anchtakito account
the composition of existing stockpiles, as well the conditions
prevailing in developing countries, with the vieavitlentify promising
technologies.

1.2.6 Based on the critical review, examine thedssuselection criteria and
identify good practices in technology selection.

In its conclusions on promising technologies, teeiaw will consider

if there is anything in the technology pipeline eg@rhing the ideal of a
technology that meets the criteria described abawd, if there is any
potential for existing systems to be modified tokendhem more cost-
effective.



Review of emerging, innovative technologies fordémgtruction and decontamination
POPs and the identification of promising technoésgior use in developing countries

In order to ground the review in the reality offdreént situations, the
review will be supplemented with three country ceBelies (two from

developing countries and one from a country with emonomy in

transition), in which the stockpile situation wile analysed and
different disposal options explored.

1.3 Overview of non—combustion technology

The definition of non-combustion has not been mtedi as part of the TOR. A
scientific/engineering definition of a non-combuosti process would be a process that
operated in a reducing atmosphere. For the déstnuaf POPs, the issue that arises is the
production of POPs such as dioxins or furans. @niigw technologies would meet either of
these definitions — Base Catalysed Decompositiatyvaed Electron Transfer and Sodium
Reduction.

As a result a further definition is processes whiglerate in a starved or ambient oxygen
atmosphere. Such technologies may produce diaxifigrans but require less technology to
remove those chemicals than an oxidised proce$sasia high temperature rotary kiln. This
definition would include technologies such as pysd and plasma arc ((PLASCON)) as well
as a number of other technologies. This definitioet has been included in preparation of
this document.
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2.0 REVIEW OF TECHNOLOGY

Over the past ten years, much of the research fmecimzardous waste technologies has been
on the treatment of contaminated soils and wasewat Few new technologies have been
developed which would be applicable for the desivacof stockpiles of POPs although it is
feasible that some of the new technologies that theen developed could be applied to such
stockpiles.

The following technology summaries provide the ke information on non-combustion
technologies. Only a few have been proven in iblel fand, of these, two companies have
gone bankrupt. There are, however, a number ofgngetechnologies which have potential
for treatment of POPs stockpiles. In addition, ¢hare also variants of the technologies that
have been included here and some are also knowver difterent names.

Commercially demonstrated technologies includefigasion, steam reforming and plasma
arc which are undertaken in a starved oxygen athaysp It must be noted that some of the
technologies require a combustion process followtimg main treatment process to either
ensure removal of any formed POPs or to allow &athecovery.

This summary classifies the technologies into fiagegories:

A Commercialised technologies with considerable expence
Technologies with operating plants which are lieehto destroy high strength POPs
stockpiles.
These include:
Gas Phase Chemical Reduction (GPCR)
Base Catalysed Decomposition (BCD)
Sodium Reduction
Super-Critical Water Oxidation (SCWO)
Plasma Arc (PLASCON)
Pyrolysis/gasifiers

B Technologies near or at the start of commercializeon

Technologies which have operating pilot plants, siegting to build operating plants
and are claimed to be suitable for treating higlergjth POP wastes. The latter
treatments would require proof of concept (99.9998%truction and no formation of
toxic daughter products) before being considerdyg switable.
These include:

Molten Salt Oxidation

Solvated Electron Technology

C Promising technologies

Technologies which require minimum research to @roapability to destroy high
strength POPs stockpiles or which are operatingessful pilot plants. Processes
which have demonstrated in the laboratory the tgbtlo treat moderate to high
strength POPs with a high efficacy and no formabdrioxic daughter products are
included.
These include:

Ball Milling

GeoMelt™ Process
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Mediated Electrochemical Oxidation (CerOx)
Mediated Electrochemical Oxidation (AEA Silver lideess)
Catalytic Hydrogenation

D Technologies which require significant research
Emerging technologies which require significantesgsh to determine their potential
to destroy POPs. These include technologies whale been proven to treat low
levels of POPs but have not been developed to tnégt strength wastes or
technologies for which there is limited data. Mofinologies were found which were
suitable for this category although preliminarye@sh had been undertaken on some
technologies. These are placed in Annexure 1.

E Technologies which are unlikely to be applicable ofr destruction of POPs
stockpiles
Technologies which have inherent flaws which willke them unlikely to be
successful in treating high strength POPs. It nestecognised, however, that it is
likely that some information on these and othehtedogies has not been published
and therefore some data may not be available wiuchld show that these
technologies may be feasible.
These include:
MnO,/TiO.—Al,O3 Catalyst Degradation
TiO,-based YOs/WO; Catalysis
Fe(lll) Photocatalyst Degradation
Ozonation/Electrical Discharge Destruction
Molten Metal
Molten Slag Process
All bio- and phytoremediation including:
Photochemically Enhanced Microbial Degradation
Biodegradation/Fenton’s Reaction
White Rot Fungi Biodegradation
Enzyme Degradation
In situ Bioremediation of Soils
DARAMEND Bioremediation
Phytoremediation
Not Classifiable
Self-Propagating High Temperature Dehalogenati¢tH(BG5)

Annexure 1 — Research Initiatives
A number of research initiatives were identifiedthe literature search which had examined
some aspects of POPs destruction but were intifigi advanced to be included in this
study. They have been included in Annexure 1 aollide:

Microemulsion Electrolysis

Ultrasonic Irradiation

Photocatalytic Degradation using BiO

Electron Beam Injection

Ozonation

Annexure 2 - Japanese Technologies for the Destian of PCBs
Annexure 2 contains information provided by Zoltsizer, Director, Cleaner Production and
Environmental Management Branch, UNIDO on techne®@cceptable for use in Japan for
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destroying PCBs. There was insufficient informatgrovided to include them in this report
although some of the technologies have been indladethey are used elsewhere and data
were available.

2.1  Category A
Direct applicable technologies with considerable gerience

2.1.1 Gas Phase Chemical Reduction (GPCR) — GPCR [gss

Process: Hydrogen reacts with chlorinated organic compourglssch as PCBs, at high
temperatures>850°C) and low pressure yielding primarily methamel hydrogen chloride
and “minor” amounts of other low MW hydrocarbong;luding benzene.

Pre-Treatment: Bulk solids, including those in drums, are thdiyndesorbed in a Thermal
Reduction Batch Processor (TRPB), and swept irgar¢lactor using recirculated (hydrogen-
rich) reactor gas. Contaminated soils/sedimengs passed through a TORBED Reactor
System, which allows higher throughput. Liquide @reheated (Liquid Waste Pre-heater
System, LWPS) and injected directly. The TBRP teently been adapted to also process
liquid wastes.

Configurations: Modular; transportable and fixed — but probablyt easily transported
because the ancillary units (steam reformer, hosierubber, compressed gas storage etc.) are
significant. A (so-called) semi-mobile unit is #da@le as one truck-trailer unit plus another
additional trailer unit for each TRBP. The thropghof this combination (2 TRBPS) is only
75 tonnes per month. A semi-mobile unit equippethva single TORBED reactor is
expected to achieve 300 to 600 tonnes/month. Aaptatscale (single container) plant is also
available but the throughput has not been not Bpdci

Capacity/throughput: the TBRP has the capacity to treat 70 to 90 tonfsslids per month
or 2 to 4 litres/min of liquids (86-172 %month). Two TBRPs can be used in parallel to
double capacity, but the combined throughput i rsbit suitable for commercial processing
of large volumes of contaminated soil or sedimefthe TORBED reactor involves pre-
treatment at 60 to achieve higher throughput, but is still in ttlevelopmental phase.
Expected throughput is 1000 to 3000 tonnes/month.

The LWPS has a capacity of 3 litres/min and isadé for homogeneous liquids with
up to 0.5% solids. It is intended to use the LW43Sa preheater and mixing vessel in future
configurations of the GPCR (i.e. coupled with tH&RP or TORBED systems).

Efficacy: Demonstrated high destruction efficiencies (DE $.9999%) for PCBs,
dioxins/furans, HCB, DDT.

Applicability: All POPs — including PCB transformers, capacitasd oils. Capable of
treating high strength POPs wastes.

Emissions: All emissions and residues may be captured faayaaad reprocessing if needed.
Dioxins/furans have not been detected in the prodas from the process, but have been
detected at low levels from natural gas burner wsdtkat reaction vessel. Process gases are
treated in a caustic scrubber. Recent modificatiomsthe plant have given DREs of
>99.999994% for 30% DDT input and >99.999999% 906%6 PCB destruction (Bridle and
Campbell, 1996).

Byproducts: Solid residues will be generated from solid wasfrits, but these should be
suitable for disposal in a landfill, although UNE®OO03) indicates that traces of POPs may
remain.

Practical issues:Use of hydrogen gas, although company has goodoemental/regulatory
track record. Fate of arsenic/mercury if presentvastes. Optional use of afterburner for
burning product gas (methane). Supplies of socdwdroxide or similar will be needed for
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the caustic scrubber, and the used liquor will nieebe treated and disposed. Possible need
for supplies of hydrogen gas, at least during sipr{process gases are passed through a
catalytic steam reformer for hydrogen generationndunormal operation). Also propane for
the boiler (off-gases are used as supplementaty dmel may meet total fuel requirements
when processing high-organic wastes).

A demonstration project has been initiated for 1@00nes of PCB-contaminated
material in Canada and the Perth facility has bessd for DDT pesticide residuals, PCB
wastes, HCB and chlorobenzene. The GPCR techndlagyeen selected for the treatment of
PCB-contaminated material at an industrial sitéhm Slovak Republic, under a pilot project
with the United Nations Industrial Development Qmgation (UNIDO). The GPCR plant
will be used to treat PCB wastes that are currdatdgted at the industrial facility, as well as
wastes that are brought in from other locationsughout the Slovak Republic. Funding for
the project was approved by the Global Environnkeility (GEF) council in May, 2003.
Licensing: Commercially licensed in Australia for POPs wasiese 1996, but the Kwinana
plant now shut down. Recently licensed in JapanPi6Bs and dioxin wastes. Has been
licensed and used for full-scale remediation projecCanada and pilot scale remediation in
USA and is currently under assessment for US Arnmgr@ical Weapons demilitarization
programme (phase 3).

Vendor(s): ELI Ecologic International, 143 Dennis St., Roclkwp Ontario, Canada NOB
2KO0

Phone: (519) 856-9591, Fax: (519) 856-928&w\v.eco-logic-intl.com

Information sources: Detailed description given in UNIDO Annex 7, basetdinfo provided
by vendor. Also Vijgen, 2002 and UNEP, 2003.

Reason for category: This technology has been used for managing P@B&vior the past 8
years and probably has the best track record ohanycombustion destruction technologies.

2.1.2 Base Catalysed Decomposition (BCD)

Process:The BCD patented process is divided into 2 sepamatiedistinct processing steps;

the first makes use of modified indirectly heatkedrtnal desorption to decontaminate media
such as soil and building rubble contaminated by®@nd is a continuous process, the
second is a batch process in which POPs in the fofrpure chemicals, or concentrates
obtained from the desorption step are destroyea ¢lyemical reaction in a heated stirred tank
reactor.

In the first step the contaminated media is mixeih Wwow concentrations of alkalis
such as sodium bicarbonate. This addition of alk&én enhances the stripping of chlorinated
hydrocarbons from difficult matrices. During thesdeption step, especially in presence of
alkali significant fractions of the POPs are deg

In the second step, which may, in the treatmem@P stockpiles be the only step, the
actual destruction takes place. A hydrogen transfaction takes place. A carrier oil which
acts both as suspension medium and hydrogen dsrwaited to above 326°C, the melting
point of sodium hydroxide. Sodium hydroxide andypretary catalysts are added followed by
the POP chemicals, waste or desorption concenDajgending on the content of organically
bonded halogens, generally chlorine, the POPs #ihereadded in total or dosed in a
controlled manner. The overall reaction is exothernso that chemicals with e.g. 50%
bonded chlorine are dosed over a period of timelddnhese conditions hydrogen splits off
from the carrier/donor oil and hydrogenates thedednchlorine. In the presence of the other
reagents the reaction proceeds to produce wateuvamnd sodium chloride.

After the reaction is complete, confirmed by eitbersite or off-site analysis, the oil
and the reagent sludge are dumped from the redatdhe latest designs the reactor is fist
cooled to below the flash point of the carrier Hila low cost oil, such as No. 6 fuel oil has

10
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been used, as is the case in the SD Meyers plavexico, the oil and salt containing sludge
are disposed of as fuel to a cement kiln. In otl@ses more reactive refined oils are used. In
these cases the oil is separated from the sludgeemycled. The sludge can then be further
treated to have an alkali water stream suitabke @eutralising agent in the treatment of acidic
waste waters or rendered safe for land-filling && walts from industrial off gas scrubbers.
The production of common salt, sodium hydroxidgusntitative as with all hydrogenation
processes.

Pre-treatment: The first step of the BCD process, designed ta sebd matrices requires
mechanical pre-treatment. Soils and other matesisdssieved to remove oversize bricks and
stones and metals. The oversize is then crushethandadded to the bulk of the material. A
maximum particle size of 50 mm is specified. Ingbie materials are crushed to 35 mm or
less to speed up the desorption process. The eegstolerate other inorganic or organic
debris in so far as this material is smaller th@m®n or can be shredded down to this size.

In the second reaction step liquids are pumpedtiijréo the reactor, solids, filter dust and
paste like or sticky chemicals and POP residuessaspended in carrier oil by attrition
stirrers. The resulting slurries are then pumpedh® reactor. Inorganic materials such as
mineral dust or fillers in the chemical compositacan be tolerated in the reaction, and are
generally inert.

Configuration: Modular, transportable or fixed plants have beeiit.blihe concept of
transportable units has not fitted well with petmg and economic aspects. Today's units are
either fixed or designed as skid mounted re-lodatabits.

Capacity/ Throughput: Solil treatment units have been operated betweerk@00and 20
tonnes per hour. The BCD reactors are limitecheodolids content in the stirred reactor and
are typically 1 to 3 tonnes of POP waste per redztch. A reactor will process 2-4 batches
per day. The batch cycle time is only marginallgetied by the POP concentration.

Both systems are designed for 24 hour continuoesabipn.

When higher throughputs are required the numbenazfules is increased.

Efficiency: High destruction efficiencies (4-6 nines) have beemonstrated for DDT,
PCBs, PCP, HCB, HCH, and dioxins ( PCDD/F) in tabdity trials and routine operations.
Applicability: All the above named chemicals as well as othelig@stformulations as pure
chemicals and wastes or as contaminants in othéiame

Emissions: Older plants had measurable discharges of dioximis cther POPs. Today's
plants are equipped with off-gas scrubbing andafibn which has improved together with
general technical developments. In line with atlsbatch units as well as indirectly heated
desorbers not only are the emission concentraliamsbut the total mass of emitted off-gas is
orders of magnitude smaller than incineratorsmilar directly fired units.

By-Products: Bonded chlorine is converted quantitively to skither the oil- salt slurry is
used as fuel in permitted facilities or separated the components. The present development
sees the use of the excess alkali in a salt sald® a neutralising agent for acidic waste
waters. The remaining residue of carbon from thgraation of the POP parent organic
compound may be disposed as fuel to suitable cotlbuprocesses or rendered safe for
controlled landfill.

Practical Issues: Although the large soil desorption units are tecally advanced, the
smaller units, and the BCD reactors are charaetkty their simplicity. Nitrogen blanketing
is required however with low consumption rates Isat teven in countries with developing
infrastructure these requirements should in genbealobtainable. Safety risks, such as
resulted in a fire in Melbourne in 1995 have nowrbeectified by adding cooling facilities.
Emission control is at the general high standahdea@ble with activated carbon filtration.

The modern catalysts are of moderate cost, buucopigon is extremely low.
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Sodium hydroxide consumption is a major cost fadboit is directly related to the chlorine

content of the POPs and may vary between 200 abdk@®d of POP.

Licensing: Commercially licensed in USA, Australia, Mexico,dp Czech Republic and

neighbouring central European countries.

Vendor: Patent holder; BCD Group Inc., Cincinnati, OH 45208A.
Opperman_t@bcdinternational.comvww.bcdinternational.com

Info Sources: BCD International literature, BCD license holdensl &/ijgen, 2002.

Reason for category: This technology has been demonstrated to treat kigth strength

POP and large throughputs of contaminated soildéhge of performance and emissions

should be sought from vendor and license holders.

2.1.3 Sodium Reduction

Process: Reduction of PCBs with dispersed metallic sodimmnmineral oil. Has been used
widely for in-situ removal of PCBs from active tedormers. Products of the process include
non-halogenated polybiphenyls, sodium chloridergletim based oils and water (pH>12).
Pre-treatment: presumably minimal for transformer oil treatmento indication of how the
system is applied to the treatment of capacit@ig]s soils, etc.

Configuration: Transportable and fixed (Powertech have a mobdetgbr treating 15,000
litres/day of transformer oll).

Capacity/Throughput: 15,000 litres as above. There is also a unitreating fluorescent
light ballasts with a capacity of 10,000 kg/day

Efficacy: Destruction efficiency of the process has not begorted. However the process
has been demonstrated to meet regulatory criteri&lW, USA, Canada, South Africa,
Australia, Japan for PCB transformer oil treatm@gf. in Canada to PCB<2 ppm for treated
oil; and PCB<0.5 ppm; dioxins<1 ppb for solid resd).

Applicability: PCBs to 10 000 ppm (also claims of applicabtlityther POPs, but no data)
Emissions: nitrogen and hydrogen gas. No info on organissions.

By-products: dehalogenated organics (eg. polybiphenyls), sodehloride and water
(pH>12).

Practical Issues: Lack of information on characterisation of resslué used for in-situ
treatment of transformer oils then may not destalby?CBs contained in porous internals of
the transformer. Sodium requirements will be gigant (100-500kg/tonne of PCB), and
supply, storage and handling will present signiftoghallenges in developing countries.
Licensing: Widely available worldwide

Vendor(s): many. eg. Powertech, Vancouver, Cangda/w.powertechlabs.com

Information Sources: Powertech literature

Reason for category: This technology has been commercially used feating PCBs for a
number of years.

2.1.4 Super-Critical Water Oxidation (SCWO)

Process: SCWO destroys toxic and hazardous organic wastascompact totally enclosed
system, using an oxidant (eg. oxygen or hydrogaoxwie) at temperatures and pressures
above the critical point of water (374°C and 22.P&)l Under these conditions organic
materials become highly soluble in water and reagidly produce carbon dioxide, water and
inorganic acids or salts. SCWO technology has la@ennd for many years, but the earlier
systems were plagued by reliability, corrosion ahayging problems. Recent developments
by Foster and Wheeler and General Atomics havecteféedy addressed these problems
through the use of special reactor designs andsomn resistant materials. The process has
now been effectively demonstrated at pilot and tgreental scales and was recently
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approved for full-scale development and use inUWse Chemical Weapons programme. A
commercial scale plant has also recently begunatipgrin Japan.

Pre-treatment: The system is limited to treatment of liquid vesstor solids less than
200microns in diameter, and an organic contentest Ithan 20%. Other pre-treatment
requirements have not been assessed.

Configuration: Current pilot plant systems are fixed configurafibut the units should be
transportable. Recent development of an on-boattdfar treatment of hazardous wastes on
ships indicates the potential for transportabldiegpons.

Capacity/Throughput: Current demonstrations units are up to 400 kg/lth plans for a
full-scale unit of 2700kg/hr (64.8 t/day).

Efficacy: Bench scale testing has demonstrated potentiahifgr destruction efficiency of
POPs.

Applicability: Demonstrated for all POPs, but note restrict@nsve on liquid vs solids and
organic content.

Emissions: All emissions and residues may be captured fayaassd reprocessing if needed.
By-products: Limited information on by-products from the tneaint of POPs.

Practical Issues: Lack of detailed analytical data on process, tesdand emissions.
Limited commercial operating experience until régen Potential for dioxin formation if
reaction conditions are not optimised.

Licensing: Undergoing trials for US Army chemical weapons d#amnization (Phase 3).
Vendor(s): General Atomics and Foster Wheelett[f://www.ga.com/atg/aps/scwo.h)ml

Info Sources: General Atomics literature and Vijgen, 2002.

Hatakeda et al., 1999; Kronholm, 2003.

Reason for category:A commercial scale system is operating in Japan.

2.1.5 Plasma Arc (PLASCON)

Process: This process involves directing an electric currdmwough a low-pressure gas
stream, creating a thermal plasma field which each 5000 to 15000. The intense high
temperature zone is used to either dissociate waistats atomic elements by injecting the
waste into the plasma, or as a heat source for astiolm or pyrolysisThe National Research
Council (1993) described the waste streams fronsnmda arc destruction of wastes as
“essentially the same as those from incinerationsuch as combustion by-products and
salts.Various plasma reactors have been developed foth#renal destruction of hazardous
waste but only the PLASCON In Flight Plasma Arc t8ys falls into the definition of non-
combustion.

In the PLASCON system, a liquid or gaseous wasteast together with argon is
injected directly into a plasma arc. Organic chextsién the waste disassociate into elemental
ions and atoms, recombining in the cooler areahefreaction. The resulting end products
include gases consisting of argon, carbon dioxitk water vapour and an aqueous solution
of inorganic sodium salts (including sodium chlesidsodium bicarbonate and sodium
fluoride). Further treatment of the end productas required.

The bulk of the waste treated by PLASCON origindtesn electrical transformers
and capacitors. Once received at the plant, itaissterred to a bulk feed storage vessel. Any
contaminated solids are then broken up and theinémgaliquid is extracted by a thermal
desorption process. The condensed vapours are snltleslliquid storage. The liquid waste is
then pumped directly to the PLASCON process fotrdeson.

PLASCON is not currently configured to treat a mangf waste types (e.g.
contaminated soil, capacitors, etc.) However, injwaction with appropriate preprocessing
(e.g., thermal desorption) its applicability is &dened. Bench scale tests achieved DREs
ranging from 99.9999 to 99.999999 percent. Likedtieer plasma arc process, no data were
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found describing the concentrations of undestrayl@@imicals in process residues other than
gaseous emissions so that the destruction effigi@fcthis technology remains unknown.
However, dioxins were found to occur in scrubbetavand stack gases in the part per trillion
range.

Pre-treatment: Liquid waste streams (either organic or aqueofigny concentration can be
treated but it is most cost effective to treat entrated wastes. Solids can be treated if in the
form of a pumpable fine slurry. Contaminated sail aery viscous liquids or sludges thicker
than 30 to 40 weight motor oil cannot be procedsgdhe system without pretreatment.
However, the system can be linked with thermal gegm or other pretreatment methods to
treat a wide range of solids and sludges. Spe@akes such as capacitors and transformers
can be treated after pretreatment to remove solids.

Configuration: Transportable and fixed units are available.

Capacity/Throughput: In the order of 1 to 3 tonnes/day of waste canéméd by a 150 kW
unit. The residence time of the waste in the reaathamber is very short (approximately 20-
50 milliseconds) since such high operational teieipees are utilised. This results in a small
process inventory, with less than 0.5 g of wastedgodestroyed at any instant.

Efficacy: Test samples of PCBs made up from an Askarel ¢ypeontaining Aroclor 1260
and trichlorobenzenes in the ratio of 65:35 whigewtreated in a bench scale plasma arc unit
showed dioxin levels in scrubber water and stackegan the part per trillion range. The
Aroclor 1260 mainly contains hexachlorinated (4286§l heptachlorinated (38%) biphenyls.
DREs in the test ranged from six to eight ninesficmmg in-flight plasma systems can
achieve very high destruction efficiencies. Diofanmation is generally avoided in in-flight
systems such as PLASCON, because the processesvpyvolysis rather than combustion.
Applicability: PLASCON has, to date, treated wastes including:

« Halon 1211;
-« CFC11, CFC12;
« HCFC 22;

« Askarel (65% PCB, 35% trichlorobenzene);

« Nufarm waste (40% chlorophenols, 40% chloropentcatates, 20% toluene).
A plant in Queensland, Australia, is used to degstaovariety of PCB wastes, containing
chlorine concentrations up to approximately 60 gant w/w. The plant operates 24 hours a
day, treating waste at the rate of 40-45 kg/h. [€lael of PCB in the effluent discharged to the
sewer from the plant complies with the 2 ppb lispecified in the Australian Government's
PCB Management Plan. Recently the plant has adem lzonfigured to destroy obsolete
pesticide wastes.
Emissions: Plasma arc treatment involves a much lower quanfitcombustion gases than
incineration, thus reducing the risk associatedh whe discharge of the emissions to air and
the cost of air pollution control. Given the veg process inventory in the PLASCON
system (i.e. less than 1 g in the reaction chambieg)risk associated with release of partially
treated wastes following a process failure is Vevy.
By-products: Caustic scrubber solutions
Practical Issues: The capital cost of a 150kW PLASCON unit is appmately
US$1million, depending on the configuration. Opimgat costs including labour vary
depending on the work to be treated and the lotatidhe site. These costs are estimated to
be under $3000/tonne but typically range from $15@2000/tonne. There is a considerable
range of cost depending upon factors such as:

« waste feed - molecular structure and weight;

+ electricity costs;

« argon and oxygen costs;

« geographic location and site specific issues;
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« caustic costs; and
+ the required emission limits.
The economics of the process are not sensitivaltrice content of the waste.

A significant advantage of the PLASCON system s kbw process inventory. The
process is electrically powered and can be shuhdmvstarted up in seconds. Process control
interlocks are provided to prevent the releasenobimpletely treated waste, in the case of
power failure or similar process upset. Other gdfieizards relate to the storage of hazardous
materials prior to treatment and the use of highperatures. Emissions from the treatment
system are limited to an emission to air contairangon, oxygen, water vapour and carbon
dioxide, and a trade waste discharge containingdium halide salt. Dioxin formation is
avoided by the use of pyrolysing conditions.

There is a risk of explosion from internal cooliwgter leaks and molten metal or slag
discharges.

Licensing: BCD Technologies Pty Ltd, PO Box 119, Narangba 4304, telephone: +61
(0)7 3203 3400; fax: +61 (0)7 3203 3450.

Vendor(s): BCD Technologies Pty Ltd.

Info Sources: Rahuman et al. 2000; Costner, Luscombe and Sim@ke88; CMPS&F -
Environment Australia, 1997; SLR Technologies (a®tqd by CMPS&F — Environment
Australia, 1997).

Reason for category:This is a proven, existing technology.

2.1.6 Pyrolysis

Process: Pyrolysis is a well-known method of heating in @axygen deficit atmosphere
resulting in gasification of organic and melting wineral components. A plasma torch
(~15,000°C) is used inside a cylindrical reacti@ssel containing mixed bulk gases. Plasma
feed gases (air, argon, €Or nitrogen) are introduced and product gases vethat the top

of the chamber and waste materials (solid, liquigias) plus steam are fed in from the side.
Inorganic portions of the waste remain in the reaes reduced metals and a glassy slag. Off
gases are polished through scrubbers and filtexs,can be reused as synthesis gas. These
processes are endothermic and thus require fesdjngicant levels of heat into the furnace,
thereby increasing power in the power sources. rébaperation of energy is possible only
due to combustion of obtained pyrolytic gas (sys}ga

According to CMPS&F - Environment Australia (1997he STARTECH Plasma-
electric Waste Converter (PWC) was developed inUWie by the Startech Environmental
Corporation. The Plasma Waste Converter forceghgasigh an electrical field to ionise the
gas into a plasma. The plasma operates at tempeiatthe order of 3,000 to 5,0t The
plasma chamber operates at normal atmosphericupeedthe PWC may best be described as
a plasma heated pyrolysis system, where wastesedueed to their metallic components, a
slag and a gas that can be used as a fuel. InragEect the STARTECH system is more
similar to the PACT technology than the PLASCONhtelogy, although it operates in an
oxygen deficient or reducing atmosphere.

Organic and inorganic wastes can be introduced timoplasma chamber as solids,
liquids, gases, and sludges, where they dissoiigi¢heir elemental atomic components. Gas
recovered from the top of the chamber is treatetlcam be reused as chemical feed stock or
fuel gas. Molten solids are removed from the bottdrithe chamber and can also be reused.
Solid wastes fed into the system do not ordinarégd to be pre-conditioned or shredded, and
can be in bulk form. Feeding is automatic througla® locked infeed port and is normally on
a continuous basis, but can be batch fed. Liqgdses and sludges can also be fed or pumped
directly into the chamber through a pipe port, aad be fed in with bulk solids at the same
time if required.
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The STARTECH Plasma Waste Converter is a closeg-k&ystem in which wastes,
depending on their type, may be converted intovex@ble commodity products. Recovered
gas, "Plasma Converted Gas", may be used for chéfeied stock to produce, for example,
polymers, or fuel gas for plant heating or to praelectricity. Recovered solids include
metals, and an inert silicate stone which can be=d uss aggregate in the building and
construction industry, or as an abrasive.

Pre-treatment: None needed.

Configuration: Transportable and fixed.

Capacity/Throughput: Demonstrated at 50 — 100 kg/hr and commercialdesigned for 10
tonnes/day

Efficacy:

Applicability: This treatment can process solid, liquid and gas@esticide wastes.
Emissions: Synthesis gas (CO, G@nd h), which can be used as a fuel

By-products: Caustic scrubber liquid, filter residues, anddsodsidues (slag).

Practical Issues: Moderate energy inputs and reliable electricit¢t aooling water supplies.
Risk of explosion from internal cooling water leak#olten metal or slag discharges.
Licensing: Startech Environmental Corp., 15 Old Danbury ®Rd&ilton, CT. 06897-2525
Telephone: (203) 762-2499

Toll Free: (888) 807-9443

Fax: (203) 761-0839

Email: starmail@startech.net

Vendor(s): Startech Environmental Corp.

Information Sources: Startech Environmental Corp.

Reason for category: This is a proven, operating, commercial technplog
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2.2 Category B
Technologies near or at the start of commercializadn

2.2.1 Molten Salt Oxidation

Process:Molten salt oxidation is a thermal means of conglebxidizing (destroying) the
organic constituents of mixed and hazardous waste.flameless reaction takes place at 700
to 950°C in a pool of benign salts, which is uspaither sodium carbonate or a eutectic of
alkali carbonates.

Oxidant air is added with the waste stream into ghlke bath, and the reaction takes
place within the salt bath virtually eliminatingetfugitive inventories found in incineration.
The organic components of the waste react with emytp produce C£ N, and water.
Inorganics like halogens, sulphur and phosphoresanverted to acid gases, which are then
“scrubbed” and trapped in the salt in forms suciNa€l and NgSO,. Other incombustible
inorganic constituents, heavy metals and radiodasliare held captive in the salt, either as
metals or oxides, and are easily separated forosiddp The materials to be processed are
normally conveyed into the oxidizing chambers ugamgumatic feed systems and at times,
solids have to be reduced to small particle sibegpheumatic conveying. Liquid wastes are
injected using commercial oil gun systems. The tieacproduct gases contain nitrogen,
carbon dioxide, oxygen and steam, along with reac8Balts, depending on the wastes
(CMPS&F-Environment Australia, 1997).

From Lawrence Livermore National Laboratory website
As part of its ancillary demilitarization and wasteduction mission, the Laboratory has
developed methods for the safe and environmenfaéyndly destruction of difficult waste
streams. Molten Salt Oxidation (MSO) is a thernflaineless process that has the inherent
capability of completely destroying organic conggitts of mixed wastes (chlorinated
solvents, spent ion exchange resin), hazardous ewa@PCB-contaminated oils), and
explosives. (“Mixed wastes” are those that are bwthardous—toxic, flammable, etc.—and
radioactive.) MSO can treat a wide variety of soliquid, and gaseous waste streams while
producing low levels of fugitive emissions in thi&-gas. Organic materials are converted into
carbon dioxide, nitrogen, and water vapor. Raditidaes, metals, and other inorganic
materials in the waste stream are captured andihdlge salt. Chlorine, fluorine, bromine,
phosphorous, sulfur and other acid-producing corepts are captured in the salt as
chlorides, fluorides, bromides, and sulfates, respely. MSO is an environmentally friendly
alternative to incineration for the treatment ofaaliety of organic wastes. The Department of
Energy and the U.S. Army Defense Ammunition Cedtexct the technology development.

MSO is an ideal way to destroy a variety of difficwaste streams. It has been
demonstrated to be a safe and effective methodestrayy wastes of interest to both the
Department of Defense and the Department of EnéidgyL built an integrated MSO facility
in 1997 to demonstrate the technology. Over 30gsyfevaste streams were demonstrated in
the facility from 1997 to 1999. DOE has transferrdge MSO facility to Richland,
Washington in 2000 for further implementation oé tiechnology at an industrial scale with
real mixed waste streams. Moreover, a Lawrenceririgee National Laboratory (LLNL)
designed unit is currently at Eglin Air Force Baapd another is under construction at LLNL
for the U.S. Army to be installed in the Republickmrea (ROK). The ROK MSO system is
anticipated to be fully operational in the sprifig26001. Another MSO facility is planned for
the Blue Grass Army Depot in Kentucky in 2002.

Pre-treatment: N/A
Configuration: N/A
Capacity/Throughput: N/A
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Efficacy: No detailed information about true destructioncé#hcies available. High DRE has
been reported for chlordane in trials. Very highcedncies (>99.9999%) are reported for
liquid PCBs, PCB-containing solids, HCB, and chid. The process can accommodate
organics with heavy metals.

Applicability: Potentially applicable to most hazardous wastémat strengths

Emissions:CO,, N, HO vapour

By-products: Salts which may contain heavy metals and othlengemnic contaminants
Practical Issues: Lack of detailed analytical data. Large volumepotentially hazardous
salts generated in process requiring disposal. dpgerating costs are high and the system
requires bag-houses for the metal/ particulatessdnn the off-gases. Sodium carbonate is the
only preferred salt and materials like phosphoaldorine and sulphur are converted into
inorganic salts and they are part of the salt dwertollected as waste. The process has been
shown to be robust with very low risks of failukgnjted States Department of Energy).
Licensing: Lawrence Livermore National Laboratory, USAtt0://www-cms.lInl.gov/s-
t/molten.htm)

Vendor(s): Lawrence Livermore National Laboratory, USA

Info Sources: UNEP, 2003.

Reason for category: Proof is required to confirm applicability to higtrength wastes but
the technology appears to be robust and safe.

2.2.2 Solvated Electron Technology

Process: Solvated electron solutions are produced by dissp alkali or alkaline earth
metals (sodium, lithium or calcium) in anhydrousnammia at room temperature (but in a
pressurised system. Alternatively the reagent lmamprepared at sub-ambient temperatures
with lower pressure control requirements). Othdvents such as amines and some glycols
have also been used. The contaminated materialplaced into a treatment cell with the
treatment solution, and POPs wastes are reducedetal salts and simple hydrocarbon
compounds. eg. PCBs are reduced to petroleum hgrboes, sodium chloride, and sodium
amide. At the end of the reaction, ammonia is neddfor reuse, and the treatment residues
(eg. oil or soil) are removed from the cell andodised.

Pre-treatment:  Solvated electron solutions are negatively afféctoy water, iron
compounds, oxygen and carbon dioxide. Materiaté &ihigh water content (>40% wi/w)
must be de-watered prior to treatment. Commodiaimdo have developed a special process
for neutralising these potential effects as angrdk part of the treatment process. Size
restrictions are currently 45cm diameter for sohidterials. (Note from Basel guide. Even
moderate amounts of water are undesirable becdusewtll react with the sodium and
increase requirements for this chemical. Watesene in the ammonia also inhibits the
solvation process. Ammonia can not penetrate eve@r wood so these materials will need
to be crushed or shredded if they are to be efelgtidecontaminated).

Configuration: The SOLV" process has been developed as a modular trarisieaststem,
based around the central SETtreatment module. Other units would include frend
modules for water removal or contaminant extra¢piogrconcentration, and back-end units
for ammonia recycling (refrigeration), pH adjustmemnd post treatment of the residues.
Capacity/Throughput: The system is scaleable to accommodate a rangesqufired
throughputs. Current commercial systems are dailr treating up to 10 tonnes/day.
Efficacy: High destruction efficiencies have been reported DDT, dioxins/furans and
PCBs. The system has been used effectively for BiS8Bup to 20,000 ppm (2%), although
there is some indication of applicability to higleemcentrations as well.

Applicability: All POPs — including PCB transformers, capacitars] oils. The process has
been predominantly used to date for the treatmeRtGEB oils and soils contaminated with a
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variety of organics. It has also been used forttéatment of contaminated surfaces such as
concrete and metals.

Emissions: All emissions and residues may be captured faayaaad reprocessing if needed.
No measurements reported for dioxin/furan levelsfirgas.

By-products: sodium salts and simple hydrocarbons.

Practical Issues: Use of anhydrous ammonia and sodium metal, poteffbia over-
pressurisation and probable supply and handlinficdifies in developing countries, and
significant health & safety issues. Reliable posgpplies are essential to ensure the system
can be maintained at the required temperatureperssures. Limited analysis data for off-
gases and limited experience at commercial scale.

Licensing: Commercially licensed for PCB wastes in USA.

Vendor(s): Commodore Applied Technologies Inc., 150 East S#reet, New York, NY
10155, USA. Phone (212) 308-5800, Fax (212) 753t0fBvw.commodore.coin

Other Info: Commodore Applied Technologies was de-listed friva American Stock
Exchange in Feb 2003. Reasons for the delistinge Wg the Company’s losses from
continuing operations over the five most recemafiyears, (i) the Company’s failure to meet
specified thresholds for stockholder’s equity; dmgl and the Company’s failure to hold an
annual meeting of stockholders.

Info Sources: Commodore Applied Technologies literature andy®fij, 2002.

Reason for category:This is a proven technology although some proo&mblicability to
high strength POP wastes is necessary and it isperating commercially yet.
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2.3 Category C
Promising Technologies

2.3.1 Ball Milling

Process: The POPs wastes are placed in a ball mill witly@drdgen donor compound in the
presence of an alkali metal (magnesium, sodiun), Beductive dehalogenation occurs due to
mechanochemical process yielding, in the case &sP@acting with magnesium: biphenyl
and magnesium chloride.

A mobile full scale Series Il MCD plant for the rediation of the Fruitgrowers
Chemical Company (FCC) site at Mapua, New Zealdnas, been designed and is under
construction. Initial full-scale trials undertakem the skeleton plant show that the MCD
process has the capacity to reduce contaminatiaislérom >3500mg/kg DDT to below the
soil acceptance criteria of 200mg/kg DDT. Othentaminants, dieldrin, aldrin and lindane,
are also destroyed. Inherent in the design oMB® process is flexibility to adjust various
parameters to regulate destruction efficiency amebughput as required. Consents to
remediate the site using the MCD process have &gglred for. Remediation work will begin
with a ‘Proof of Performance’ trial in October 2003
Pre-treatment:  The system has the potential capability to @ssca wide range of wastes
without pre-treatment, including waste containers.

Configuration: Uses conventional ball milling equipment, so shdwddavailable in a range
of different configurations.

Capacity/Throughput: No commercial information available as yet.

Efficacy: Limited information. Some testing data suggesty rba capable of high DE.
Claimed that process can be selective and genevatbedefined products.

Applicability:  Process should be applicable to all POPs wastésisb currently only
applicable to low strength <1%) wastes.

Emissions: Ball mill operates as closed batch system, seasels should be contained. No
testing data on air releases.

By-products: Reduced organics plus metal salts.

Practical Issues: The limited information characterising the ressland releases from the
process. Extremely limited commercial experiencthefprocessing of POPs wastes.
Licensing: Only trial scale processing/development in Germarfull-scale plant under
development in New Zealand.

Vendor(s): Tribochem, Wunstorf, Germanw{vw.tribochem.com

Environmental Decontamination Ltd. (EDL), Aucklaméew Zealand
Info Sources: Environmental Decontamination Ltd. (EDL), Aucklamdew Zealand; Vijgen,
2002.

Reason for category: A pilot plant has been built in both Germany andapan but, at this
point, there has been no confirmation that thishrietogy can treat full strength POP
stockpiles.

2.3.2 GeoMelt™ Process

Process: The GeoMelt process works by establishing a mettvben pairs of electrodes
inserted into the soil-bound waste materials. tt=d energy is continuously applied to the
melt until it grows to encompass the entire treatnwlume. Individual melts of up to 1000
tons have been performed in surface deposits aadb@low ground. Organic contaminants
present in the soil are decomposed at the highdmatyres produced in the melt. Off-gases
generated by the process are collected insiderdesta steel hood covering the treatment area
and are drawn off for processing by an off-gastineat system. This consists of filtration,
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dry and wet scrubbing and thermal treatment. Afteatment, the residual soil solidifies into
a glassy/rock-like material.

Pre-treatment: Highly saturated soils should be dewatered bef@ament, and precautions
taken against groundwater recharge, where relevant.

Configuration: Fixed and transportable systems

Capacity/Throughput: To date the system has been used for treatingacamated soil in
guantities of up to 7000 tons. Capacity is stabelde 90 tons/day. An in-container system is
also available with a throughput of 45 tons/day.

Efficacy: Organochlorine DREs of 90 to 99.99% have been detrated in the melt, and
overall performance levels of 4 to 6 nines havenlashieved in combination with the off-gas
treatment system.

Applicability:  The system has been used for soil contaminatéd a&irange of POPs
pesticides and PCBs, including a 33% POP/soil maxtu

Emissions:No dioxins and PCBs detected in off-gases.

By-products: The solid residues produced show no significeaching. Other residuals
include scrubbing liquors, carbon filters. Thesd ather solid residues are typically disposed
by incorporation into the next melt. No applicatiof this technology to destruction of POP
stockpiles but could be used to treat a variettyazlardous wastes.

Practical Issues: Significant electricity requirements.

Licensing: USA and Australia

Vendor(s): AMEC Earth & Environmental Inc — Geomelt Divisi@mww.amec.com

Info Sources: Vijgen, 2002.

Reason for category:A pilot scale plant is operating in Japan but,ha$ point, there has
been no confirmation that this technology can thelastrength POP stockpiles.

2.3.3 Mediated Electrochemical Oxidation (CerOx)

Process: The CerOx process uses’Cas an oxidising agent. This reacts with POPs to
produce carbon dioxide, neutral salts and dilutid aolution. The process operates at low
temperature (90-98) and near atmospheric pressure. A core compasighe so-called T-
CELL, which utilises similar membrane technology ttat commonly used for chlorine
manufacture, with the anolyte (cerium reagent) eatholyte (nitric acid) being physically
separated at all times by a fluoropolymer membra@e'* ions are produced in the cell and
then mixed with the waste stream prior to passmg & liquid phase reactor. Excess reagent
is maintained in the reactor by monitoring®@€e** ratios in the effluent and adjusting the
organic waste input accordingly. The liquid effluérom the reactor is returned to the cell for
regeneration of the cerium reagent. Gaseous prethoen the liquid reactor are passed into a
packed bed gas phase reactor which uses a coumesrictiow of C&* for oxidation of the
residual organics. The treated gases (mainly, @@d C}) are then passed through a
condenser (for VOC recycling) and a caustic scrulifrechlorine removal.

Pre-treatment: Solids and sludges are homogenized and pumpedheatsystem as a liquid.
As this is an aqueous process, organic wastes lmeupte-treated by sonication to emulsify
the mixture and increase the potential liquid/lthoontact.

Configuration: Modular system design which indicates potentialsietrup as a transportable
system (but only for small capacities). The Cer§ystem is based around a number of
cellpacks plus external modules for electrolytewdmtion and storage, waste injection, mixing
and holding, off-gas handling and processing, et regeneration, and electronic
monitoring and recording. Larger units are madédypombining several treatment modules.
The UNEP (2002) report suggests that this and aimigll process would be well suited to
use in developing countries because of the easeaw$portation and assembly for on-site
treatment operations.
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Capacity/Throughput: The base unit, consisting of 2 cellpacks, hasagssing capacity of
25 gallons/day, based on a 50% organics liquidtiripa. 2kg/hr of organics). Single units
based on multiple cells are available up to a aapa¢ 100 gallons/day. Alternatively, the
company offers treatment plant packages based lzamla of 30 cells, with a capacity of 2-
4000 gallons/day, with larger installations beimgduced from multiples of these, with up to
10 times the capacity (20-40,000 gallons/day fo¥%5@rganics. i.e. approx 2-4 tonnes/hr).
The footprints for these plants are 30ft x 24t &0dft x 90ft (the size of a football field),
respectively.

Efficacy: This technology has demonstrated high destrucaéitiencies in trials (eg.
>99.995% for chlorinated pesticides, including ctiéme. Also tested semi-quantitatively for
small-scale PCB (2 ppm) and dioxin (5 ppm) destonct

Applicability: Theoretically, all POPs, including high strengidstes.

Emissions: The system is designed for continuous dischangie would be capable of
containing all process streams. There should b&igroficant discharges to air because of the
low temperature involved. Liquid discharges anenprily caustic solution from the chlorine
scrubber.

By-products: Carbon dioxide gas, and the scrubber liquor, wkidl contain chloride and
hypochlorite plus ionic byproducts from any othestdro-atoms present in the waste (eg
sulphate, phosphate). Metals and other inorgamcshe waste stream are gradually
concentrated in the cerium solution. This is adsked through either periodic replacement of
the cerium solution (on small units) or use of attcwous bleed system to “inorganic removal
modules” (on larger plant).

Practical Issues: Only laboratory scale experience with treatmenPOPs wastes. Limited
operating/commercial experience. It is not cledrether the electrochemical cells could
tolerate organic contaminants which could be presethe treatment solution in the event of
incomplete reaction.

Company information indicates that solid wastes t&n processed as a slurry.
However it is hard to see the system coping wighHoadings of inert solids, which would
presumably remain in the liquid phase reactor andt be cycled through the electrochemical
cells.

Electricity requirements are not insignificant & KWh for the smallest unit, 2400
kWh for the small package plant and 23,000 kWhtfar 20-40,000 gallons/day installation.
Expected life of the platinum-coated electrodessappto be “several years”.

Licensing: CerOx is operated in USA (NB. Process does noaagpply require licensing
under RCRA due to minimal emissions).

Vendor(s): CerOx Corporation, USAxww.cerox.com

Info Sources: CerOx literature and Vijgen, 2002.

Reason for category:Significant research has been undertaken on thisegs.

2.3.4 Mediated Electrochemical Oxidation (AEA Silveilll Proces9

Process: The AEA Silver Il process is very similar to therOx system but utilises oxidation
of organics with Ag" ions in solution. The oxidising agent reacts witle organics to
produce carbon dioxide, neutral salts and dilutd aolution. The process operates at low
temperature (60-9C) and atmospheric pressure.

Pre-treatment: No information provided but the system is claimecde applicable to both
solid and liquid wastes.

Configuration: Concepts developed for production as a modudengportable system, but
not yet proven. System design is similar to CebDkincludes a hydrocyclone between the
reactor and the electrochemical cells, which wordlduce potential problems from solids
inputs to the latter.
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Capacity/Throughput:  According to the vendor, the optimum treatmerficieincy is
achieved at an organic concentration (as carboB)1df g/litre (<1%). System currently only
proven to a size of 12kW, which equates to an acgdmoughput of about 30 kg/day (as
carbon — ca. 1-2 kg/hr total organics). A costedigh has been produced for a 1 MW unit,
which would have a throughput of about 1-2 tonreeg/dut the vendor believes a further 2
year’s development effort would be required toyfyliove this system.

Efficacy: This technology has demonstrated high destruetificiencies in trials with a range
of chemicals, including some pesticides but no POPs

Applicability:  Theoretically, all POPs but it is not clear iistihechnology can treat high
strength wastes.

Emissions: The system is capable of containing all procéissams. Discharges to air and
water are similar to the CerOx system.

By-products: As for the CerOx system. The plant design inetudrovision for filtration of
solid residues from the reactor tank prior to ldjdischarge.

Practical Issues: Limited detailed information about residues andcess wastes. Mainly
laboratory scale experience with treatment of P@Rged wastes, although a 2001 report
indicated that further pesticide trials were beplgnned. Limited operating/commercial
experience. System requires oxygen gas for ratrid regeneration. High chlorine contents
in wastes can lead to silver chloride precipitatiamich would then require an auxiliary
system for silver recovery (not yet developed).

Licensing: AEA Silver Il process is currently undergoing sidy US Army for chemical
weapons demilitarization.

Vendor(s): AEA Technologies UK,Www.accentus.co.9k

Info Sources: AEA product literature and Vijgen, 2002.

Reason for category: Currently this is only able to treat low strengf#i%) organic wastes;
further research is necessary to prove its alidittyeat high strength POP wastes.

2.3.5 Catalytic Hydrogenation

Process: ‘This CSIRO process is based on the mild hydrogenaof spent oil in a packed
bed catalytic reactor, operating at moderate teatpers and pressures. Under process
conditions hydrogen reacts with heteroatoms in the itself, and also with any
organochlorines present.

The removal of halogen atoms from organic strustung hydrogenation over noble
metal catalysts has been known for many yearsjtambtential application to the destruction
of chlorinated wastes recognised. These reactiande accomplished at very mild pressures
and temperatures, but unfortunately the catalygsvary susceptible to poisoning by a wide
range of elements commonly found in "real worldliaiions. Prominent among these poisons
are the sulfur compounds found in petroleum pragigach as transformer oils. Fortunately,
there is a group of hydrogenation catalysts baseaetal sulfides which are extremely robust
and tolerant of most catalyst poisons. They aresidenably less active than noble metal
catalysts, so that at the conditions required fgdrdddechlorination, the hydrogen chloride
formed causes extensive cracking and rearrangemerttydrocarbons. This results in
excessive hydrogen consumption and unacceptabigeban transformer oil composition.

We have overcome this problem by using a propgesaditive which scavenges the
hydrogen chloride and ensures that the hydrochlakda@ produced does not lead to
degradation of the catalyst and which reduce hyattman cracking reactions on the surface of
the catalyst. After a program of catalyst and pssoaptimisation, it was possible to keep the
hydrocarbon structure of transformer oil essentialhchanged, while achieving better than
99.999% destruction of PCB. With transformer otlgygen present in compounds resulting
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from aging of the oil in service is converted totevawhile any chlorinated species present
are converted to hydrogen chloride and light hydrbons (Figure 1).

Downstream processing involves separation of tlsegand light hydrocarbons from
the regenerated oil, and washing stages for thdugtooil to remove chlorides formed as a
reaction product of organochlorine destruction.thi@ prototype most of the gases leaving the

reactor are recycled, with a small purge gas strpassing to a catalytic combustor.” (Duffy
and Fookes, 1997).

Pre-treatment: N/A

Configuration: Pilot scale — used for a commercial treatment @03lires of PCB oil with
concentration < 1000 ppm. Has also been testedvade range of POPs.
Capacity/Throughput: N/A

Efficacy:
Table 2.3 Destruction Efficiencies of Catalytic Hgdenation. From Duffy and Fookes
(2997)
Compound Feed Product Destruction
Concentration Concentration Efficiency
(mg/kg) (mg/kg) (%)
PCB 40,000 <0.027 >99.99993
DDT 40,000 <0.004 >99.99999
PCP 30,000 <0.003 >99.99999
HCB 1,340 <0.005 >99.9996
1,2,3,4-TCDD | 46 <0.000004 >99.99999

Applicability: Potentially all POPs in liquid form.

Emissions: Purge gases are subjected to two stages of cagstibbing to remove acid gases
such as b5 and HCI. The purge gas is then passed througitadytic combustor to burn
residual hydrogen and any non-condensable hydroonarfmethane, ethane) formed in the
process (Duffy and Fookes, 1997).

By-products: HCI, light hydrocarbons

Practical Issues: A 1/10 scale prototype pilot plant for transfornmg regeneration with a
throughput of 1000 I/day has been operating at C3lRcas Heights laboratories since 1997.
Licensing: Commonwealth Industrial Research Organisation (C§)Rustralia

Vendor(s): Commonwealth Industrial Research OrganisationRRCS, Australia

Info Sources: Costner, Luscombe and Simpson, 1998

Reason for category:Although a pilot plant has been developed, it il @bly applicable to

low level wastes; significant research is necestapstablish its applicability to POPs at high
strengths.
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2.4  Category D
Technologies which require significant research

No technologies appear to be currently at the ltlboy scale of testing for destruction of
POPs stockpiles. Annexure 1 lists some technadogiich have undergone some
preliminary research but there have been littldiphed data on their potential.

2.5 Category E
Technologies which are unlikely to be applicable tdestruction of POP stockpiles

2.5.1 MnQO/TiO —Al,O3Catalyst Degradation

Process:From Liu et al. 2001:

‘A highly active catalyst, MO,/TiO,—Al,Os, was prepared by impregnating,® species on
TiO-modified ALOs. The TiO species in TiRAl,O5 support is in a monolayer dispersion,
and the MOy species is again highly dispersed on JH@8I,O3 support. The total oxidation of
chlorobenzene angtdichlorobenzene on M,/TiO>—Al,Os catalyst can be achieved at 300
and 256C respectively, at the space velocity of 8000 The activity of MnQ/ TiO, —Al,O3
catalyst (Min loading 11.2 wt%) is gradually incsed in the first 10-20 h and then keeps
stable at least for the measured 52 h at 16,000Fhrthermore, no chlorinated organic
byproducts are detected in the effluent duringakieative destruction of chlorobenzene and
o-dichlorobenzene. It is proposed that the paytiadhlorinated and highly dispersed
manganese oxide on a monolayer Fi@odified AbO;s is responsible for the high and stable
activity for the total oxidation of chlorinated anatics.’

Pre-treatment: N/A

Configuration: N/A

Capacity/Throughput: N/A

Efficacy: 100% degradation

Applicability: 1300ppmv chlorinated benzene gas; potentialli?@IPs

Emissions:N/A

By-products: HCI, HO, carbon oxides

Practical Issues:This technology requires assessment for destruofi®@©OPs

Licensing: N/A

Vendor(s): N/A

Info Sources:Liu et al.,2001.

Reason for category:This has only been tested at laboratory level feating low level
POPs; significant research is needed to deterrsrauitability for treating high strength POP
wastes.

2.5.2 TiO,-based \LOs/WO; Catalysis

Process:From Weber and Sakurai, 2001:

‘In this study, PCB were destroyed on aOJWO; supported titanium catalyst at low
temperature in the range of 150-3D0At a space velocity of 5000 h 1 more than 98%ico
be removed. Below 258G, the higher chlorinated PCB remained partly unged on the
catalyst for several minutes. In contrast, the abtih process lasted up to hours at a
temperature of 15C. At around 20%C and below a significant part of the PCB were »ed

to the more toxic polychlorinated dibenzofurans DL The PCDF remained mainly
adsorbed on the catalyst. At 260 no significant amount of PCDF were detected and
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300°C no byproducts were found.” Lomnicki et al. (20@@)nd that the presence of water had
a significant effect on a vanadia/titania-basedlgats and that some breakdown products
were produced.

Pre-treatment: N/A

Configuration: N/A

Capacity/Throughput: N/A

Efficacy: >99.9% removal of PCB over 30 minutes at T=8D0

Applicability: PCBs, potentially all POPs, including high striéngastes.

Emissions: potential formation of dioxins and furans if temgere should drop below
250°C; removal of @ from gas should reduce toxic daughter product &ion

By-products: N/A

Practical Issues: This was designed to mimic operation within a MSh¥inerator but
research is needed into its potential for deswacof POPs and other hazardous organic
wastes.

Licensing: Catalyst currently used in commercial operatia@rdNOx removal

Vendor(s):

Info Sources: Weber and Sakurai, 2001; Lomnicki et al., 2003.

Reason for category:

2.5.3 Fe(lll) Photocatalyst Degradation

Process:Degradation of pesticides in water at solubilitydks using Fe(l11)/HO./UV. Most
100% degraded but some were lower with concertsxie daughter products.

From Huston and Pignatello, 1999:

‘The destruction of pesticide active ingredientd) (And commercial formulations in acidic
agueous solution with the catalytic photo-Fentoe(lIB/H,O,/UV, advanced oxidation
process has been studied. The Al are alachlorcaaldli atrazine, azinphos-methyl, captan,
carbofuran, dicamba, disulfoton, glyphosate, maathethoxylchlor, metolachlor, picloram
and simazine. Complete loss of pure Al occurredmiost cases in <30 min under the
following conditions: 5.0X1tM Fe(lll), 1.0X10°M H,0, , T =25.6C, pH 2.8 and 1.2X18
quanta Ts® with fluorescent blacklight UV irradiation (300#@0nm). Considerable
mineralization over 120 min occurred in most caassevidenced by the appearance of
inorganic ions and the decline in total organicboar (TOC) of the solution. Intermediate
products such as formate, acetate and oxalate i@gapeaearly stages of degradation in some
cases. Observed rate constants calculated froralirgttes varied by a factor of <03. The
commercial products, Furadan (Al, carbofuran), bagkEC (Al, alachlor) and Lasso
Microtech (Al, alachlor) were also tested. The finegredients” (adjuvants) present in these
products had no effect (Furadan), a slight effédsgo 4EC), or a strong effect (Lasso
Microtech) on the rate of degradation of the Als&@a Microtech, in which the Al is micro-
encapsulated in a polymeric shell wall micro-spheeguired slightly elevated temperatures
to effect removal of alachlor in a timely manneheTresults show that many pesticides and
their commercial formulations in dilute aqueousisoh are

amenable to photo-Fenton treatment.’

Reactions were carried out in a cylindrical 300bmitosilicate double-walled reaction
vessel with water circulated through the walls t@intain constant temperature. The
photochemical reactor chamber (Rayonet RPR-20Qptwed sixteen 14-W fluorescent black
lamps which emit in the range 300-400 nm. Ferriabealctinometry indicated that the total
light intensity was 1.2xT8photons T's™. The lamps were warmed up for 10 min to reach
constant output. The pesticide, iron(lll) perchtefaand sodium perchlorate, as needed, were
added to the reaction vessel and the temperatuseewualibrated to 25°C. The pH was then
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adjusted to 2.8 with HCI©O The reaction was initiated by adding®d (30%), followed by
inserting the vessel into the chamber.

Pre-treatment: N/A

Configuration: N/A

Capacity/Throughput: N/A

Efficacy: 79.4% methoxychlor; 94.3% malathion; 98.8-100%e0fOPs

Applicability: low level agueous solutions

Emissions:N/A

By-products: CI

Practical Issues:Current applicable and efficiency levels are tow to be of practical use
for destruction of POPs. Further research is requi

Licensing: N/A

Vendor(s): N/A

Info Sources:Huston and Pignatello, 1999; Catastini, Sarakhalhgiaand Bolte, 2002.
Reason for category:This technology is currently only feasible for tieg low strength
wastes and it is unlikely that it would ever besfeée for higher strength wastes.

2.5.4 Ozonation/Electrical Discharge Destruction

Process: An electrical discharge is used to either diredilgat a VOC and PCDD/F
containing gas stream or to produce ozone to ictdyréreat the gas stream

From Sun et al., 1998:

‘A systematic study with the aim to reduce NO/NSG;, and to destroy VOCs and PCDD/F
in flue gas by electrical discharge both in labonatand at a pilot plant has been performed.
Results show that 1) both indirect and direct treait by electrical discharge can reduce
NO/NO, and SQ and can destroy PCDD/F in flue gas; 2) Indireeatiment destroys about
90% of PCDD/F in real industrial flue gas; and 8islpossible to destroy NO/NOSG, and
PCDD/F in one step.’

Pre-treatment: N/A

Configuration: N/A

Capacity/Throughput: N/A

Efficacy: 88% for indirect treatment of VOCs and dioxins#ius

Applicability: VOCs, chlorinated organics, PCDD/PCDF

Emissions:HCI, CO

By-products: N/A

Practical Issues: Currently treats only low levels of dioxins/furansignificant research
needed to assess potential for treating high caratéons of POPs.

Licensing: N/A

Vendor(s): N/A

Info Sources: Sun et al., 1998.

Reason for category:This technology is currently only feasible for tieg low strength
wastes and it is unlikely to be successful for bigétrength wastes.

2.5.5 Molten Metal

Process: Molten Metal Technology developed the Catalytic regtion Process in which
molten metal acts as both solvent and catalysts plocess uses a heated bath of molten
metal to catalytically disrupt molecular bonds ohtaminants and convert hazardous wastes
into products of commercial value. The liquid netats as a catalyst and solvent in the
dissociation of waste feed and synthesis of innasymroducts. The molten metal causes the
chemical compounds to break into their elementschvtlissolve in the liquid metal solution.
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By adding selected co-reactants and controlling¢laetion conditions, some of the dissolved
elemental intermediates can be reacted to formmeteproducts of commercial value.

Normally, the gaseous streams contain synthesisagasixture of carbon monoxide
and hydrogen. This gaseous stream can be usedvabBl@y fuel, or further separated to
generate pure hydrogen, synthesis gas etc. The loyhgroduct is a ceramic slag containing
alumina, silica and other non-reducible metals. Blag can be usefully converted into
industrial abrasives, construction materials oracbry base. Some low volatile metals are
also released along with the gaseous emissionseTdre trapped and recovered using a cold
trap or high efficiency filter.

The process operates under reducing conditionsaanduch is not conducive to
formation of dioxins. Iron and nickel have beendias the metals for the metal baths.
Pre-treatment: N/A
Configuration: N/A
Capacity/Throughput: N/A
Efficacy: DREs greater than 99.9999 percent were achievéld syecific chemicals of
concern. It is important to note that the developérCEP has not yet presented data
describing the concentrations of undestroyed chamilound in the end products, other than
gases, and other process residues; i.e., the diéstrefficiencies achieved by this technology
are as yet unknown.

Applicability: Specific waste streams processed using CEP indhldeotoluene, polyvinyl
chloride (PVC), surplus metal and weapons companerid heavy residuals from ethylene
dichloride and vinyl chloride production. Wouldallikely be applicable to POPs.
Emissions: Gases, primarily comprised of hydrogen, carbon on@® and up to 1 percent
ethylene, with smaller amounts of other light hysindons

By-products: Ceramic slag phase consisting of silica, alumind ealcium chloride, metal
by-products.

Practical Issues:From Costner, Luscombe and Simpson, 1998:

‘The National Research Council has observed agvisliNational Research Council, 1993)
“The metal furnace does not eliminate the needaf@ombustion process; the product gases
would be oxidized in a separate unit. These gasesdwikely be very dirty, containing soot
from the metal pyrolysis and possibly some slagi@date matter. Gas cleanup will be
required before the gas

is released.”

In their evaluation of this technology, DOE causidhat, with induction heating of the
metal bath, the method apparently used by MMT piioeess must be carefully controlled to
prevent equipment damage and possible explosioherOssues raised are as follows
(Shwinkendorf et al., 1995):

...[T]he potential for over-pressure due to rapidsgevolution of volatile bulk materials; ...
and development of instrumentation, control, andnitoang systems, including on-line
feedback of metal and slag compositions and offgagooners.

Recently, USEPA recognized MMT’s process as achg\the Best Demonstrated
Available Technology (BDAT) for processing wastes which incineration was previously
the only approved processing method (Molten Metethhology, 1996). DOE estimated
capital costs for a typical MMT facility to rangem $US15 to $US50 million, depending on
the volume and composition of the waste stream. é&@mple, the MMT unit at Clean
Harbors, which has a capacity of 30,000 tons otevpsr year, is estimated to cost between
$25 and $35 million. MMT is currently designingcilities for four commercial customers:
Hoechst-Celanese (chlorinated plant waste), Clearbdts (hazardous waste), SEG (ion-
exchange resin), and Martin Marietta. MMT and MaNlarietta have formed a new business,
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M4 Environmental, L.P., to commercialize CEP foplgations for the U.S. Department of
Defense and the U.S. Department of Energy.’

Licensing: Molten Metal Technology filed for bankruptcy in 229No further information is
known.

Vendor(s):

Info Sources: National Research Council, 1993; Molten Metal Trexdbgy, 1996; UNEP,
2003; Costner, Luscombe and Simpson, 1998.

Reason for category:Significant problems with this technology have betemtified and it is
unlikely to be a suitable treatment for high stt@nigOPs.

2.5.6 Molten Slag Process

Process:A molten slag system is used for treatment of dguisludges and metal-bearing
wastes. In this process, the waste to be treatbtbigled with steelworks dust and fluxing
agents, extracted, dried with heat from the furra@fégases and fed into a foaming slag layer
which forms at the top of the molten iron in ancéle arc furnace at a temperature of around
1500C. The waste sinks into the slag phase, metalesxate reduced to metals and all
organic materials return to their basic elemeirits, ih the molten metal process (CMPS&F —
Environment Australia 1997).

Pre-treatment: N/A

Configuration: N/A

Capacity/Throughput: N/A

Efficacy: The destruction efficiency of this process isl gol be confirmed especially for
chlorinated organics.

Applicability: Potentially all POPs

Emissions: There is potential for volatilization of the orgamif they do not dissolve in the
molten slag. The formation of dioxins and otherocinlated organic materials cannot be
discounted.

By-products: slag

Practical Issues: There is still insufficient information on this tawlogy’s potential to
destroy chlorinated organics. Potential for diodnd furan production poses a major
concern.

Licensing: N/A

Vendor(s): Ausmelt, Australia. ww.ausmelt.com.gu

Info Sources:UNEP, 2003

Reason for category:This technology is currently only feasible for tieg low strength
wastes; significant research is necessary to deterits suitability for treating high strength
POP wastes. Significant problems exist with emissidormation of toxic daughter products
and with disposal of the final product.

Bio- and phytoremediation technologies

2.5.7 Photochemically Enhanced Microbial Degradation

Process:From the Patent Application:

‘This invention provides for a method of degradinglogenated organic compounds in a
medium contaminated with said compounds comprisfag:contacting the medium with a
lignin degrading fungus resistant to ultravioletdiation; and (b) exposing the medium to
ultraviolet light at an intensity sufficient to plochemically decay the hydrocarbons; wherein
step a and step b occur simultaneously. The intensithe ultraviolet light is not such that
the fungi are Kkilled. Preferred species of funge ahose selected from the genus
PhanerochaeteA preferred species B. chrysosporium
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The method preferably involves the step of treatimg medium with an antibiotic
prior to contacting with the fungus. Preferred laiotics are fungicides such as benomyl,
triforine, triadimifon, flusilazole and myclobutaniThe method optionally involves the
acidification of the medium.

The medium may optionally be treated with an addai carbon source or aeration to
enhance the growth rate of the fungi. The fungipaederably attached to a solid support and
more preferably in discontinuous contact with tredam.

More patrticularly, the method comprises: (a) treathe medium with a fungicide; (b)
discontinuously contacting the medium with a straih P. chrysosporium resistant to
ultraviolet irradiation; (c) adding a carbon soutoethe medium in an amount sufficient to
maximize the growth of thé®. chrysosporium (d) exposing theP. chrysosporiumand
medium to ultraviolet light at an intensity sufécit to degrade the compounds; and, (e)
incubating the medium to permit degradation of teenpounds by thé. chrysosporium;
wherein steps d and e occur simultaneously.

This invention further provides for a system forgdeling halogenated organic
compounds in a medium, said system comprising:a(@pusing having an access to the
outside and defining a space wherein a portionhef gpace is suitable for containing the
medium; (b) a solid surface support positioned witthe space and having a surface
permitting hyphal attachment by lignin degradingqigy (c) a means for contacting the
medium with the lignin degrading fungus; and, (&parce of ultraviolet light able to produce
sufficient energy to degrade the halogenated ocgemmpounds and arranged to illuminate
the support and a portion of the space. The sygissferably comprises a plurality of
rotatable discs as the solid surface support. Evere preferred is a system where the means
for contacting the medium with the fungus comprigesotatable axle to which the solid
surface support is attached.

This invention also provides a strain Bf chrysosporiunderived from the strain
deposited with the ATCC of Rockville, Md. havingetiiccession No. 74046, deposited on
Apr. 10, 1991. This strain is particularly well-sd for use in the above described method
and system.’

Pre-treatment: N/A

Configuration: From the Patent ApplicatiohThe RBC system used was a 3 litre size plastic
box (1L medium size) with 5 discs (10 cm diametegde of polycarbonate clear plastics.
The surface of the discs were scratched by filméatilitate attaching of fungal mycelia. BU-
1 was introduced to 1 litre of N-deficient mediwwhich is described in Table 3, and allowed
to grow for 7 days with 2 hr/day irradiation of L& 300 nm. The discs were rotated at 2 rpm
using a small electric motor. Approximately 40% tbe surface area of each disc was
submerged into the medium. The fungus grew wetbtan “mylelial mats” on both sides of
each disc. At the end of this preincubation peti®@ mg of Aroclor 1254 (Analab Inc., lot
K040) were added to the medium with enough volurhacetone-ethanol to dissolve this
guantity of Aroclor 1254. The change in Aroclor centration in the medium was monitored
from time to time by taking an aliquot of the madiextracted into hexane of analyzing on
gas chromatography as before. After 23 days wheostl all of the initially added Aroclor
has disappeared, a second 100 mg of Aroclor 1254added to the system and monitoring
was continued up to 43 days. The results show & dbcompanying figure clearly
demonstrate that this system is capable of degrgdatoclor 1254. Within this time span, all
of the initial 100 mg quantity was degraded, andhfermore, approximately 99% of the
second batch of 100 mg added were degraded.’

Capacity/Throughput: N/A

Efficacy: 99-100%

Applicability: PCBs; other POPs potentially at high strengths
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Emissions:N/A

By-products: CO,, CI, organic acids

Practical Issues: Further research is required to consider the piatdor use of surfactants,
the efficacy on other POPs and the limits of cotregion; the formation of daughter
products; the potential for use of sunlight etc.

Licensing: UNIV CALIFORNIA (US) Patent US5342779, date 1994-81&

Vendor(s): N/A

Info Sources:Patent application databasgp@cenet

Reason for category:Further evaluation of the production of daughterdpicts needs to be
undertaken.

2.5.8 Biodegradation/Fenton’s Reaction

Process:From Nam, Rodriguez and Kukor, 2001:

‘Using Fe ions and a chelating agent (catechol afict @cid) combined with kD,, a Fenton
reaction at neutral pH was combined with in situl sacteria to degrade polycyclic aromatic
hydrocarbons at 250-1200 mg/kg soil by 98% for #®& and 70-85% 4-5 ring HC
molecules.’

Pre-treatment: N/A

Configuration: N/A

Capacity/Throughput: N/A

Efficacy0: 70-98%

Applicability: PAH contaminated soils up to 600ppm

Emissions:CO,

By-products: N/A

Practical Issues:Requires research to determine applicability tdP®@nd the top level of
effectiveness.  Will likely require some considemat of increasing solubility and
development of specialised bacteria which will @sstully degrade POPs

Licensing: N/A

Vendor(s): N/A

Info Sources:Nam, Rodriguez and Kukor, 2001.

Reason for category:This technology is currently only feasible for tieg low strength
wastes and it is unlikely to be successful for bigétrength wastes.

2.5.9 White Rot Fungi Biodegradation

Process:From Mester and Tien, 2000:

‘White rot fungi are the most significant lignin gladers among the wood inhabiting
microorganisms. They degrade lignin by extracalldaidative enzymes. The ligninolytic
enzymes also oxidize various environmental poligasuch as polycyclic aromatic
hydrocarbons, chlorophenols, and aromatic dyes. mibst ubiquitous ligninolytic enzymes
produced by these fungi are lignin peroxidases ,(tRanganese peroxidases (MnP), and
laccases (phenol oxidases). The peroxidases are-bentaining enzymes having typical
catalytic cycles, which are characteristic of otlperoxidases as well. One molecule of
hydrogen peroxide oxidizes the resting (ferric)yene withdrawing two electrons. Then the
peroxidase is reduced back in two steps of onetrelecoxidation in the presence of
appropriate reducing substrate. The range of tthecieg substrates of the two peroxidases is
very different due to their altered substrate mgdsites. LP is able to oxidize various
aromatic compounds, while MnP oxidizes almost estgkly Mn(Il) to Mn(lll), which then
degrades phenolic compounds. Laccases are coppihuog oxidases. They reduce
molecular oxygen to water and oxidize phenolic coumgls. In this paper, the mechanism of
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pollutant oxidation by ligninolytic enzymes is dissed giving an overview on the recent
results of enzyme kinetics and structure.’
Examples of environmental pollutants oxidized by inin-degrading fungi

Chlorinated compounds References

2,4-Dichlorophenol, 2,4,5-trichlorophenglBumpus et al., 1985; Bollag et al., 1988
pentachlorophenol,, 2,4-D, 2,4,5-T, DDT], Valli and Gold, 1991; Valli et al., 1992
lindane, 3,4-dichloroaniling,Field et al., 1992; Call and Mucke, 1997.
polychlorinated dibenzo-p-dioxines,
polychlorinated biphenyls

Pre-treatment: N/A

Configuration: N/A

Capacity/Throughput: N/A

Efficacy: 70%

Applicability: 1800 ppm PCB over 10 days; greater levels mighadieeved with ongoing
inoculation of fungi species but accumulation oédkdown products may pose a limit to
bacterial degradation

Emissions:CO,

By-products: N/A

Practical Issues:Research required to assess potential for PORwda&gwn and limitations of
this process, particularly for concentration

Licensing: Patents for some processes involving white rot ifamgl degradation of POPs do
exist but appear only to be feasible for low lexaflsontamination.

Patent EP1114680

Wakao Construction Co Ltd (JP); Kondo Ryuichio (JBjp Remediation Technorogie IN
(JP).

White rot fungi capable of decomposing dioxin weceeened from rotten wood to isolate the
MZ-340 strain. This MZ-340 could be cultured in tiek liquid medium (HCLN) or PDB
medium. New systems that can be used to decompioségl in incineration ash were
constructed using this MZ-340 strain. The presenemtion can decompose dioxins in
incineration ash effectively and efficiently in hosolid phase systems and liquid phase
systems. Thus, the present invention enables t&eeption of environmental pollution by
dioxins generated during incineration and alsoctean up of dioxin pollutants.

Patent US4891320

UNIV UTAH (US) 1990-01-02

A process for degrading environmentally persistegianic pollutant compounds by reacting
those pollutant compounds with fungal enzymes coinig a lignin-degrading enzyme and
hydrogen peroxide. This reaction preferably takasgunder aerobic conditions such that the
organic pollutant compounds are degraded. Usingtésent invention, degradation to carbon
dioxide and water is possible. Alternatively, tleaction may be halted to leave desirable
reaction intermediates. The enzyme and hydrogeoxjukr system of the present invention is
found to be ideal for degrading various types ajamic pollutants. Moreover, the reaction
system is nonspecific. As a result, only a singf@etof fungus or fungus-generated enzyme
system is required in order to degrade a wide sp&cbf pollutants. One embodiment of the
present invention relates to a preferred procesyevthe enzyme (peroxidase) and hydrogen
peroxide are provided by a lignin-degrading fungfuingi mixed with the pollutant organic
compound. Adding the living fungus avoids the né&adintroducing the hydrogen peroxide
and enzyme periodically into the reaction mix, sinthe fungus produces both the
extracellular enzyme and hydrogen peroxide.

Vendor(s): N/A
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Info Sources: Mester and Tien, 2000; Kubatova, 2001; Mori anchém, 2002; Mougin,
Pericaud, Dubroca and Asther, 1997; Ruiz-Aguilaalgt2002.

Reason for category:This technology is currently only feasible for tieg low strength
wastes and it is unlikely to be successful for bigstrength wastes.

2.5.10 Enzyme Degradation

Process:From Koller, Moder and Czihal, 2003:

The enzyme-induced decomposition and biodegradafi®CB were investigated. 2,5-
Dichlorobiphenyl (PCB 9) and 2,3,5-tetrachlorobiphenyl (PCB 52) were used as example
compounds to study efficiency and mechanism otiggradation processes. It was found that
the application of horseradish peroxidase (HRPgtiogy with defined amounts of hydrogen
peroxide removed 90% of the initial concentratiéi?GB 9 and 55% of the initial
concentration of PCB 52 from an aqueous solutiter @ reaction period of 220 min.
Dechlorination was observed as the initial steph@ugh the metabolites identified were
mainly chlorinated hydroxybiphenyls, benzoic aadsl non-substituted 1,10 -biphenyl, some
higher chlorinated biphenyl isomers also appearbd.biodegradation of PCB 9 using the
white rot fungus Trametes multicolor took aboutrfaeeks and reduction was about 80% of
the initial concentration. The metabolites produ(didhlorobenzenes, chlorophenols and
alkylated benzenes) were not quite the same ae thfmserved upon incubation with HRP.
Pre-treatment: N/A

Configuration: N/A

Capacity/Throughput: N/A

Efficacy: 90% for some PCBs

Applicability:  Low strength PCBs, polycyclic aromatic hydrocardaPAHS), phenols,
organophosphorus pesticides and azo dyes

Emissions:N/A

By-products: N/A

Practical Issues: Currently only applicable to low levelgil) of contaminant (PCB)
Licensing:

Vendor(s):

Info Sources:Koller, Méder and Czihal, 2003.

Reason for category:This technology is currently only feasible for tieg low strength
wastes and it is unlikely to be successful for bigétrength wastes.

2.5.11 In situ Bioremediation of Soils

Process:From Guanrong et al., 1996:

‘Enhancement of anaerobic DDT (1,1,1-trichloro-Bi2fp-chlorophenyl) ethane)

biotransformation by mixed cultures was studiechvapplication of surfactants and oxidation
reduction potential reducing agents. Without amesis) DDT transformation resulted
mainly in the production of DDD (1,1-dichloro-2,#s{p-chlorophenyl) ethane) upon removal
of one aliphatic chlorine. The DDT transformaticater increased with the addition of the
nonionic surfactants Triton X-114 or Brij 35. Thddation of either surfactant or reducing
agents did not significantly extend the DDT tramsfation. Addition of both surfactant and
reducing agents extended DDT transformation by c¢eduthe accumulation of DDD and
increasing the accumulation of less chlorinateddpets. It is important to minimize the
accumulation of DDD because it is a regulated pe&i and is resistantS to aerobic
transformation. Controlled experiments revealed the transformation of DDT requires
microbial culture, but the culture need not be dmidally active. Transformation results are
presented for aqueous and soil phase contamination.

Pre-treatment: N/A
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Configuration: N/A

Capacity/Throughput:

Efficacy: transformation of 90% DDT over 20 days

Applicability: 2500ppm DDT in soil

Emissions:N/A

By-products: potential for DDE product formation

Practical Issues: Unlikely to be suitable for high concentrationsR®Ps in soil but the use
of surfactants and reducing agents may be suit@blén-vessel reactions with specialised
bacteria for the destruction of stockpiles.

Licensing: N/A

Vendor(s): N/A

Info Sources:Guanrong et al., 1996.

Reason for category:This technology is currently only feasible for tieg low strength
wastes; significant research is necessary to deterits suitability for treating high strength
POP wastes. It is unlikely that in situ treatmeself will be suitable for treatment of high
level wastes but aspects of this research couldtdrebined with other technologies to
produce a successful process.

2.5.12 DARAMEND Bioremediation

Process: Patented technology that uses soil specific sohdsp organic amendments to
increase activity of contaminant degrading micremigms. Anoxic conditions are created
through application of Daramend and inorganic, ietaammendments and water;
subsequently air-drying and tillage are used tadpce aerobic conditions to degrade the
anoxic metabolites.

From the US EPA:

‘Grace Dearborn’'s DARAMEND Bioremediation Technojogvas developed to treat
soils/sediment contaminated with organic contanimamnsing solid-phase organic
amendments. The amendments increase the soil'gyatal supply biologically available
water/nutrients to microorganisms and bind politgda reduce the acute toxicity of the soil's
agueous phase. Prior to technology applicatios soé screened approximately to 10 cm in
diameter to remove any debris. The technology canapplied either in-situ or ex-situ.
Application involves the mixing of soils with amendnts to a depth of 0.6m. Amended soils
are then irrigated/tilled to encourage microbiabwth and metabolic activity until target
compounds are reduced below regulatory action $evelsoil cover may be used to control
soil moisture and run-on/off. The soil cover alsxs lthe effect of maintaining elevated soll
temperatures negating the usual problems expedemben applying bioremediation systems
in cold climates. This technology was demonstrattethe Domtar Wood Preserving Facility,
Trenton, Ontario, Canada, during an eleven-montioggrom October, 1993 to September
1994 using soil contaminated with polyaromatic logdwbons (PAH) and chlorinated
phenols. The developers claimed 95% reduction tal tBAHs and total chlorophenols.
Demonstration soil sampling revealed that PAHs wedeiced from 1,710 mg/kg to 98 mg/kg
(94.3%), total chlorophenols were reduced from 8%fZkg to 43 mg/kg (87.8%), and total
recoverable petroleum hydrocarbons were reduced #@&00 mg/kg to 932 mg/kg (87.3%).
The technology also reduced soil toxicity to eadhws and plant seeds.’
Pre-treatment: Screening

Configuration: in situ

Capacity/Throughput:

Efficacy: 95% degradation of lindane over 250 days; 76% reaino HCB over 70 days;
89% degradation of DDT over 84 days
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Applicability: Will biodegrade DDT, DDD, DDE, lindane, toxaphewglordane, dieldrin at
95ppm

Emissions: CO;,; others not known

By-products: not known

Practical Issues: Likely to be only applicable to contamination milsat the ppm level due to
toxicity of POPs; rate of reaction is very slow. A&mdments could be used for in-vessel
reactions.

Licensing:

Vendor(s): Grace Bioremediation Technologies, MississaugaaGa

Info Sources: Phillips et al., 2001.

US EPAhttp://www.epa.gov/ORD/SITE/reports/0029a.html

Reason for category:This technology is currently only feasible for tieg low strength
wastes; significant research is necessary to deterits suitability for treating high strength
POP wastes. It is unlikely that in situ treatmeself will be suitable for treatment of high
level wastes.

2.5.13 Phytoremediation

Process:Use of phytoremediation to enhance bioremediatpmiproved soil aeration and
release of plant enzymes and exudates, phytoddgmadand phytovolatilisation; used for
aldrin, dieldrin (spikerush), PCBs (plant cells,zgmes); enhanced by compost and fungi
addition; large scale experience absent.

Pre-treatment: N/A

Configuration: N/A

Capacity/Throughput: N/A

Efficacy: N/A

Applicability: N/A

Emissions:N/A

By-products: N/A

Practical Issues: This is still at the basic research level; theeptill for POPs degradation
has not been explored but is unlikely to be feasibt high concentrations or stockpiles.
Licensing: N/A

Vendor(s): N/A

Info Sources:Johne, Watzke and Terytze, 2001; Rulkens, 2001.

Reason for category: This technology is suitable for long term degramatiof low
contamination in soils. It is unlikely to be sita for high strength POP wastes.
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Not Classifiable

There is insufficient information to classify thellbwing technologies for their potential to
destroy stockpiles.

Self-Propagating High Temperature Dehalagenation (BHTG)
Process: This process is still at the developmental (latmsg scale. Chlorinated organics
are premixed with calcium hydride or calcium metadl placed in a sealed reaction chamber,
pressurised with argon. The reaction is initidtgdn applied power pulse.

From Vijgen (2002):
‘The technology is based on the exploitation of-pebpagating reactions to meet the current
topic of treating chlorinated aromatics. The pasthat the reaction of many chlorinated
organic compounds with strongly reductive subssratuch as alkaline metals or their
hydrides, is very exothermic and thermodynamicallyite favourable. Typical reaction
enthalpies are well above 1000 kJ per mole. Likewtbe adiabatic temperature of these
processes can be extremely high, as high as®¥00these features are similar to those
currently met in typical processes based on selp@gating reactions where a spontaneous
propagation of the reaction takes place in the fofim combustion wave. The consequence is
that severe thermochemical conditions, suitable tf@ breakdown of hazardous organic
molecules, can be reached at the self-propagatimipgstion front.’
Pre-treatment: no yet evaluated for real-world samples.
Configuration: only tested at lab scale to date
Capacity/Throughput: N/A
Efficacy: Test reports for hexachlorobenzene and the hegyicDichlorprop, indicate
>99.999% destruction
Applicability: Potentially all POPs
Emissions:Not clear what would be released.
By-products: Hydrogen and methane (with CO and G®the case of 2,4-DP) were the main
gaseous compounds. Traces of benzene, mono-, ditrechlorobenzene, dichloroetylene,
dichloro-methane, xylene and trimethylbenzene va¢se found.
Practical Issues: Lack of detailed information on all process streand residues. The cost
of argon could be high.
Licensing:
Vendor(s): Centro Studi sulle Reazioni Autopropaganti, Italy
Info Sources: Vijgen, 2002.
Reason for category: Limited information available on the process ans potential
application but it appears to be only at the leddestevel of development.

36



Review of emerging, innovative technologies fordingruction and decontamination of POPs and tleatification of promising technologies
for use in developing countries

3.0 TABLES
Table 1 List of technologies and information soures
Technology | Vendor | Information Sources
A. Commercialised technologies with considerable expence
Phase Chemical Reduction (GPCR) ELI Ecologic IdBomal, Canada (Bethwww.eco-logic-intl.com and
Kummling, Director of Business Developmentgompany literature
Base Catalysed Decomposition (BCD) BCD Group IncSAU(Thomas Oppermanwww.bcdinternational.com and
Director of Corporate Affairs) company literature
Super-Critical Water Oxidation (SCWO) General Atosnemd Foster Wheeler, USA | www.ga.com/atg/aps/scwo.html
Sodium Reduction Powertech, Canada www.powertechlabs.com
Plasma Arc BCD Group Inc., Brisbane, Australia
Pyrolysis Startech Environmental Corp., USA http://www.startech.net
B. Technologies near or at the start of commercializadn
Molten Salt Oxidation Lawrence Livermore Nationalbbaatory, and www-cms.lInl.gov, WWW-
Los Alamos National Laboratory, USA emtd.lanl.gov/ASTF-NM/MSO
Solvated Electron Technology (SET) Teledyne CommeddC, USA www.commodore.com and

www.teledyne.com

C. Promising technologies

Ball Milling — 1 (also known as dehalogenation |bjribochem, Germany www.tribochem.com

mechanochemical reaction, DMCR)

Ball Milling - 2 Environmental Decontamination LtdNew | bryan@manco.co.nz
Zealand

GeoMelt™ Process GeoMelt, USA (licensed globally to AME®@uww.geomelt.com and
USA) www.amec.com

Mediated Electrochemical Oxidation — Ce (MEGEerOx Corporation, USA (G. Anthonywww.cerox.com  and other

Ce) Steward, CEO & President) information supplied by CerOx

Mediated Electrochemical Oxidation — Ag AEA Technologies, UK www.accentus.co.uk

(MEO-AQ)

Catalytic Hydrogenation Commonwealth Industrial Resk| Costner, Luscombe and Simpson,
Organisation (CSIRO), Australia 1998
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Technology | Vendor | Information Sources

D. Technologies which require significant researcknone)

E Technologies which are unlikely to be applidde for destruction of POPs stockpiles

MnO,/TiO,—Al,O3 Catalyst Degradation Liu et al, 2001

TiO,-based YOs5/WO; Catalysis Weber and Sakurai, 2001

Fe(lll) Photocatalyst Degradation Huston and Pignatello, 1999;
Catastini et al., 2002

Ozonation/Electrical Discharge Destruction Sun et al., 1998

Molten Metal Molten Metal Technologies, USA (no longperating)

Molten Slag Process Ausmelt, Australia www.ausmelt.com.au

Photochemically Enhanced Microbial Degradatjon UNIV CALIFORNIA (US) Patent|
US5342779, date 1994-08-30

Biodegradation/Fenton’s Reaction Nam, Rodriguez and Kukor, 2001

White Rot Fungi Biodegradation Mester and Tien, 2000; Kubatova|et

al., 2001; Mori and Kondo, 2002;:
Mougin et al., 1997; Ruiz-Aguila
et al., 2002

=

Enzyme Degradation Koller, Mdder and Czihal, 2000);
Torres, Bustos-Jaimes and Le
Borgne, 2003

In situ Bioremediation of Soils Guanrong et al., 1996
DARAMEND Bioremediation Grace Bioremediation Techowies,| Phillips et al., 2001
Mississauga, Canada us EPA

http://www.epa.qgov/ORD/SITE/rep
orts/0029a.html

Phytoremediation Johne, Watzke, Terytze, 2001,
Rulkens, 2001
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Table 2 Process summaries

Technology | Process Description \ Configuration | Applicabity \ Scale

A. Commercialised technologies with considerable expence

GPCR Chlorinated organic compounds are reacted wijthixed, modular; All POPs, including high| Up to 100
hydrogen at high temperature860C) and low | transportable (but not| strength wastes. Liquids| tonnes/day
pressure, yielding methane, hydrogen chloride jagassily). Thermal and solids (with Thermal depending on waste
minor amounts of other low MW hydrocarbons.| desorption unit Desorption). strength and pre-

required for solid treatment systems.
wastes.

BCD Batch treatment of liquid and solid wastes | th| Fixed, modular; and | All POPs, including high| Up to 20 tonnes/hr
presence of a high boiling point hydrocarbon (€.gransportable. Thermalstrength wastes. Liquids| contaminated solids
fuel oil), sodium hydroxide and a proprietary | desorption used for | and solids (<2 cm) 9000 litres per batch
catalyst. When heated to about 300 °C the reagemie wastes liquids, smaller units
produces highly reactive atomic hydrogen, which available.
reacts with organochlorines and other wastes.

SCWO SCWO destroys toxic and hazardous organic | Current pilot plant All POPs, but limited to | Currently up to 400
wastes in a compact totally enclosed system, ussygtems are fixed treatment of liquid kg/hr, but planned
an oxidant (e.g. oxygen or hydrogen peroxide) jatonfiguration, but the | wastes or solids less tharfor 2700 kg/hr
temperatures and pressures above the critical paimts should be 200microns in diameter,
of water (374°C and 22.1 MPa). Under these | transportable and an organic content of
conditions organic materials become highly less than 20%
soluble in water and react rapidly to produce
carbon dioxide, water and inorganic acids or salts.

Sodium Reduction of PCBs with dispersed metallic Transportable and Transformer oils only Up to 15,000 l/day

Reduction | sodium in mineral oil. Has been used widely forfixed
in-situ removal of PCBs from active transformers.

Products include polybiphenyl, sodium chloride,
petroleum based oils and caustic.
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Technology Process Description Configuration Applicabity Scale

Plasma Arc| Organochlorine waste is injected direictly a Transportable and Liguid and gaseous 1-3 tonnes/day (150
plasma torch, where it is pyrolysed under the | fixed. wastes, up to 100% kW plant)
extreme temperatures in the torch (>10,000 °C strength. Solids pre-
and decomposed to CO, génd HCI. Acid treated by thermal
gases are removed in a caustic scrubber and CO is desorption.
oxidised in a flare prior to discharge to
atmosphere.

Pyrolysis This system uses a plasma torch (~15,300 ° | Transportable and Solid, liquid and gaseous Demonstrated at 50
inside a cylindrical reaction vessel containing | fixed wastes — 100 kg/hr and
mixed bulk gases. Plasma feed gases (air, argon, commercial unit
CQO; or nitrogen) are introduced and product gases designed for 10
removed at the top of the chamber and waste tonnes/day

materials (solid, liquid or gas) plus steam are fed
in from the side. Inorganic portions of the waste
remain in the reactor as reduced metals and a
glassy slag. Off gases are polished through
scrubbers and filters, and can be reused as
synthesis gas.

B. Technologies near or at the start of commercializain

Molten Salt | POPs wastes are injected into a bath of a moltefiransportable and fixed Tested for a few Full scale under
Oxidation | salt (e.g. sodium carbonate) at 900-950 °C, pesticides construction

yielding carbon dioxide, sodium chloride, water
and nitrogen.
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Technology

Process Description

Configuration

Applicabity

Scale

SET

Solvated electron solutions are produced by
dissolving sodium, lithium or calcium in
anhydrous ammonia at room temperature in a
pressurised system. The contaminated materiz

Modular transportable
system

IS

are placed into a treatment cell with the treatment

solution, and POPs wastes are reduced to met
salts and simple hydrocarbon compounds. At
end of the reaction, ammonia is removed for
reuse, and the treatment residues (e.g. oil oy s¢
are removed from the cell and disposed.

al
he

D

Tested for dioxins, PCB¢
(up to 2%) and DDT.
Should work for all
POPs. Liquids and
solids, including
packaging

5 Up to 10 t/day

C. Promisin

technologies

Ball Milling

POPs wastes are placed in a ball millhnwa
hydrogen donor compound in the presence of &
alkali metal (magnesium, sodium, etc). Reducti
dehalogenation occurs due to mechanochemic
process.

Fixed and mobile.
AN
ve
al

All POPs at low levels;
indication that high
strengths can be treated

10 kg/hr to several
tonnes/hr (in
principle)

GeoMelfM

This process works by establishing a melt
between pairs of electrodes inserted into the s
bound waste materials. Electrical energy is
continuously applied to the melt until it grows tg
encompass the entire treatment volume. Orga
contaminants present in the soil are decompos
at the high temperatures produced in the melt.
Off-gases generated by the process are collect
inside a stainless steel hood covering the
treatment area and are drawn off for processin(
an off-gas treatment system. After treatment, t
residual soil solidifies into a glassy/rock-like
material.

Most wastes treated |
ikitu but can also be s¢
up to treat wastes
) inside a treatment
niessel
ed

ed

) by
he

nDemonstrated for most

pPOPs in contaminated
soils; limited data for
high strength wastes

Up to 1000 tonnes ir
Situ in one treatment
(also quoted as 90
t/day). 45 t/day for
the in-container
system.

N
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y

Technology Process Description Configuration Applicabity Scale

MEO- Ce C& ions are produced in an electro-chemical deMlodular system Demonstrated for most | The base unit (2 cell
and then mixed with the waste stream prior to | design which indicatesPOPs. Optimum packs) has a capacit
passing into a liquid phase reactor. Th&'@ets | potential for set-up ag performance for organic| of 25 gals/day for
as an oxidising agent, reacting with POPs to | a transportable systemcontent >15%. Aqueous| 50% organics liquid
produceCQ, neutral salts and dilute acid solution(but really only process with solids or | input (ca. 2kg/hr of
The process operates at low temperature (90-95pplicable for small | sludges homogenised anarganics). Multiple
and near atmospheric pressure. The liquid units) pumped in as a liquid. | cell units are made
effluent from the reactor is returned to the ceil f Liguid organic wastes arefor up to 100
regeneration of the cerium reagent. Gaseous pre-treated by sonication gals/day and
products are passed into a counter-current packed to emulsify the mixture. | treatment plant
bed gas/liquid reactor which uses a flow of Ce packages with a
for oxidation of the residual organics. The treate capacity of 2000-
gases (mainly C@and C}) are then passed 40,000 gals/day
through a condenser (for VOC recycling) and a
caustic scrubber for chlorine removal.

MEO- Ag | The AEA Silver Il process is very similarttee Concepts developed | Optimum efficiency is Only proven to an
CerOx system but utilises oxidation of organicg for production as a | achieved at an organic | organic throughput
with Ag®* ions in solution. System design is modular/transportablg concentration of 2 -10 | of about 30 kg/day.
similar to CerOx but includes a hydrocyclone | system, but not yet | g/litre (<1%). Proven for| A costed design has
between the reactor and the electrochemical celfmoven some POPs, but not all | been produced for a
which may reduce potential problems from soligs throughput of about
inputs. 1-2 tonnes/day

Catalytic PCBs in transformer oils are hydrogenated by | N/A PCBs Laboratory

hydrogen- | robust sulphide based catalysts, yielding

ation hydrochloric acid and light hydrocarbons

D. Technologies which require significant resealc
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Technology | Process Description \ Configuration | Applicabity \ Scale
E. Technologies which are unlikely to be applicdb for destruction of POPs stockpiles
MnO,/TiO2 | A highly active catalyst, MNOXx/Ti&-Al,Os, with | N/A Potentially all POPs but | Laboratory
—Al;03 TiO species in a monolayer dispersion, and the tested on chlorobenzene
Catalyst MnOx species highly dispersed on the HO and dichlorobenzene
Degradation Al,Ossupport. The total oxidation of

chlorobenzene and o-dichlorobenzene on

MnOXx/TiO—~Al,O3 catalyst can be achieved at

300°C and 250C respectively, at the space

velocity of 8000 H. The activity of MnOx/ TiQ

—Al,O3 catalyst (Min loading 11.2 wt%) is

gradually increased in the first 10—-20 h and then

keeps stable at least for the measured 52 h at

16,000 H.
TiOz-based | Contaminant dissolved in toluene, heated| @oncept not Potentially most POPs atBench scale
V,05/WO3 | 300°C and contacted with a,@s/WOs supported developed high strengths; further
Catalysis | titanium catalyst research needed
Fe(lll) An advanced oxidation process combining photdN/A Low strength Laboratory scale;
Photo- Fenton, Fe(ll1)/H2 O2 /UV processes. Reactions contaminated waters: used for treatment of
catalyst carried out in a cylindrical 300-ml borosilicate alachlor, aldicarb, low strength wastes
Degradation double-walled reaction vessel with water atrazine, azinphos- in the field

circulated through the walls to maintain constant methyl, captan,

temperature. The photochemical reactor chamber carbofuran, dicamba,

(Rayonet RPR-200) contained sixteen 14-W disulfoton, glyphosate,

fluorescent black lamps which emit in the range malathion, ethoxylchlor,

300-400 nm. Ferrioxalate actinometry indicated metolachlor, picloram

that the total light intensity was 1.2X4photons1 and simazine

!st. The lamps were warmed up for 10 min to

reach constant output. The pesticide, iron(lIl)

perchlorate, and sodium perchlorate, as neede(,
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Technology Process Description Configuration Applicabity Scale

were added to the reaction vessel and the
temperature was equilibrated to 25.020.28C. The
pH was then adjusted to 2.8 with HGIO he
reaction was initiated by adding 30%,(,

followed by inserting the vessel into the chambger

Ozonation/ | Gas containing the contaminant is either treatedN/A Dioxins/furans; other Laboratory
Electrical directly with an electrical discharge or with ozonpe POPs in a gas form
Discharge | produced by a discharge; the latter appears to be
Destruction | more effective

Molten This process uses refractory-lined steel pressuyé-ixed Ligquid and gaseous Only proven at
Metal vessels containing molten iron or nickel (1425- wastes, plus finely bench scale (5-10
1650 °C). Heat is provided inductively by coils divided solids. kg/hr)

inserted in the lining. Feed material is either
injected from above through lances or through the
base using a system of tubasyére$. Oxygen,
methane and an inert carrier gas are also injected
with the feed. The liquid metal acts as a catalyst
and energy source for the reactions, and also
dissolves some of the by-products.

Molten Slag| Waste to be treated is blended with steelworks| N/A Potentially all POPs Laboratory
Process dust and fluxing agents, extracted, dried with heat
from the furnace off-gases and fed into a foaming
slag layer which forms at the top of the molten
iron in an electric arc furnace at a temperature of
around 1500C. The waste sinks into the slag
phase, metal oxides are reduced to metals and all
organic materials return to their basic elements,
like in the molten metal process
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1%

)

\1%

Technology Process Description | Configuration Applicabity | Scale
Photo- RBC system with 5 discs rotated at 2rpm amnJA PCBs; potentially all Bench scale
chemically | 40% submerged in an N-deficient mediym POPs but time and
Enhanced | innoculated with a strain oP. chrysosporium strength require further
Microbial The contaminant is dissolved in acetone-ethanol assessment
Degradation and added to the medium where it is treated for
23 days until fully destroyed.
Biodegra- | Using Fe ions and a chelating agent (catechol and PAH contaminated soilsLaboratory
dation/ gallic acid) combined with kD,, a Fenton up to 600ppm
Fenton’s reaction at neutral pH was combined with in situ
Reaction soil bacteria to degrade polycyclic aromatic
hydrocarbons at 250-1200 mg/kg soil by 98% |for
2-3 ring and 70-85% 4-5 ring HC molecules.
White Rot| Addition of white rot fungi species toN/A Low levels of| Currently used in th¢
Fungi contaminated soils contaminants in soilg,field only for low
Biodegra- including PCBs, dioxinsflevel contaminatec
dation furans, polycyclic soils
aromatic hydrocarbons,
chlorophenols, and
aromatic dyes
Enzyme Addition of enzymes to contaminated soils N/A Low dev of | Currently used in th
Degradation contaminants in soils andield for low level
water contamination
In situ | Enhancement of soil biodegradation usjing/A 2500ppm DDT Laboratory
Bioremediat| surfactants and reducing agents
ion of Soils
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Technology Process Description \ Configuration Applicabity \ Scale
DARA- Enhancement of soil biodegradation usjrigeld application tg Will biodegrade DDT, Commercial
MEND specialised and metallic amendments and watantaminated in situ| DDD, DDE, lindane, application for
Bioremediat| followed by drying and tilling soils toxaphene, chlordane contaminated soils
ion dieldrin at 95ppm
Phyto- Use of plants to enhance bioremediation |I&rowth of plants on aldrin, dieldrin| Laboratory
remediation| improved soil aeration and release of plaobntaminated soils (spikerush), PCBs (plant

enzymes and exudates, phytodegradation |and cells, enzymes)

phytovolatilisation; enhanced by compost and

fungi addition
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Table 3 Process performance

Technology

| Performance Data

| Emissions

| Byproducts

A. Commercialised technologies with considerable prrience

e

)

GPCR >99.9999% DRE for HCB, PCBs and DDT All emissiomay be captured forSolid residues should be suitab

assay and reprocessing if needed. | for landfill disposal. Causti
scrubber liquid.

BCD >99.99% DRE in trials No significant emissionsut(bsome| Reduced organics, salts and inert
dioxins measured in older plants) solids

SCWO >99.99% DRE No significant releases Unknown POPs)

Sodium DRE not reported, but achieves <0.5 ppRossibly hydrogen if water present Caustic/salt temis. Treated oi

Reduction PCB removal may be reused

Plasma Arc >99.9999% DRE for PCBs Carbon dioxideagon Caustic scrubber solutions

Pyrolysis No published data Carbon dioxide gas Causstiabber liquids and solid

residues (slag)

B. Technologies near or at the start of commerciaation

A\1%4

Molten Salt| High DRE reported for chlordane Carbon dioxide Sadidues from bath need to bg
Oxidation disposed (may be recycled).
SET Typically >99.9% on PCB-contaminateBotential ammonia releases Sodium salts, hydrocafbits)

soil

treatment residues

C. Promising technologies

(1%}

Ball Milling >99.9% dechlorination of PCBs, at pilbClosed batch system, with no expectdteduced organics, metal salts and
scale emission (no data available) inert finely ground solids
GeoMelt™ 90 to 99.99% DRE in the melt, and >99,990 detectable emissions from scrubber No leachiogn fsolid residue
Process overall (with scrubber) (glass). Scrubber residues can b
disposed in subsequent melts.
(MEO-Ce) >99.995% DRE for chlorinated pesticidgs Woardioxide gas Caustic scrubber liquor. Reagent
liquor will gradually accumulate
metals and other contaminants
MEO- Ag >09.9999% DRE for nerve gases. Higbarbon dioxide gas Caustic scrubber liquor. Reage

DREs also claimed for some POPs

liquor will gradual accumulate
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Technology Performance Data Emissions | Byproducts
metals and other contaminants.
Solids removed from treatment
liquor by filtration
Catalytic >99.9996% for 1300ppm PCB,; Not known but gases are treated| tdCl, light hydrocarbons in oil
Hydrogenation | >99.99999% for 40,000ppm PCB remove any hydrogen and non-
condensable hydrocarbons

D. Technologies

which require significant research

E. Technologies which are unlikely to be applicable fodestruction of POPs stockpiles

—

MnO,/TiO— 100%  degradation of  1300ppmWHCI, H,O, carbon oxides N/A

Al,O;  Catalyst| chlorinated benzene gas

Degradation

TiO2-based >99.9% destruction of PCBs HCI; water; €0 Reaction liquid with contaminants

V205/WO3

Catalysis

Fe(lln) 79.4% methoxychlor; 94.3% melathionCO, CI'; short-chain organic acid

Photocatalyst 98.8-100% other POPs unknown if toxic breakdowri

Degradation products are formed

Ozonation/ 88% for indirect ozone treatment €O, N/A

Electrical VOCs and dioxins/furans

Discharge

Destruction

Molten Metal No information available Carbon monoxale hydrogen. Trace elements will build up in
Reducing conditions help minimise | treatment metal and in slag. The
dioxins concept allows for adjustment of

the mix to produce useful metal-
based by-products
Molten Slag| N/A N/A — could include dust and otheN/A
Process contaminants
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Technology | Performance Data Emissions | Byproducts
Photochemically | 99-100% removal of PCB N/A CICO,; organic acids?
Enhanced
Microbial
Degradation
Biodegradation/ | 70-98% degradation of low levelCO;, N/A
Fenton’s (600ppm) PAH in soils
Reaction
White Rot Fungi 70% PCB; 92% lindane CO N/A
Biodegradation
Enzyme 90% for some PCBs; up to 100% of sonteO, N/A
Degradation organic contaminants
In situ| 90% of 2500ppm DDT in soil over 20C0O; N/A
Bioremediation | days
of Soils
DARAMEND 95% degradation of lindane over 25C0;, N/A
Bioremediation | days; 76% removal of HCB over 70 days;
89% degradation of DDT over 84 days
Phytoremediation N/A N/A N/A; may include runoff problems
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Table 4 Practical aspects

Technology | Infrastructure Needs | Operational Needs | Praical Issues | Safety Issues

A. Commercialised technologies with considerable expence

GPCR Moderate amounts of propane needed fdZontinuous  processDisposal of treatedPotential for hydrogen
boiler unless processing high organic | with batch storage. residues gas leaks

wastes. Hydrogen may also be needed
during start up

BCD Nitrogen gas required for “blanketing”. | Batch and continuousDisposal of treatefdNo major safety issues
Also needs significant amounts of base.| systems available residues
SCWO No special requirements, but note that | Continuous None None

SCWO technology has been around for
many years, and the earlier systems were
plagued by reliability, corrosion and
plugging problems. Recent developments
have effectively addressed these problems
through the use of special reactor designs
and corrosion resistant materials.

Sodium Sodium handling facilities Continuous Sodium supply dism safety and

Reduction potential hydrogen
hazards

Plasma Arc Moderate energy inputs and reliable | Continuous Significant demand foRisk of explosion from

electricity and cooling water supplies. argon. Cooling waterinternal cooling watef

is essential for torch. | leaks. Molten metal of
slag discharges.

Pyrolysis Moderate energy inputs and reliable Batch process Support gaseRisk of explosion from
electricity and cooling water supplies Cooling  water I§ internal cooling water
essential for torch. leaks.
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Technology

| Infrastructure Needs

| Operational Needs |

Praeal Issues

| Safety Issues

B. Technologies near or at the start of commercializain

Molten Salt| High temperature furnace/reactor Batch or continuousLarge quantities of saltHigh temperatures.
Oxidation for recycling or| Explosion hazards from
disposal wet wastes contacting
molten salt
SET Sodium and ammonia handling facilitie®atch process Sodium and ammon&odium, ammonia and
Stable electricity supply is essential for supplies. Wastes mushydrogen hazards.
ammonia handling and containment be dewatered prior tp

treatment

C. Promising te

chnologies

Ball Milling Moderate electricity demand Batch opeoat Supplies of base metalNo major safety issues,
Disposal of treatedbut possible
residues. noise/vibration

GeoMelt™ Significant electricity requirements Batch process ghtly saturated soilsNo major issues

Process need to be dewatered
before treatment

(MEO-Ce) Significant electricity requirements Contirus process Not clear how solidSo major issues
build-up is prevented
in the treatment liquor

MEO- Ag Significant electricity requirements Continusoprocess No major issues No major issues

Catalytic N/A Batch operation Supply of sulphid®isposal of acid; spent

Hydrogenation catalyst catalyst; further designh

details needed

D. Technologies which require significant resealc

E. Technologies which are unlikely to be applicable fodestruction of POPs stockpiles

Al,O3 Catalyst

Moderate
(300°C)

temperature  requireme

Degradation

mBatch or continuousSupply of catalyst
process disposal of spen
catalyst

tat this stage

No major issues identifie
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Technology Infrastructure Needs Operational Needs Pracal Issues Safety Issues

TiO2-based Moderate temperature requirement Batch or continuousSupply of catalyst; No major issues identified

V,05/WO3 (300°C) process disposal of spentat this stage

Catalysis catalyst

Fe(lln) Moderate electricity/sunlight Not clear at this stageSupply of iron(lll)| No major issues identified

Photocatalyst | requirements of development perchlorate, sodiumat this stage of

Degradation perchlorate, hydrogendevelopment
peroxide

Ozonation/ High electricity requirement Batch or continugudatch or continuousNo major issues identified

Electrical process process at this stage

Discharge

Destruction

Molten Metal High temperature furnace/reactor Batchlt oontinuoug Integrity ands High temperatures.

process resilience  of the Explosion hazards from

refractory materials. wet wastes contacting
Gas supplies (oxygenmolten metal, and from
methane). off-gases.

Molten Slag| High temperature furnace/reactor Batch or continydagegrity ands High temperatures.

Process process resilience  of the Explosion hazards from
refractory materials. wet wastes contacting
Gas supplies (oxygenmolten metal, and from
methane). off-gases.

Photo- Moderate electricity and sunlight Batch operation None identified at thi®isposal of wastewater

chemically requirement design level

Enhanced

Microbial

Degradation
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Technology Infrastructure Needs Operational Needs Praccal Issues Safety Issues
Biodegradation/| Not clear at this stage of development Not cleathe stage Supply of Fe ions, aHandling of HO,
Fenton’s of development chelating agent
Reaction (catechol and gallic

acid) and HO,
White Rot| Not clear at this stage of development Not cleathe stage Not clear at this stageNo major issues identifie
Fungi of development of development at this stage
Biodegradation
Enzyme Not clear at this stage of development Not cleathet stage Not clear at this stageNo major issues identifie
Degradation of development of development at this stage
In situ | Not clear at this stage of development Not cleathe stage Supply of surfactantsNo major issues identifie

Bioremediation
of Soils

of development

and reducing agents

at this stage

DARAMEND
Bioremediation

Not clear at this stage of development

Not cleathat stage
of development

DARAMEND,

metallic amendments,at this stage

No major issues identifie

water
Phyto- Not clear at this stage of development Not cleathet stage Disposal ofl Potential long tern
remediation of development contaminated organiccontamination of soil

material
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4.0

4.1

APPLICATION OF TECHNOLOGY TO DEVELOPING COUNTRIE S
Background

There are several scenarios when dealing with P&iBskpiles in developing
countries. Firstly there is the stockpile itsaiflasecondly there is contaminated soil
either as a result of the stockpile or from sombkeptPOPs source. Both these
scenarios should be considered independently. [Jitindre is the question of whether
the stockpile be treated (decontaminated or destiiowm situ at each site or should the
stockpile be recovered, identified, segregated,kgwcand shipped out. For
contaminated soil, shipping out is almost alwayshpitively expensive, although
there are plenty of examples of PCB contaminatéld kaving being shipped out for
destruction. It is generally accepted that nomimastion technology for stockpile
destruction is different to the non-combustion tedbgy required for soil
decontamination.

The first requirement of an obsolete pesticide abgp technology is a destruction
efficiency greater than 99.99% (Rahuman et al. 020Mestruction efficiency (DE) is
defined as the total mass of a chemical into agg®cminus the mass of the chemical
in all products, by-products and environmentalasés, divided by the input mass (to
give a percentage). This differs significantly frothe other common measure,
destruction and removal efficiency (DRE) which ortkes into account stack
emissions, with no regard for other releases astiues (Costner, Luscombe and
Simpson, 1998). Only closed processes that aclyex@er than 99.99% destruction
efficiency can be considered. Any technology toulsed in a developing country
must be inherently safe. Murphy’s law applies.efEhcan be no dangerous reactants,
except for the obsolete pesticides to be destrogédourse. The process must be
closed with no possibility of unplanned releaseany chemicals (Rahuman et al.,
2000). The process must be able to handle upsetyy as power supply failure,
without danger to personnel or equipment. Handdind loading of pesticides into the
process must always be safe, straightforward anttra@éed. Equipment and controls
must be simple and robust, and will preferably make of local resources. The
operating procedure must be extremely basic andaHy foolproof. Loading and
unloading, start up and shut down must all be gittéorward. The process must be
able to handle pesticide waste in a variety of fira. solid or liquid, contaminated
soil, concrete, equipment and containers. Thega®enust be able to treat the full
range of obsolete pesticides with minimum changeoperating procedure and
reactants (Rahuman et al., 2000).

4.1.1 In situ destruction using non-combustion technologs

In reviewing past documentation and reports reggrdechnology for POPs
destruction there has been a noticeable prefertenty find a technology that
will destroy all POPs and be simple enough to paristo all sites in

developing countries and deal to each stockpilgitin This approach may be
inappropriate given the complexity of the wastéhet sites coupled with social
and political considerations. This uncertaintyoatbin situ destruction means
that it is possible that issues associated witle, sguantities, recycling,
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4.1.2

4.1.3

414

environmentally sound management, process by-ptodod other matters
need not form part of the evaluative criteria feweloping countries.
Nevertheless we have reviewed the technologieb@bdsis that each site will
receive a technology that can be performed in ditueality however we make
the assertion that this approach may be unworkablemany of the
undeveloped economies and therefore centralisedjiofral or international)
facilities may be appropriate. The implications fpromising technology” is
therefore significant as the issues of quantitiessources requirements,
containers and mixing are no longer prevalent éf waste is to be treated ex
situ.

Issues of complexity

In our experience, we have found that many sitesre'ROPs wastes are stored
there are substantial issues with multivariate @oets, mixed non-POPs and
large quantities of unidentified wastes. Manylodge sites are difficult to get
to and are often located far from resources suakeadsr and electricity. Local
people and politicians at many of these sites Iseetbrage a simply dangerous
waste and want it all gone.

Incomplete removal or destruction

We believe that it is inappropriate to leave belangbrtion of the waste that is
stored at a obsolete storage facility. In the @sini situation alone there is some
50,000 tonnes of obsolete stocks that also invialkge quantities of non-POPs.
Given the issues of containers, mixed waste psfinknown waste and
distance from resources, the concept of takingexiBp technology to each
and every site in a developing country is, in opinmn, not acceptable (and
unworkable) and that a centralised regional mudtifprm technology centre is
more efficient, cost effective and more environnaéptsound.

Environmentally sound management

From UNEP, 2003. Technical Guidelines on the Emmentally Sound
Management of Persistent Organic Pollutants as &¥astSBC. Rev
3(15.01.2003)

“Under the Basel Convention, “Environmentally soumé&nagement of
hazardous wastes or other wastes” means takingractticable steps
to ensure that hazardous wastes or other wastesnapaged in a
manner, which will protect human health and theimmment against
the adverse effects, which may result from suchesas
The core performance elements of ESM are thoseatlkatpplicable to
all evaluation, dismantling, refurbishment, preamment, treatment
and disposal of wastes. According to the Stockh@amvention,
recovery and recycling are, however, not applicatdePOPs wastes.
This requires that each destruction and/or manag@nfacility should:

e have adequate regulatory infrastructure and enforeat to ensure
compliance with applicable regulations;

e be appropriately authorised;
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e have waste minimisation/ recovery/ recycling praced (Note:
Recovery and recycling procedures are not appleabbd POPs
wastes);

e be appropriately certified under an applicable Ewovimental
Management System;

e have an appropriate operational monitoring and repw programme;

¢ have an operational inspection and recording prograe for all input
and output materials;

e have appropriate in-house record keeping;

e have an appropriate and verified emergency plan;

e have an appropriate and operative training prograennfior its
personnel; and

¢ have an adequate financial guarantee for emergesityations and
closure.

In a paper presented by four UNIDO scientists atltiternational Centre for
Science (ICS-UNIDO) (UNEP, 2003) the following aperformance criteria
for POPs waste technologies were listed:

“The technologies used for destroying stockpilespefsistent organic
pollutants (POPs) must meet the following fundaalemerformance
criteria:

e Destruction efficiencies of effectively almost 1p6rcent for the
chemicals of concern: the determination of 100 eetcdestruction
efficiency is necessarily based on findings ofearegly low concentrations
of the chemicals of concern, approaching zero iy and all residues, or
outflow streams using the most sensitive analytieahniques available
worldwide. As achieving absolute zero residues by technically not
feasible, the only possible criterion to set howw ldhe required
concentration must be, when considering toxic sulzsts such as POPs, is
the absence of any present and future harm to huheaith and the
environment. Although expensive, complete analg$esll out flowing
streams, residues, possible leaks must be carrigdwith a frequency
sufficient to ensure compliance with this criteriauring start-ups,
shutdowns and routine operations.

e In order to better attain the abovementioned gopljority is
recommended for technologies that imply containnoératl residues and
out flowing streams for screening and, if necesseeprocessing. This is
to ensure that no chemicals of concern or othemnifat compounds, such
as newly formed POPs or other hazardous substarces;eleased to the
environment. Technologies, which may require urrotiatl releases (e.g.
relief valve from high-pressure vessels) or envimental spreading of
POPs, even at hardly detectable levels (e.g. imair@n processes with
high gaseous mass flow released to atmosphere)lidshze carefully
scrutinized and possibly avoided.”

Determining the extent to which a technology m#wetse criteria during both
preliminary tests and routine operations depends aorvariety of factors
including, but not limited, to:

. scientific and engineering expertise;
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. equipment and facilities for sampling and analysighe materials to
be destroyed and all residues of the destructiacgss;

. stringent operating guidelines; and

. comprehensive regulatory framework, including eoéonent and

monitoring requirements.”

Additional criteria for evaluating destruction techogies that have been
suggested in a US Department of Energy report (UNEBB3) include:

e capability of treating a variety of wastes with yigug constituents with
minimal pre-treatment of waste;

e secondary waste stream volumes that are signifigaamaller than the
original waste stream volumes and which containtexac reaction by-
products;

e complete elimination of organic contaminants;

e off gas and secondary waste composition;

e cost; and

e risk.

Considering the various technologies available oden development for
handling POPs wastes, it is important to distingulistween:

(a) pre-treatment technologies that concentratesHi®Rastes so that the
resulting pre-treated waste can be better subjgotedechnology for
sequestration or for destruction or irreversibénsformation;

(b) technologies that sequestrate the waste; and

(c) technologies that actually achieve some meaef@irdestruction or
irreversible transformation.

The above ESM requirements are applicable to cesraind facilities involved
with POPs waste management. In the authors’ expexiehe possibilities for
application of the 3Rs (recycling, reuse, recoustjt is greatly enhanced by a
central treatment facility than by application itusThis is especially so if the
stockpile is removed from the site for processifggwhere. Generally the
opportunities for recycling some of the pesticigegreatly reduced with in situ
solutions. The authors have seen many situatidmsrava large portion of
stock has been left behind for “recycling” only fiad years later that the
product is still there. In terms of shredding @mers and recycling the plastic
and steel, this is much more effective at a cemality rather than piecemeal
at each of the stockpile locations.

Packaging and shipping has its risks but the aatbaperience clearly shows
that the recovery, identification, segregation @awkg and containerisation is
now very sophisticated and given the vast quastiiePOPs that are shipped
every year to Europe for destruction, the reconddehses to the environment
are minimal. Without doubt the possibilities farveonmental pollution are
much greater if in situ destruction is performedhomdreds of remote difficult
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4.2

4.3

4.4

locations than for shipment to a central locatiomere the quality assurance
can be maintained and the operators are fullyeéchand spills are contained in
a purpose-built facility. One of the biggest psbs when applying non-
combustion technologies is that most of the tedwiek require substantial
pre-treatment, shredding or other handling andifaiin this area can lead to
gross environmental contamination.

4.1.5 Implications

By accepting that a ‘multi platform’ centre maybere appropriate, then this
has significant implications for the application min-combustion technology
for developing countries. Whereas a particular viiaidial non-combustion

technology may have been useful in situ, it is keli that the particular

technology would be able to destroy all the wasie there may be insufficient
material to be able to bring another technologysiv@ that could destroy the
balance. On the other hand if the waste in itseggtis transported to the multi
platform regional centre then economies of scal@yapnd all waste can be
treated using a battery of non-combustion technefothat overlap each other
along with shredding facilities and recycling sysse

Characteristics of stockpile sites in developing cmtries

The annexes include a photographic record of aatbablete pesticides and POPs
stockpiles in many countries. In particular theorel shows photos from Senegal,
Mauritania, Cape Verde, Jamaica, Venezuela, ArgentiTaivan Cambodia,
Cameroon and others. The stockpiles are clearlyedni non-uniform and often
completely chaotic. Many of the containers are&kbroand leaking. Large quantities
are unidentified or classified.

Logistics of application of non-combustion technolgy

The logistics of non-combustion technologies diffeterms of in and ex situ. The
criteria below are based on the technology beingittn The output table from the
application of the criteria to the emerging andnpising non-combustion technologies
will deal with in situ. Of note is technology thatstill at lab scale. The comparison
table cannot be used for this type of technology wmerging technology as many of
the criteria cannot be calibrated.

Criteria

Notwithstanding our statements above regarding d&irplatform regional centre
facility we have established a set of criteria towih the application of a non-
combustion technology to individual sites withinl@veloping country. We have used
a simple comparative set of criteria measuringtgpe of non-combustion technology
against the other. For instance for a technoldgy bas a high power requirement a
high rating will be assigned where the top ratd@ would be for a technology that
required 1-2 MVA of energy. For a technology thequires only 25 KW this would
attract a rating of 10. Therefore in a comparaseese it is better to have a lower
overall number that a high one. This means of @that a judgment is required to set
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4.5

the comparative scale. In the case of energy rem@nt the authors have set the fatal
flaw scale at 1 MVA. For many remote, difficultes this value is probably fair
enough. A one MVA energy provision at a remoteat@n will require a substantial
electrical supply network along with a well-sizedstdbution transformer and
associated switch gear. A generator at 1 MVA wddda large truck mounted unit
that would use vast quantities of diesel and wesictem that also to be a fatal flaw at
that size for most sites. On the other hand shthddsite be located in a commercial
area with a large power supply system then theste would be reset at say 5
MVA.

It should also be noted that a fatal flaw is redsggh by a score of 100. If for instance
the discharge to the environment of a particulaidiee waste stream is scored at 100
then the fatal flaw provision is applied and theht®logy is discounted. The
assignment of the values is an exercise in judgraadtis something that engineers
have to do all the time when evaluation the apfibceof technologies.

4.4.1 Two levels of criteria
There are two distinct areas of criteria. Thet fissthe adaptation of the non-
combustion technology to the developing country dahd second is the
adaptation of the developing country to the nondmastion technology. Both
of these sets of criteria form a matrix of mutuddyatation.

Adaptation of the non-combustion technology to theeveloping country

All criteria elements are scaled 0-100 points. Séhelements that are marked “Not

FF” means that while the points of 100 may be reddhe element itself is not a fatal

flaw.

45.1 Performance

Destruction efficiency (Scale 0-100) Units

Capability to treat all (Scale Binary 0-1) N/Y NotFF

Secondary waste streams volumes (Scale binaryNJY-NotFF

Off gas treatment (Scale linear 0-100)

Containment (Scale binary 0-1) N/Y NotFF

New POPs formation (Scale binary 0-1) N/Y

Uncontrolled releases (Scale binary 0-1) N/Y

Minimum pre-treatment (Scale binary 0-1) N/Y

Toxic reaction byproducts (Scale binary 0-1) N/Y

Complete elimination (Scale binary 0-1) N/Y

Waste/ tonne (Scale linear 0-24) Units hrs /tonne

Quantity per day/month (Scale linear 0-5) Units ®roay
4.5.2 Costs

This criterion involves all the economic considenas of the adaptation of the
non-combustion technology.

Capital cost (Scale Linear 0-250) Units US$K
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4.6

4.5.3

Set up costs (Scale Linear 0-250) Units US$K
Per tonne cost (Scale Linear 0-3000)Unit$ US

Gas cost (Scale Linear 0-1)Units US$K/tonne
Reagents cost (Scale Linear 0-1)Units US$K/tonne
Patents and royalties costs (Scale Linear 0-1)Wi$K/tonne
Input waste

For a non-combustion technology to be viable it vatuire certain minimum
stockpile quantities. Some technologies will regua higher minimum than
others.

Min stockpiles size (Scale 0-50) Units tonnes
Breakeven volumes (Scale 0-100) Units tonnes
Dewatering (Scale binary 0-1) N/Y Not FF
Size reduction (Scale binary 0-1) N/Y Not FF
Scalability (Scale binary 0-1) N/Y Not FF

Adaptation of the country to the technology

4.6.1

Resource needs

This criterion involves all aspects of requiredowwses to set up the non-
combustion technology and operate the plant withideveloping country.

Includes the requirements for buildings, commumcatsystems, sampling

facilities etc. Reagents and gas requirementslacenoted. We have set the
scale requirements according to our experience.osdtelements that are
marked “Not FF’ means that while the points of 1®@y be reached the
element itself is not a fatal flaw.

Power requirements (Scale Linear 0-1MVA)
Water requirements (Scale Linear 0-1 Cu/day)
Labour requirements (Scale Linear 0-50)
Technician requirement (Scale Linear 0-50)
Laboratory requirement (Scale Binary 0-1) Not FF
Has waste personnel requirement (Scale Linear 0-50)
Reagents volumes (Scale Linear 0-1000kg/day)
Gas volumes (off site supply) (Scale Linear 0-20pcuf
Weather tight buildings (Scale Linear 0-5)
Communications systems (Scale Binary 0-1) Not FF
In situ sampling requirements (Scale Linear 0-25¢)da
Peer sampling requirements (Scale Linear 0-1000)

4.6.2 Costs

Installation and commissioning costs (Scale Lineab0) Units US$K

Site preparation costs (Scale Linear 0-250) Unit$KIS

Energy & telecom installation costs (Scale Lined0®) Units US$K

Monitoring Costs (Scale Linear 0-5) Units US$K/Degt FF

Compliance costs (Scale Linear 0-5) Units US$K/Day NF
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Reporting costs (Scale Linear 0-5) Units K&y Not FF
Running cost with no waste (Scale Linear 0-5)Unig&$sK/Day
Running cost with waste (Scale Linear 0-20)Unitssk®ay
Decommissioning costs (Scale Linear 0-100)Units US$K
Landfill costs (Scale Linear 0-50)Units US$/tonne
Residue waste transport costs (Scale Linear 0-5@9W8%$/tonne

4.6.3 Impact

All non-combustion technologies will have some irtpboth on and off site.
This criterion looks at those impact issues andgassvalues to them which
are dependent on the dimension of the impact.

Discharges to air (Scale Linear 0-100) Unitsn/nT
Discharges to water (Scale Linear 0-100) Units ppm
Discharges to land (Scale Linear 0-100) Units Tonnes
Social Impact (noise etc) (Scale Linear 0-100) & biBa

4.6.4 Danger

Toxicity of reagents is included here along withestissues of the technology
that are dangerous. For example sodium reductam & high risk factor

during operation of explosion and fire and thus Mogcore higher than for

example autoclaving technology.

Danger of reagents (Scale binary 0-1)Units £86/8 Not FF
Danger of technology (Scale linear 0-5) UnienDer scale
Danger of operation (Scale linear 0-5) Units\@er scale

4.6.5 Constructability

Complexity of construction is an issue in develgpaountries as is the ease of
shipping and transit, operations and the actualgesing.

Ease of installation/constructability (Scale Liké¥b) Units %

Ease of shipping/transit (Scale Likert 0-5) Units %
Ease of operativability (Scale Likert 0-5) Units %
Ease of commissioning (Scale Likert 0-5) Units %
Ease of processing (Scale Likert 0-5) Units %

4.6.6 Output waste

Of great importance are the volumes and final digfmm of final wastes.

Output wastes volumes (Scale 0-100) Units % of inpastes
Final disposition (Scale 0-100) Units % to landfill
Waste quality/properties (Scale 0-5) Units TCLP

(e.g. pH and leachable metals)
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4.6 Matrices

The two sets of criteria are displayed in Figureantl 2. These figures are
example sheets only. One of each matrix is reduoeeach technology.

4.7  Expert system

The criteria and matrices lend themselves to theeldpment of a decision
support system which would assist in determining appropriate technology
for a specific site and pollutant. Such a syst@mldt encompass a range of
technologies which would be suitable for variousPBCand contamination
levels. It would also identify the requirementsr fasing any of the
technologies and could also include a cost compdoegnable the user to both
identify infrastructure requirements as well asreguic issues.

The system would be based on the criteria and winitidlly include data for
the technologies included in this report. Howedata for further technologies
could be added as the system is expanded. In@ddis a country or region
applies the system, decisions can be stored witlendatabase to provide a
clear profile of the weighting factors and decisioaking process.

Such a system would be valuable for communitieselsas governments who
are seeking to determine appropriate technologiemfinaging POPs. It could
also be expanded to deal with a broader range odrlaus chemicals and
contamination materials such as water. The Irfibieus of the system would,
however, be on POPs stockpiles and the availabter@rcial technologies.
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MATRIX ONE : Adaptation of the Technology to the Country

CATEGORY A : COMMERCIALISED TECHNOLOGIES WITH CONSIDERABLE EXPERIENCE

TECHNOLOGY: GAS PHASE CHEMICAL REDUCTION (GPCR)

CRITERIA: PERFORMANCE

DestructionCapacity |Secondary Off gas Containment |[New POPs |Uncontrolled |Min pre Toxic Complete [Waste/ Qty/
efficiency |[treat all |Waste streams |Treatment formation |releases treatment |by products |elimination |tonne day
Scale

Score

Weight

Net

CRITERIA: COSTS

Capital Set up Per tonne Gas Reagents Patents &

cost costs costs Cost Cost royalties

Scale
Score
Weight
Net

TOTAL Score for Category A Technology 1 =

Figure 1  Matrix one : Adaptation of the Technology b the Country. Example page: each technology wouldave one page.
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MATRIX TWO : Adaptation of the Country to the '_I'echnology

CATEGORY A :
TECHNOLOGY:

COMMERCIALISED TECHNOLOGIES WITH CONSIDERABLE EXPERIENCE

GAS PHASE CHEMICAL REDUCTION (GPCR)

CRITERIA:

RESOURCE NEEDS

Power
Regmnts

Water
Regmnts

Labour
Regmnts

Technician
Regmnts

Laboratory
Regmnts

Haz
Personnel

Reagents
Volumes

Gas
Volumes

Weather
Proof Bldgs

Comms
Systems

Sampling
Regmnts

Peer
sampling

Scale
Score
Weight
Net

CRITERIA:

COSTS

Install &
Commiss

Site
Preparatio

Energy &
Comms

Monitoring
Cost

Compliance
Cost

Reporting
costs

Running
No waste

Running
With waste

Decomm
cost

Landfill
Cost

Residue
Transport

Scale
Score
Weight
Net

CRITERIA:

IMPACT

CRITERIA:

DANGER

CRITERIA:

CONSTRUCTABILITY

Discharge
to air

Discharge
to water

Discharge
to land

Social
Impact

Reagents
Danger

Technology
Danger

Operations
Danger

Ease
Installation

Ease
Shipping

Ease
Operation

Ease
Processing

Scale
Score
Weight
Net

CRITERIA:

OUTPUT WASTE

Waste
Volumes

Final
Disposition

Quality &
Properties

Scale
Score
Weight
Net

Figure 2

TOTAL Score for Category A Technology 1 =

Matrix Two : Adaptation of the Country to the Technology Example page; each technology would have one p:
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5.0

CONCLUSIONS AND RECOMMENDATIONS

The purpose of this work was to review all existigghnologies that were non-
combustion in character and identify those techgiel that are innovative and
emerging and hold promise for the destruction efRIOPs stockpiles.

5.1

Conclusions

Of the approximately 50 technologies reviewed, divg technologies were
classified as promising, emerging and innovativatégory C). These are:
Ball milling;
GeoMelt™ Process;
Mediated Electrochemical Oxidation (CerOx);
Mediated Electrochemical Oxidation (AEA Silver lideess);
Catalytic Hydrogenation.

It is of concern that there are so few emergingietogies, especially those
that may be suited for in situ destruction of PORssome extent this may be
a reflection of the large amount of low cost higgmperature incineration
capacity in Europe, the ongoing POPs removal ireldging countries to HTI
coupled with a reluctance of research funding is $lector.

A number of technologies have been placed in Anreextuas technologies
which have been insufficiently researched to ingicaeir promise. It is likely
that some of these technologies should have besseglin Category D but
there was insufficient information to place thenthat category.

It is also possible that some technologies whicheweentified as unsuitable
could be successfully developed as suitable teolgred. However, with the
direction of the research and the limited availgbibf information for some
technologies, it was considered appropriate bybekshop to place them in
Category E.

In addition, information was provided by Zoltan £si, Director, Cleaner
Production and Environmental Management Branch,Mln technologies
acceptable for use in Japan for destroying PCBe fSmexure 2). There was
insufficient information provided to include them this report although some
of the technologies have been included as theyusee elsewhere and data
were available.

An additional goal of this work was to examine thiéeria that a developing
country could use to evaluate the application p&dicular technology. A set
of criteria was developed that has two elementisesé criteria can be used as
they stand for evaluative purposes but with aniegpbn of an ‘expert’ system
a fully integrated and interactive evaluation modam be achieved that is
dynamic in that new technologies can be addedds ihey become available.
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5.2

Recommendations

It is recommended that the five identified emergimgd promising
technologies be further evaluated for the purpdsgraviding funding so that
the technologies may become commercialised in ¢ae future.

It is also recommended that a decision supporesy$te developed which will
assist users in deciding which technologies areogpate for treating POPs
wastes and contaminated soils in their region. hSacsystem should be
developed as soon as possible to enable usersdatbenworld to make
effective decisions on POPs management.
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ANNOTATED LITERATURE REVIEW

GPCR - Gas phase chemical reduction

Gas-phase chemical reduction of hexachlorobenzaesether chlorinated compounds: Waste
treatment experience and applications - 271

K. Elisabeth (Beth) Kimmling, Douglas J. Gray, HirPower, Sherri E. Woodland

6" international HCH and Pesticides Forum, 20-22 M&@01, Poznan, Poland,
http://www.6thhchforum.com/forum_boaok/

BCD - Base catalyzed decomposition

Abraham S. C. Chen, Arun R. Gavaskar, Bruce C.madle, Audrey Massa, Dennis
Timberlake and Eric H. Drescher

Treating contaminated sediment with a two-stagesasalyzed decomposition (BCD)
process: bench-scale evaluatidaurnal of Hazardous Materials, Volume 56, Issue 3,
October 1997, Pages 287-306

Effective treatment of >99.65% of PCDD and >97.8@8FRat low levels in soils using a two
stage BCD process; the treatment of pesticidesssiple but was not measured. Gives
costings and cost comparisons

Solvated electron process

Akira Oku, Kohei Tomari, Tohru Kamada, Etsu Yamadaleaki Miyata and Osamu Aozasa
Destruction of PCDDs and PCDFs. A convenient metsdg alkali-metal hydroxide in 1,3-
dimethyl-2-imidazolidinone (DMI)Chemosphere, Volume 31, Issue 8, October 1995,sPage
3873-3878

PCDD and PCDF (10-12,000ppb) were extracted usixgte then treated with NaOH or
KOH dissolved in DMI to achieve reductions >99.99@#thin 5 hrs and T=9; up to 5%
H20 acceptable

Chemical oxidation methods

Serge Chiron, Amadeo Fernandez-Alba, Antonio Raegand Eloy Garcia-Calvo

Pesticide chemical oxidation: state-of-the-#gter Research, Volume 34, Issue 2, February
2000, Pages 366-377

Overview of chemical oxidation of pesticides in veagaters. photo-Fenton’s reagent and
TiO, photocatalysis together with ozonation are thetrpommising; TiQ is effective in large
scale wastewaters with available sunlight and acatnaBons <50ppm Ozonation more easily
controlled, can be implemented with U\&B% but dependant on pollutant and mineralisation
not always complete.

The various currently used chemical oxidation psses (AOPs), for pesticide
elimination from wastewater are reported. Hetereges TiQ photocatalysis, ozonation and
photo-Fenton’s reagent are the most intensivelgstigated technologies. Theoretical and
practical advantages and limitations of each metreddiscussed. Degradation mechanism
and experimental conditions employed for the oation of each technology are reviewed.
Performances such as the achieved degree of meagiah and obtained degradation rates
are detailed. The various analytical approachesttatying pesticide degradation by AOPs
are also discussed. Formation of by-products isaidable during cost eeective treatments.
Their detection and identification are requireaider to determine which kind of chemical
structures are left at the end of the processt®purpose, the crucial role of gas and liquid
mass spectrometry is emphasized. The review reaegdmeral lack of data on kinetics of
formation and disappearance of the major by-pradudte effciency of AOPs has scarcely
been investigated at industrial scales, i.e. isgmee of a mixture of active ingredients
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together with their formulating agents and at cotiegion levels above 10 mg/l. The more
polar by-products are largely unknown and theiidibxis usually not addressed.

Nigel J. Bunce, Simona G. Merica and Jacek Lipkawsk

Prospects for the use of electrochemical methodhédestruction of aromatic
organochlorine waste€hemosphere, Volume 35, Issue 11, December 199ésPa19-
2726

Evaluation of the potential for electrochemicaltdestion of pesticides; potential is high for
agueous solutions such as leachate from stoclqilggated soil.

William J. Cooper, Michael G. Nickelsen, Stepheezyk, Greg Leslie, Paul M. Tornatore,
Wayne Hardison and Paris A. Hajali
MTBE and priority contaminant treatment with higieegy electron beam injection,
Radiation Physics and Chemistry, Volume 65, Isdgu@sNovember 2002, Pages 451-460
Advanced oxygenation technology which effectiveated organochlorines in aqueous
solution at very low concentrations (ug/l).

A study was conducted to examine the removal ohgi¢ert butyl ether (MTBE) and
15 other organic compounds, as well as perchlooaten waters of different quality. The 15
organic compounds consisted of halogenated solyehksrination),disinfection by-
products,pesticides,and nitrosodimethylamine (NDMAgse studies were conducted using a
pilot scale 20 kW mobile electron beam system atéWgactory 21, Orange County, CA
where wastewater is treated and re-injected irggytbund as a barrier to salt water
intrusion.Future applications for this treated watelude water reuse.Ground water and
treated wastewater,after having gone through asewesmosis-polishing step (RO
permeate),were used to prepare mixtures of the cangs.Using fundamental radiation
chemistry,it was possible to examine the factoiescehgremoval ef .ciency of all the
compounds as well as MTBE destruction and readtjoproduct formation and removal.All
of the organic compounds were destroyed in thelesughd we also observed the destruction
of perchlorate ion in one of the waters.

Electrochemical peroxidation process (Fenton’s redion)

(aqueous solution)

M. Arienzo, J. Chiarenzelli, R. Scrudato, J. Pagand-alanga and B. Connor

Iron-mediated reactions of polychlorinated bipherglelectrochemical peroxidation process
(ECP),Chemosphere, Volume 44, Issue 6, September 209és R839-1346

Complete removal of PCBs in 0.061ppm aqueous swoisitof PCBs using iron powder and
iron electrodes.

Yan Liu, Zhaobin Wei, Zhaochi Feng, Mengfei LuonlRing Ying and Can Li

Oxidative Destruction of Chlorobenzene amBichlorobenzene on a Highly Active Catalyst:
MnO,/TiO—-Al,0Os, Journal of Catalysis, Volume 202, Issue 1, 15 AugQ61, Pages 200-
204

A highly active catalyst, Mn@TiO, —Al, Os, was prepared by mpregnating ®species on
TiO, -modified Ak Os. The TiO species in T¥>-Al, Oz support is in a monolayer dispersion,
and the M species is again highly dispersed onz+4@l,; Os support. The total oxidation
of chlorobenzene aratdichlorobenzene on Mn@riO,—AI2 Os catalyst can be achieved at
300°C and 256C respectively, at the space velocity of 8000 hiThe activity of MNQ/TiO,
—Al; O catalyst (Mn loading 11.2 wt%) is gradually incsed in the first 10—20 h and then
keeps stable at least for the measured 52 h a®A 6,01 . Furthermore, no chlorinated
organic byproducts are detected in the efflueninduthe oxidative de-struction of
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chlorobenzene and o-dichlorobenzene. It is proptdssdhe partially chlorinated and highly
dispersed manganese oxide on a monolayes fi@dified ALOs is responsible for the high
and stable activity for the total oxidation of cfifmted aromatics.

Slawomir Lomnicki, Janine Lichtenberger, Zhengtian Michelle Waters, Joe Kosman and
Michael D. Amiridis

Catalytic oxidation of 2,4,6-trichlorophenol oveanadia/titania-based catalystgplied
Catalysis B: Environmental, In Press, Corrected ¢frdAvailable online 1 August 2003.

The catalytic oxidation of 2,4,6-trichlorophenolGFP) was investigated over two commercial
vanadia/titania-based catalysts both in the presand the absence of water. The two
catalysts exhibited significant activity for theidation of TCP-producing carbon dioxide and
HCI as the main reaction products. Furthermoresdluatalysts-as well as the bare titania
support-have a high capacity for the reversibl@gat®on of TCP at 20T. The presence of
water affects the adsorption capacity, steady sietteity and product distribution observed.
This behavior can be attributed to the competitigtsorption of TCP and water, and the
surface reactions of hydroxyl groups withgpecies and adsorbed chlorinated hydrocarbon
derivatives. In situ FTIR studies indicate the pree of phenolate, catecholate, ether,
benzoquinone, aldehyde and carboxylate specigseocatalyst surface following the
adsorption of TCP as well as under reaction caousti These partial oxidation products

are formed during the reaction of TCP with surfagggen and are intermediates of the
oxidation process.

These catalysts are used commercially for PCDDrobnt

James F. Rusling, Silvia Schweizer, Shiping Zhamd)@eoffrey N. Kamau

Microemulsions as media for destruction of orgatidegoollutants by electrolysi§olloids
and Surfaces A: Physicochemical and EngineeringeétspVVolume 88, Issue 1, 19 August
1994, Pages 41-49

This paper reviews recent work on the dehalogenatimrganohalide pollutants by
electrochemical catalysis in bicontinuous microenauls of didodecyldimethylammonium
bromide (DDAB)-water-dodecane. Compared with aliiie toxic, expensive organic
solvents, the catalytic efficiency for the dehalogigons was enhanced for non- polar
organohalides in DDAB microemulsions. Using metahalocyanine tetrasulfonates as
catalysts, the catalytic efficiencies for the reaet of 1,2-dibromobutane and 1,2-
dibromocyclohexane were much larger in a microeimalthan in a homogeneous solvent.
The reverse was found for trichloroacetic acidc8iBDDAB and the catalysts adsorb on the
carbon cathode, results suggest that a DDAB lagghe cathode preconcentrates non-polar
dibromides but not the polar trichloroacetic a&idr complex mixtures of polychiorinated
biphenyls, DDAB microemulsions performed betteb&nch-scale catalytic dechlorinations
than aqueous DDAB dispersions, which performedebétian aqueous CTAB micelles.
Complete conversion of 100 mg of a 60% chlorineugtdal PCB mixture in a 20 ml
microemulsion could be carried out overnight usingactivated lead cathode, zinc
phthalocyanine as catalyst, and ultrasonic masspat. Finally, the dechlorination of DDT
(I,I-bis(4-chlorophenyl)-2,2,2-trichloroethane), mh has both aliphatic and aromatic
chlorines, was also explored in the microemulsiénsliminary results suggest that oxygen
may be an effective catalyst for the dechlorinabdé®DT in DDAB microemulsions to |,I-
diphenylethane using a carbon cathode.

Ozonation
Jun-ichiro Hayashi, Joji Ikeda, Katsuki Kusakabd &higeharu Morooka
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Decomposition rate of volatile organochlorines age and utilization efficiency of ozone
with ultraviolet radiation in a bubble-column coctiar, Water Research, Volume 27, Issue 6,
June 1993, Pages 1091-1097

Use of UV and ozone to degrade low levels of orghtayines in aqueous solution

Philip C. Kearney, Mark T. Muldoon and Cathlee®dmich

UV-ozonation of eleven major pesticides as a wdsigosal pretreatmernthemosphere,
Volume 16, Issues 10-12, 1987, Pages 2321-2330

Low levels of pesticides in aqueous solution

P. Ormad, S. Cortés, A. Puig and J. L. Ovelleiro

Degradation of Organochloride compounds kya@d Q/H,O,, Water Research, Volume 31,
Issue 9, September 1997, Pages 2387-2391

Degradation of a wastewater containing a mixturergnochlorines using O3 and H202 in a
basic (pH - 9.4) medium; trichlorobenzene and atldegraded but DDE not affected

This paper presents the results obtained from agidavith O; and Q/H»0O; of a residual

water coming from the production of dicofol and-aeifon pesticides, where chlorobenzenes,
DDTs and its metabolites and other organochlor@amounds were found. The oxidation
processes were carried out using ozong (Obasic medium (pH 9.4) at low dosage (0-1.5g
Os g initial TOC) and in the presence of hydrogen peexH,0,), with a 0.5 HO,/O3

molar ratio. During the treatment, many compoundsewemoved (dichlorobenzophenone,
tetradifon, chlorobenzene, trichlorobenzene) aed thange in concentration at different
ozonation contact time was monitored. Other comgdsuike DDE remained practically
invariable. This study investigated the formatidriirst ozonation by-products (FOBPS) in
the wastewater, specifically chlorophenols, by nseafirgas chromatography/mass
spectrometry (GC/MS) and gas chromatography/electapture detection (GC/ECD)
analysis in terms of the amount of time theh@s been in contact with the processed sample.
o-Chlorophenolp-chlorophenol, benzenemethanaichlorohydroxibenzaldehyde;
chlorobenzenemethanol, chlorobenzoic acid, etaeWwemed during the treatment, due to
the mechanism of fast and non-selective oxidatibitlvozone has through OH radicals,
formed by the decomposition of theg @olecule and accelerated by the presence©Of kh
water.

Photodegradation

Abdul J. Chaudhary, Susan M. Grimes and Mukhta#agsan

Simultaneous recovery of copper and degradatiéh4stlichlorophenoxyacetic acid in
agueous systems by a combination of electrolytit@rotolytic processe§hemosphere,
Volume 44, Issue 5, August 2001, Pages 1223-1230

Complete degradation of 2,4D in a 50ppm aqueougisal by a photolytic process

Yu. I. Skurlatov, L. S. Ernestova, E. V. Vichutiagla, D. P. Samsonov, I. V. Semenova, I.
Ya. Rodko, V. O. Shvidky, R. I. Pervunina and TK&mp

Photochemical transformation of polychlorinatedmais, Journal of Photochemistry and
Photobiology A: Chemistry, Volume 107, Issues 153]July 1997, Pages 207-213

Photocatalyst (Fe(lll)) degradation

Carole Catastini, Mohamed Sarakha, Gilles Maillmat Elichéle Bolte, Iron (l11)
aguacomplexes as effective photocatalysts for ¢geadiation of pesticides in homogeneous
agueous solution3he Science of The Total Environment, Volume 288¢k 1-3, 21
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October 2002, Pages 219-228
Complete degradation of asulam

Photocatalyst (TiQ) degradation

Hema M. K. K. Pathirana and R. A. Maithreepala

Photodegradation of 3,4-dichloropropionamide ineays TiQ suspensionslournal of
Photochemistry and Photobiology A: Chemistry, V@ur2, Issues 2-3, 22 January 1997,
Pages 273-277

Complete destruction of 265ppm DPA in aqueous, Tw@hin 5 hr

Alessandra Bianco Prevot and Edmondo Pramauroyt#eal monitoring of photocatalytic
treatments. Degradation of 2,3,6-trichlorobenzaid @ aqueous Ti@dispersionsTalanta,
Volume 48, Issue 4, 5 April 1999, Pages 847-857

Degradation of agueous solutions of 34mg/L 236 TB#Ag 340mg/L TiQwith a surfactant
at a pH of 3 and T=2& after 90 minutes

Martha M. Higarashi, Wilson F. Jardim, Remediatidipesticide contaminated soil using
TiO, mediated by solar light. Catalysis Today 76 (202@)—207

Soil at 100ppm contamination of Diuran (Nortex)adolaromatic pesticide degraded with
90% degradation at 2cm depth and 120h; dependdighinntensity

Qingdong Huang and Chia-Swee Hong

TiO, photocatalytic degradation of PCBs in soil-watgmtems containing fluoro surfactant,
Chemosphere, Volume 41, Issue 6, May 2000, Pade88Y

Low level contaminated solil (including age-contaat@d soils) degraded with Ti@nd
fluoro surfactants

loannis K. Konstantinou and Triantafyllos A. Albani

Photocatalytic transformation of pesticides in aygetitanium dioxide suspensions using
artificial and solar light: intermediates and deiéon pathwaysipplied Catalysis B:
Environmental, Volume 42, Issue 4, 10 June 2008e8819-335

Review of TiQ photodegradation in aqueous solution; lindane, Didthoxychlor are
mineralised with various intermediates

Adriana Zaleska, Jan Hupka, Marek Wiergowski anddWdiziuk

Photocatalytic degradation of lindamgp’-DDT and methoxychlor in an aqueous
environmentJournal of Photochemistry and Photobiology A: Cletrgj Volume 135, Issues
2-3, 26 July 2000, Pages 213-220

Aqueous solutions containing 40 mg/dm 3 of lindgmpP -DDT and methoxychlor were
photodegraded in a UV/THBD, system yielding different degradation productsvéered
anatase and rutile, and anatase supported onlgis® microspheres served as
photocatalysts. The destruction degree of pestoickes evaluated and oxidation products
identified by gas chromatography with an electraptare detector (GC—ECD) and a mass
spectroscopy detector (GC-MS). From 68 to 90% sfigides investigated was eliminated
after 30 min irradiation in the presence of anasag®ported on glass microspheres. The
lowest efficiency was obtained for rutile as a tyata One hundred and fifty minutes of
processing resulted in 50% elimination for g-HCHY@&for DDT and over 99% for
methoxychlor.

H. D. Burrows, M. Canle L, J. A. Santaballa and&t&enken
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Reaction pathways and mechanisms of photodegradatpesticidesJournal of
Photochemistry and Photobiology B: Biology, Voluiielssue 2, June 2002, Pages 71-108

Evaluation of photodegradation of pesticides in agpus solution

A. Vidal, A. |. Diaz, A. El Hraiki, M. Romero, |. Mguruza, F. Senhaji and J. Gonzalez
Solar photocatalysis for detoxification and disgtien of contaminated water: pilot plant
studiesCatalysis Today, Volume 54, Issues 2-3, 3 Decedf¥29, Pages 283-290
Photocatalytic processes in the presence of tihaiioxide provide an interesting route to
destroy hazardous organic contaminants, being opeaiin the UV-A domain with a
potential use of solar radiation. A preliminary lexiion of a photocatalytic process for water
purification has been made to assess its effe@sgeim reducing contaminant concentrations
of drinking water standards. Studies reported ismphper also evaluate the performance of a
low-cost compound parabolic concentrator (CPC)gtypee built along this work and explore
the feasibility of this concept as the basis fa $blar pho-tocatalytic oxidation facilities of
water supplies. From our observations, a solaugnput value of 42 I/h m 2 for the low-cost
CPC reactor tested at our facilities has been étiaiThese calculations are based on the time
required for the destruction of 20-500 pg/l of stdd pesticides to maximum permitted levels
(0.1 mg/l) and four-log inactivation of microorgamis. From the research performed, cost
analyses have been made for a full-scale commesysé¢m using the data available in this
project. For a 500 frfacility, the estimated total costs for photocgialdegradation is
competitive with conventional technologies andreated to be ca. 0.7 $

A. Vidal, Z. Dinya, F. MogyorodiJr. and F. Mogyoiod

Photocatalytic degradation of thiocarbamate hedbieictive ingredients in watepplied
Catalysis B: Environmental, Volume 21, Issue 4ugust 1999, Pages

It has been shown that a wide range of organic camgbs in aqueous solutions is
photocatalytically oxidized to carbon dioxide iretpresence of titanium dioxide with near-
UV radiation. The photocatalytic mineralizationtbiocarbamate derivative pesticides
(EPTC, butylate, molinate, vernolate and cycloateyater by illuminated Ti@has been
studied. The determination of the effects of vasi&inetic factors on the photocatalytic
degradation and the determination of the natutbeprincipal intermediates form part of the
focus of this study. The degradation rate of the&ecarbamates in a continuous recirculation
mode approximates first-order kinetics. It was destiated that photocatalyzed degradation
of thiocarbamate active ingredients does not orstantaneously to form carbon dioxide, but
through the formation of long-lived intermediateesjes. Photocatalytic intermediates
detected during the degradation of thiocarbamatze wlentified by GC/MS techniques.
Intermediates detected in the photocatalytic olatedf thiocarbamates in water solutions are
in excellent agreement with products identifiedvirthe atmospherically important reactions
of OH radical with thiocarbamates. Particular aitanwill be paid to the carbon dioxide
formed from the illuminated suspension in ordedémonstrate not only apparent destruction
but also complete mineralization. The degradatioa twvo-component mixture was carried
out and compared to results obtained with singlegmnent studies.

Erick R. Bandala, Silvia Gelover, Maria Teresa |.€&dmilo Arancibia-Bulnes, Antonio
Jimenez and Claudio A. Estrada

Solar photocatalytic degradation of Aldr{datalysis Today, Volume 76, Issues 2-4, 15
November 2002, Pages 189-199

90% degradation of aldrin from S5ppm aqueous saistiasing light, hydrogen peroxide and
TiO2
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Photocatalytic degradation of the pesticide Aldlissolved in water was carried out,
in one case, using concentrated solar radiationiarahother case, using non-concentrated
solar radiation. In these experiments, the effettsatalyst concentration, oxidant agent
concentration, and solar irradiation were testeeéxperiments without irradiation, strong
adsorption of the pesticide over titanium dioxidesvobserved in the first few minutes of
contact in the presence of titanium dioxide (Fid hese results can be explained by means of
Coulombic interactions between the catalyst suréawkthe pesticide molecules. During the
photodegradation process, results show a resigggadation (photolysis) in both the cases,
when no catalyst was added. In the case of thecoonentrated solar system, the achieved
results suggest that the use edlincreased the degradation rate. For concentratdd)bt,
an increase of the Aldrin concentration was obskdging the first few minutes of
irradiation. This can be explained as a desorgirmcess that is triggered by a change in
surface charge of the catalyst in the presencgdrolgen peroxide (50,) during irradiation.
When photocatalysis was performed with T#lone, no Aldrin was detected in the water
solutions throughout the entire experiment. Theiltewas unexpected; however, it might be
explained by the adsorption of the pesticide orcttalyst surface and by the absence of the
oxidant’s effect. Three transformation productsg)I&f the degradation process were
identified: dieldrin, chlordene and 12-hydroxy-dieh. The results presented here are in
agreement with previously reported results for pbatalytic degradation of other chlorinated
pesticides using lamps as radiation sources.

S. Malato, J. Blanco, C. Richter, B. Braun and MMaldonado

Enhancement of the rate of solar photocatalyticenailization of organic pollutants by
inorganic oxidizing speciegpplied Catalysis B: Environmental, Volume 17, ésdu31
August 1998, Pages 347-356

Particulate suspensions of Li@radiated with natural solar light in a large expeental plant
catalyze the oxidation of a typical organic contaamit: pentachlorophenol (PCP). The
addition of oxidants, concentration of which is kepnstant during treatment, such as
hydrogen peroxide, peroxymonosulphate (oxone) andxydisulphate increases the rate of
photodegradation of PCP in the following ordei@sS> Oxone > HO,. Peroxydisulphate (10
mM), selected as the best oxidant studied, has &eelred to the development of a solar
photocatalytic plant for the treatment of commdrpesticide rinsates found in the wastewater
produced by a pesticide container recycling plafiich includes the correct treatment of this
highly contaminating effluent. The first resultstwaut process or hardware optimisation,
show that peroxydisulphate enhances the phototataiyneralization rate at least five times.
Low concentrations of pesticides treated

Fenton reaction

A. Galadi, H. Bitar, M. Chanon and M. Julliard

Photosensitized reductive dechlorination of chlooozatic pesticide<Chemosphere, Volume
30, Issue 9, May 1995, Pages 1655-1669

Use of electron donor photosensitizer in improvtimg efficiency of photodegradation of
pesticides in aqueous solution

Patrick L. Huston and Joseph J. Pignatello

Degradation of selected pesticide active ingrediand commercial formulations in water by
the photo-assisted Fenton reactidfater Research, Volume 33, Issue 5, April 1999eRag
1238-1246

Degradation of pesticides in water at solubilitydls using Fe(l11)/HO./UV. Most 100%
degraded but some were lower with concerns re tedghter products.
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The destruction of pesticide active ingredients) @id commercial formulations in
acidic aqueous solution with the catalytic photowbe, Fe(ll1)/HO, /UV, advanced
oxidation process has been studied. The Al ardlmlgcaldicarb, atrazine, azinphos-methyl,
captan, carbofuran, dicamba, disulfoton, glyphgsatdathion, ethoxylchlor, metolachlor,
picloram and simazine. Complete loss of pure Aluol in most cases in <30 min under the
following conditions: 5.0X1tM Fe(lll), 1.0X10°M H,0, , T =25°C, pH 2.8 and 1.2X18
quanta 1's with fluorescent blacklight UV irradiation (300+8&m). Considerable
mineralization over 120 min occurred in most casesvidenced by the appearance of
inorganic ions and the decline in total organidoar(TOC) of the solution. Intermediate
products such as formate, acetate and oxalate iegupiweearly stages of degradation in some
cases. Observed rate constants calculated fromal rates varied by a factor of <03. The
commercial products, Furadan (Al, carbofuran), ba#iSC (Al, alachlor) and Lasso
Microtech (Al, alachlor) were also tested. The finagredients” (adjuvants) present in these
products had no effect (Furadan), a slight effeas§o 4EC), or a strong effect (Lasso
Microtech) on the rate of degradation of the Alss@ Microtech, in which the Al is micro-
encapsulated in a polymeric shell wall micro-sphegquired slightly elevated temperatures
to effect removal of alachlor in a timely manneheTresults show that many pesticides and
their commercial formulations in dilute aqueousisioh are amenable to photo-Fenton
treatment.

Supercritical water oxidation

K. Hatakeda, Y. Ikushima, O. Sato, T. Aizawa, Nit&eupercritical water oxidation of
polychlorinated biphenyls using hydrogen perox{deemical Engineering Science 54 (1999)
3079-3084

Degradation of 9000ppm PCBs usingdd and scwo at 30Mpa and 673°C to a level of
99.999% releasing HCl and GO

Hawthorne, S.B, Lagadec, A.J.M., Kalderis, D., gjllA.V., Miller, D.J.

Pilot-scale destruction of TNT, RDX, and HMX on taminated soils using subcritical water.
Environmental Science & Technology. Vol. 34, no, ip. 3224-3228. Aug 2000.

Use of subcritical water to degrade explosivespabul2% contamination at 2% and 60bar
pressure; lower temperatures and pressures foeldimges achieved >98%.

Estimates based on Montero et al. predict a co3125/ton compared to $125-210/ton for
composting, $220-650/ton for supercritical wateidakon, and ca. $1600/ton for
incineration.

Juhani Kronholm, Teemu Kuosmanen, Kari HartonenMada-Liisa Riekkola

Destruction of PAH from soil by using pressurized hot water extractoupled with
supercritical water oxidationyaste Management, Volume 23, Issue 3, 2003, P&3e26D
Technically the PHWE-SCWO provided safe and efiecéxtraction of organic compounds
from sea sand and delivery of the compounds irgae¢hction tube for oxidation. The
oxidation process is in need of further optimizatibigher temperature, use of oxidant
gradient, turbulence in the reaction tube) to mtewdestruction of all the compounds. The
oxidation of PAHs was not investigated separateynftoluene; however, real environmental
samples often contain a mixture of pollutants, iartthis sense the problems with toluene
were of interest. With real environmental sampéegtaction can also remove salts and
halogenated compounds, which can damage the axidiegactor through corrosion.
Consequently, the equipment used in the remediaficontaminated soil needs careful
design.
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Ultrasonic irradiation

Jennifer D. Schramm and Inez Hua, Ultrasonic laaoin of Dichlorvos: Decomposition
Mechanism\Water Research, Volume 35, Issue 3, February 2Bades 665-674

The sonochemical degradation of dichlorvos intalbaeactor is investigated. Dichlorvos
was irradiated with 500 kHz ultrasound at input poswanging from 86 to 161 W. Acoustic
power and sparge gas are two factors which graéf¢t sonochemical degradation
efficiency. Increasing total acoustic power inpainh 86 to 161 W resulted in a change in the
rate constant from 0.018+0.001 mito 0.037+0.002 mih. The change in rate constant due to
sparge gas (Argon, Oxygen, and Argon/Oxygen (60/408omixture) at a power of 161 W is
also investigated, with the Argon/Oxygen mixtureirgg the highest rate constant
(0.079+0.005 mit}). Total organic carbon and ion chromatographidyeses are employed to
determine and quantify major degradation productdiding dimethyl phosphate, formate,
carbon dioxide, chloride, and phosphate. The exientineralization, indicated by a decrease
in the total organic carbon, and the formationhef various intermediates and products, varies
with saturating gas. A pathway for dichlorvos deposition is proposed, based upon
formation rates of the various intermediates amdipcts and the rate of decrease of the total
organic carbon in the system. The limiting stepthemineralization pathway appear to be
transformation of dimethyl phosphate and formate.

Guangming Zhang and Inez Hua,

Ultrasonic degradation of trichloroacetonitrile Jarlopicrin and bromobenzene: design factors
and matrix effectsidvances in Environmental Research, Volume 4, I3sAegust 2000,
Pages 219-224

Power ultrasound has been employed to degrade nusienvironmental pollutants. Through
a series of experiments, the viability of sonicatior pollution control in higher complexity
systems was investigated. First, a mixture of adgarin (CCENO,), trichloroacetonitrile
(C.CI3N), and bromobenzene {dsBr) was irradiated in a batch system. At a freqyesf20
kHz and a sound intensity of 30.8 W €na minimal difference was observed between rate
constants during sonication of a mixture and ratestants during sonication of individual
compounds. Ultrasonic irradiation at 358 kHz wa® aliable for treatment of a mixture
characterized by a high chemical oxygen demand (€3320 ppm). Sonication in a complex
aqueous matrix, river water, demonstrated minimahbderate decreases in efficiency
compared to sonication in reagent grade water.rétevery ratios for chloride, bromide, and
inorganic nitrogen (nitrite plus nitrate) were 7256+3 and 91+2%, demonstrating the extent
of mineralization of the parent compounds. A fldwetugh reactor was also studied. Higher
flow rates and appropriate positioning of the witnaic probe accelerated the observed
reaction rates. For example, increasing the flae fii]am 4.4 to 34 ml mih doubled the
sonication coefficient for bromobenzene in a migiyossibly due to better temperature
control and mixing. Also, the sonication coeffidievas 34% higher for chloropicrin
degradation when the probe was positioned 1 cm fhenentrance than when the probe was
positioned 14.2 cm from the entrance.

Michael R. Hoffmann, Inez Hua and Ralf Hochemer

Application of ultrasonic irradiation for the dededion of chemical contaminants in water,
Ultrasonics Sonochemistry, Volume 3, Issue 3, Nbeert996, Pages S163-S172

The degradation of chemical compounds by electn@ujat cavitation involves three distinct
pathways. The pathways include oxidation by hydroagticals, pyrolytic decomposition and
supercritical water oxidation. It has been shovat thansient supercritical water is obtained
during the collapse of cavitation bubbles generatawlytically. The sonochemical
degradation of a variety of chemical contaminamtaqueous solution has been investigated.
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Substrates such as chlorinated hydrocarbons, plestjqpphenols, explosives such as TNT, and
esters are transformed into short-chain organ@sa€Q, and inorganic ions as the final
products. Time scales of treatment in simple begeletors over the frequency range of 20 to
500 kHz are reported to range from minutes to h@mrrsomplete degradation. Ultrasonic
irradiation appears to be an effective methodHterrapid destruction of organic contaminants
in water because of localized high concentratidrexalizing species such as hydroxyl

radical and hydrogen peroxide in solution, higralaed temperatures and pressures, and the
formation of transient supercritical water. The @etation of chemical compounds by
acoustic cavitation is shown to involve three distipathways: 1) oxidation by hydroxyl
radicals, 2) pyrolytic decomposition and 3) supéoal water oxidation. Detailed reaction
mechanisms for the degradation of p-nitrophenahaatetrachloride, parathion, p-
nitrophenyl acetate and trinitrotoluene are presgnt

Electrical discharge

Haiyan Sun, H. Felix, A. Nasciuti, Y Herieti and Woffelner

Reduction of NO/N@& SO, and destruction of VOCs & PCDD/F in industrialelgas by
electrical dischargeChemosphere, Volume 37, Issues 9-12, 11 Octob&; Pa@es 2351-
2359

A systematic study with the aim to reduce NOANSG, and to destroy VOCs and PCDD/F in
flue gas by electrical discharge both in laboratog at a pilot plant has been performed.
Results show that 1) both indirect and direct trestt by electrical discharge can reduce
NO/NO, and SQ and can destroy PCDD/F in flue gas; 2) Indiregatiment destroys about
90% of PCDD/F in real industrial flue gas; and 3y Ipossible to destroy NO/NOSG, and
PCDD/F in one step.

Roland Weber and Takeshi Sakurai

Low temperature decomposition of PCB by FHaased YOs/WO; catalyst: evaluation of the
relevance of PCDF formation and insights into ih& ttep of oxidative destruction of
chlorinated aromatic#\pplied Catalysis B: Environmental, Volume 34, ¢&8u5 November
2001, Pages 113-127

In this study, PCB were destroyed on #£D%WO; supported titanium catalyst at low
temperature in the range of 150-300°C. At a spatxity of 5000 h 1 more than 98% could
be removed. Below 250°C, the higher chlorinated P&Bained partly unchanged on the
catalyst for several minutes. In contrast, the atxah process lasted up to hours at a
temperature of 150°C. At around 200°C and belowgmaificant part of the PCB were
oxidised to the more toxic polychlorinated dibenzahs (PCDF). The PCDF remained
mainly adsorbed on the catalyst. At 250°C, no $icamt amount of PCDF were detected and
at 300°C no byproducts were found.

Roland Weber, Marc Plinke, Zhengtian Xu and Mich&@ken

Destruction efficiency of catalytic filters for pahlorinated dibenz@-dioxin and
dibenzofurans in laboratory test and field operatiansight into destruction and adsorption
behavior of semivolatile compoundspplied Catalysis B: Environmental, Volume 31, éssu
3, 17 May 2001, Pages 195-207

Catalytic destruction of chlorinated dibenzodioxamsl dibenzofurans for environmental
protection is one of the key subjects of applieglgais in combustion facilities. For catalytic
filters, the removal and destruction efficienciB&(and DE) for polychlorinated dibenzo-p-
dioxins (PCDD) and dibenzofurans (PCDF) were testete laboratory and compared with
data from field operation. The comparison showy génilar values of laboratory
measurements and actual field measurements fdr $agsples, used samples without catalyst
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deactivation, and used samples with varying degvédsactivation. The non-poisoned
catalytic filter showed destruction and removaiahcies for PCDD/PCDF and the “toxic
equivalents” (TEQ) of more than 99%. The laboratmmgnparison confirmed this activity did
not decrease after 2 years of operation in a mpaligvaste incinerator.

R. Weber, K. Nagai, J. Nishino, H. Shiraishi, Mhitk, T. Takasuga, K. Konndo and M.
Hiraoka

Effects of selected metal oxides on the dechloionand destruction of PCDD and PCDF,
Chemosphere, Volume 46, Issues 9-10, March 20Qg$H247-1253

OCDD and OCDF spiked silica/graphite based moged$h containing various copper
compounds and metal oxides were thermally treate@uoxygen deficient conditions. All
copper compounds tested showed a considerableodieehion/hydrogenation reaction at
260°C. After 30 min at 340°C less than 1%of thé&epiOCDD and OCDF was recovered as
TCDD/F to OCDD/F.Other compounds tested demongtratewer rate of dechlorination
compared to the copper compounds.However,all otigeal oxides showed a small
dechlorination effect at 260°C which was considiraicreased at 340°C.

R. Weber, T. Takasuga, K. Nagai, H. Shiraishi, dk8ai, T. Matuda and M. Hiraoka
Dechlorination and destruction of PCDD, PCDF an®R@ selected fly ash from municipal
waste incinerationChemosphere, Volume 46, Issues 9-10, March 20QfPE255-1262

The potential of fly ash to dechlorinate and degs®#€DD,PCDF and PCB was tested under
oxygen deficient conditions in the laboratory. Sfeally, two types of fly ash were
compared, originating either from a fluidized bedimerator using Ca(Oklspray (FA1),or a
stoker incinerator without Ca(OFimpact (FA2). Results from the present study iathadhat
on FA2 type fly ash, the degradation processesGdD,OCDF and D10CB occurred
primarily via dechlorination/hydrogenation up tonjgerature settings of 340°C In contrast,
FA1 type fly ash was found to effect both dechlation and destruction of these compounds
already at temperature settings of 260°C. Theldeohation velocity of PCDD and PCDF

did not differ significantly. However, the first deorination step of OCDF in the 1,9-position
occurred faster compared to the first dechlorimasieep of OCDD. The isomer pattern
resulting from the dechlorination processes watecimilar on both FA1 and FA2,

indicating that differences in alkalinity or elen@rcomposition of the two types of fly ashes
do not have a significant influence on the posibédechlorination. PCDD and PCDF
dechlorination of the 2,3,7,8-positions was noofaed over de-chlorination of the 1,4,6,9-
positions on either type of fly ash. In contragicldorination of PCB occurred predominantly
on the toxicological relevant 3-and 4-positionse Bechlorination/destruction processes were
completed on both types of fly ash at 380°C wittnre hour, which correlates well with
results obtained from actual plant operation pcasti

Vinod K. Gupta, C. K. Jain, Imran Ali, S. Chandrade&5. Agarwal, Removal of lindane and
malathion from wastewater using bagasse fly ashagarsndustry wastéVater Research,
Volume 36, Issue 10, May 2002, Pages 2483-2490

The bagasse fly ash, obtained from the local sunglarstry, has been used as inexpensive and
effective adsorbent for the removal of lindane aradathion from wastewater. The optimum
contact needed to reach equilibrium was found t6(ein. Maximum removal takes place at
pH 6.0. The removal of the pesticides increasels arntincrease in adsorbent dose and
decreases with adsorbent particle size. The optiesorbent dose is 5 g/l of particle size
200 — 250pum. Removal of the two pesticides waseaeki up to 97-98%under optimum
conditions. The material exhibits good adsorptiapacity and follows both Langmuir and
Freundlich models. Thermodynamic parameters aldigate the feasibility of the process.
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The adsorption was found to be exothermic in nattédower concentrations, adsorption is
controlled by .Im diffusion, while at higher conteations, it is controlled by particle
diffusion mechanisms. The adsorbent is a very lis@iti economic product for the removal
of lindane and malathion.

Vinod K. Gupta and Imran Ali, Removal of DDD and BOlrom wastewater using bagasse
fly ash, a sugar industry wasWater Research, Volume 35, Issue 1, January 2083e$°33-
40

Bagasse fly ash, a waste from the sugar industg,a@nverted into an effective adsorbent
and was used for the removal of DDD [2,2-Bis(4-chjfthenyl)-1,1-dichloroethane] and DDE
[2,2-Bis(4-chlorophenyl)-1,1-dichloroethene] pest@s from wastewater. The DDD and DDE
are removed by the developed adsorbent up to 93 &t0, with the adsorbent dose of 5 g/l
of particle size 200-250um at 30°C. The removahese two pesticides was achieved up to
97-98% in column experiments at a flow rate off@lsnin. The adsorption was found to be
exothermic in nature. The bagasse fly ash systenbéan used for the removal of DDD and
DDE from the wastewater. The developed systemrig wgeful, economic, and reproducible.

Bioremediation

Bioactive activated charcoal

Badri N. Badriyha, Varadarajan Ravindran, Walten@ed Massoud Pirbazari
Bioadsorber efficiency, design, and performancedasting for alachlor removaVater
Research, Volume 37, Issue 17, October 2003, PHifel-4072

Complete removal of alachlor from S5ppm aqueoust&wia

Kyoungphile Nam, Wilson Rodriguez and Jerome J.dfuk

Enhanced degradation of polycyclic aromatic hydrbeas by biodegradation combined with
a modified Fenton reactiohemosphere, Volume 45, Issue 1, October 2001 sPEGE0
Using Fe ions and a chelating agent (catechol afict @cid) combined with kD, a Fenton
reaction at neutral pH was combined with in sitil Isacteria to degrade polycyclic aromatic
hydrocarbons at 600 ug/g by 98% for 2-3 ring and%% 4-5ring hydrocarbon molecules.

Eva M. Top, Mphekgo P. Maila, Marleen Clerinx, Jol@oris, Paul De Vos and Willy
Verstraete

Methane oxidation as a method to evaluate the rahai\2,4-dichlorophenoxyactic acid (2,4-
D) from soil by plasmid-mediated bioaugmentatiBBEMS Microbiology Ecology, Volume
28, Issue 3, March 1999, Pages 203-213

The herbicide 2,4-dichlorophenoxyacetic acid (2)4sknown to inhibit methanotrophic
bacteria. Methane oxidation was therefore usedpasameter to evaluate the residual 2,4-D
after bioaugmentation of an agricultural soil. Savetrains harbouring catabolic plasmids
which code for the degradation of this pesticideraxcompared for their potential to alleviate
the negative impact of 2,4-D on methane oxidatipsdil microorganisms. Three indigenous
soil bacteria which contain the 2,4-D degradatikesimid pEMT1k, obtained from a donor by
in situ plasmid transfer in previous experimentsyevcompared witRalstonia eutropha
JMP134, which harbours the well studied 2,4-D déatise plasmid pJP4. In addition a
Pseudomonas putiddWC3(pEMT1k), which does not degrade 2,4-D, waslaedonor to
investigate the potential bioaugmentation througsitu transfer of the catabolic genes
towards the indigenous soil bacteria. Both tharsdrthat can degrade 2,4-D as well asRhe
putidadonor strain could enhance the recovery of metbaiation by increasing the rate of
degradation of 2,4-D and thus removing its toxfe@fon the methane oxidising microbial
populations. In all cases the time needed to oxidisthane was consistently shorter (4-10
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days) in a 2,4-D treated soil inoculated with ttraiss, than in the non-inoculated 2,4-D
treated soil, but still longer (5-10 days) thartha soil without 2,4-D. These data indicate that
pesticide residues as well as their toxic effecingmortant soil microbial processes could be
successfully removed from the soil by addition ellvadapted specialised strains with the
genetic information required to degrade the applesticides.

In situ bioremediation
Biodegradation of DDT

You Guanrong, Gregory D. Sayles, Margaret J. Kugfétaul L. Bishop, S. Kim In
Anaerobic DDT biotransformation: enhancement by liappon of surfactants and low
oxidation reduction potential, Chemosphere, Volu@e Issue 11, June 1996, Pages 2269-
2284.
Anaerobic degradation of 2500ppm DDT in saturat@tf 99.3% with use of surfactants
and reducing agents

Enhancement of anaerobic DDT (1,1,1-trichloro-2ggachlorophenyl) ethane)
biotransformation by mixed cultures was studiecdhapplication of surfactants and oxidation
reduction potential reducing agents. Without ameswbs) DDT transformation resulted
mainly in the production of DDD (1,1-dichloro-2,2{p-chlorophenyl) ethane) upon removal
of one aliphatic chlorine. The DDT transformatiater increased with the addition of the
nonionic surfactants Triton X-114 or Brij 35. Thadation of either surfactant or reducing
agents did not significantly extend the DDT tramsfation. Addition of both surfactant and
reducing agents extended DDT transformation byemduthe accumulation of DDD and
increasing the accumulation of less chlorinatedipets. It is important to minimize the
accumulation of DDD because it is a regulated pegtiand is recalcitrant to aerobic
transformation. Controlled experiments revealed tiwa transformation of DDT requires
microbial culture, but the culture need not bedgadally active. Transformation results are
presented for aqueous and soil phase contamination.

Enzyme degradation

G. Koller, M. Mdder and K. Czihal

Peroxidative degradation of selected PCB: a mestiarstudy,Chemosphere, Volume 41,
Issue 12, December 2000, Pages 1827-1834

The enzyme-induced decomposition and biodegradafi®CB were investigated. 2,5-
Dichlorobiphenyl (PCB 9) and 2,3,5-tetrachlorobiphenyl (PCB 52) were used as example
compounds to study efficiency and mechanism otiggradation processes. It was found that
the application of horseradish peroxidase (HRPgtiogy with defined amounts of hydrogen
peroxide removed 90% of the initial concentratiéi?GB 9 and 55% of the initial
concentration of PCB 52 from an aqueous solutiter @ reaction period of 220 min.
Dechlorination was observed as the initial steph@ugh the metabolites identified were
mainly chlorinated hydroxybiphenyls, benzoic aadsl non-substituted 1,10 -biphenyl, some
higher chlorinated biphenyl isomers also appearbd.biodegradation of PCB 9 using the
white rot fungus ,Trametes multicolotook about four weeks and reduction was about 80% o
the initial concentration. The metabolites produ(didhlorobenzenes, chlorophenols and
alkylated benzenes) were not quite the same ae thfmserved upon incubation with HRP.

Eduardo Torres, Ismael Bustos-Jaimes and Sylviddrgne

Potential use of oxidative enzymes for the detoation of organic pollutant®pplied
Catalysis B: Environmental, In Press, Corrected ¢frdAvailable online 30 July 2003,

The ability of peroxidases and laccases enzymegab organic pollutants is reviewed.
Enzymatic methods generally have low energy reqmerds, are easy to control, can operate
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over a wide range of conditions and have a minenaironmental impact. Peroxidases and
laccases have broad substrate specificities andatatyze the oxidation of a wide range of
toxic organic compounds. The results show thatraymatic oxidation can diminish the
toxicity of some polycyclic aromatic hydrocarboiAHS), phenols, organophosphorus
pesticides and azo dyes in laboratory and sone ¢@hditions. Due to the hydrophobicity

and low aqueous solubility of these substratesticees are usually performed in the presence
of organic solvents. However, it was detected tinganic solvents can provoke enzyme
denaturation, unfavorable substrate partition,biioin or stabilization of enzyme—substrate
complexes, depending on the enzyme, substratergadio solvent used.

White rot

Gary D. Bending, Maxime Friloux and Allan Walker

Degradation of contrasting pesticides by whitefuogi and its relationship with ligninolytic
potential, FEMS Microbiology Letters, Volume 212, Issue 1JdBe 2002, Pages 59-63
Biobeds are on-farm pesticide bioremediation systdaveloped in Sweden to retain
pesticides and facilitate natural attenuation, amdcurrently being evaluated in a number of
other European countries. Biobed matrix was prephyemixing together on a w/w basis
50% barley straw, 25% topsoil (Wick series san@yridl% organic C )and 25% compost,
according to Fogg.

However, there were significant positive correlasidoetween the rates of degradation
of the different pesticides. Greatest degradaticallahe pesticides was achieved @griolus
versicolor, Hypholoma fascicularandStereum hirsutumAfter 42 days, maximum
degradation of diuron, atrazine and terbuthylazmas above 86%,but for metalaxyl less than
44%. When grown in the organic matrix of an on-fabmabed’ pesticide remediation system,
relative degradation rates of the highly availgigsticides byC. versicolor, H. fasciculare
andS. hirsutunshowed some differences to those in liquid culture

Christian Mougin, Claude Pericaud, Jaqueline Dud@ad Marcel Asther

Enhanced mineralization of lindane in soils sup@etad with the white rot Basidiomycete
Phanerochaete chrysosporiusail Biology and Biochemistry, Volume 29, Issud9910
September 1997, Pages 1321-1324

Degradation of 8ug/g lindane in soil by white r@i8% of original after 9 weeks

Toshio Mori and Ryuichiro Kondo

Oxidation of chlorinated dibenzo-dioxin and dibenzofuran by white-rot fungélebia
lindtneri, FEMS Microbiology Letters, Volume 216, Issue 2 gvéinber 2002, Pages 223-
227

The actions of a white-rot fungus on two chlorimbéeomatic compounds, known to be
persistent environmental contaminants, were studie@ models, both-ring chlorinated
dioxin,2,7-dichlorodibenzg-dioxin (2,7-diCDD)and 2,8-dichlorodibenzofuran82JiCDF),
were metabolized by the white-rot fundeislebia lindtneri 2,7-DICDD disappeared linearly
in the culture oP. lindtneri over a 20-day incubation period, with only 45%naéning in the
culture. One of the metabolites producedPindtnerifrom a 5-day incubated culture with
2,7-diCDD or 2,8-diCDF was identified by gas chréoggaphy mass spectrometB.
lindtneri was shown to metabolize 2,7- diCDD and 2,8-diCDRydroxy-diCDD and
hydroxy-diCDF, respectively.

A. Kubatova, P. Erbanova, |. Eichlerova, L. HomolkaNerud and VSagek

PCB congener selective biodegradation by the wbitéungus Pleurotus ostreatus in
contaminated soil, Chemosphere, Volume 43, Issée@l 2001, Pages 207-215
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Four strains oP. ostreatusble to degrade 40% Delor 103 in 2 months; efficyesiecreased
with increasing number of chlorination.

L. Levin, A. Viale and A. Forchiassin

Degradation of organic pollutants by the whitebasidiomycet& rametes trogiji
International Biodeterioration & Biodegradation, Wmne 52, Issue 1, July 2003, Pages 1-5
The ability of the white rot basidiomycefeametes trogi{strain BAFC 463)to degrade in
vitro concentrations of 250 —-500 ppm of nitroberzand anthracene was analyzed. Within
12 —24 days, more than 90% of the organic pollstadted to the fungal cultures were
removed.

Tinde Mester and Ming Tien

Oxidation mechanism of ligninolytic enzymes invalve the degradation of environmental
pollutants,International Biodeterioration & Biodegradation, Wmne 46, Issue 1, July 2000,
Pages 51-59

White rot fungi are the most significant lignin daders among the wood inhabiting
microorganisms. They degrade lignin by extracellolddative enzymes. The ligninolytic
enzymes also oxidize various environmental politstanch as polycyclic aromatic
hydrocarbons, chlorophenols, and aromatic dyes.ni¢w ubiquitous ligninolytic enzymes
produced by these fungi are lignin peroxidases,(b®@nganese peroxidases (MnP), and
laccases (phenol oxidases). The peroxidases are-bentaining enzymes having typical
catalytic cycles, which are characteristic of otheroxidases as well. One molecule of
hydrogen peroxide oxidizes the resting (ferric)yene withdrawing two electrons. Then the
peroxidase is reduced back in two steps of onéreleoxidation in the presence of
appropriate reducing substrate. The range of tthgciag substrates of the two peroxidases is
very different due to their altered substrate bigdiites. LP is able to oxidize various
aromatic compounds, while MnP oxidizes almost esiekly Mn(Il) to Mn(lll), which then
degrades phenolic compounds. Laccases are coppiiuag oxidases. They reduce
molecular oxygen to water and oxidize phenolic coumuls. In this paper, the mechanism of
pollutant oxidation by ligninolytic enzymes is dissed giving an overview on the recent
results of enzyme kinetics and structure.

P. Meysami and H. Baheri

Pre-screening of fungi and bulking agents for conmated soil bioremediatio®dvances in
Environmental Research, Volume 7, Issue 4, Jun8, Z¥ges 881-887

This paper discusses methods to promote fungalthrand penetration in a soil contaminated
with weathered crude oil. The ligninolytic enzynatiaty and toxicity threshold of several
white-rot fungi known for their hydrocarbon degrada ability was studied. Pine wood
chips, peat moss and Kellogg 's Bran Flakes weagn@xed for their properties as the bulking
agents and solid amendments. The results showsttatis developed severe toxicity at
concentrations higher than 10 000 ppm. Two straifigjerkandera adustt) AMH 7308 and
8258 showed the highest ligninolytic enzyme agtiviturthermore, white-rot fungi did not
colonize the soil without bulking agents being preasn the soil. A mixture of peat moss
with bran flakes resulted in the best growth, petietn and enzyme activity in the soil.

Graciela M. L. Ruiz-Aguilar, José M. Fernandez-3wz; Refugio Rodriguez-Vazquez and
Héctor Poggi-Varaldo

Degradation by white-rot fungi of high concentrasamf PCB extracted from a contaminated
soil, Advances in Environmental Research, Volume 6, Bks@xtober 2002, Pages 559-568.
White-rot fungi are known to degrade a wide varigtyecalcitrant pollutants. In this work,
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three white-rot fungi were used to degrade a mextufrPCBs at high initial concentrations
from 600 to 3000 mg /I, in the presence of a naneisurfactant, Tween 80 . The PCBs were
extracted from a historically PCB-contaminated.d8ikliminary experiments showed that
Tween 80 exhibited the highest emulsification indéihe three surfactants tested, Tergitol
.NP-10, Triton X-100 and Tween 80 . Tween 80 hadhhitory effect on fungal radial
growth, whereas the other surfactants inhibitedgtiosvth rate by 75-95%. Three initial PCB
concentrations 600, 1800 and 3000 mg /I were adsayé three fungi for the PCB
degradation tests. The extent of PCB modificati@s Yound to depend on PCB concentration
P_0.001 and fungal species P_0.001 . PCB degradatimed from 29 to 70%, 34 to 73%
and 0 to 33% foframetes \ersicola, Phanerochaete chrysosporitandLentinus edodg
respectively, in 10-day incubation tests. The higiCB transformation 70% was obtained
with T. versicolorat an initial PCB concentration of 1800 mg/l, wtsete. chrysosporium
could modify 73% at 600 mg/I. InterestingR, chrysosporiumvas the most effective for
PCB metabolization at an initial concentration 608 mg /I, and it reduced up to 34% of the
PCB mixture. As an overall effect, an increasenminitial PCB concentration led to a
decrease in the pollutant degradation, from 57%i8&.P. chrysosporiunandL. edodes
accumulated low chlorinated congeners. In contilastersicolorremoved both low and high-
chlorinated congeners of PCBs.

Soon-Seop Shim and Katsuya Kawamoto

Enzyme production activity d?hanerochaete chrysosporitemd degradation of
pentachlorophenol in a bioreactéater Research, Volume 36, Issue 18, November 2002,
Pages 4445-4454

Lignin peroxidase production by a white rot fungeanerochaete chrysosporiumas
experimentally investigated using a batch systetheareactor system with various carriers.
Immobilization of mycelia cell culture was moreegftive in promoting cell growth and lignin
peroxidase production compared to conventionaibstarty liquid culture. Biostage carrier,
commonly used for biochemical treatment in a flpgdi bed disposal system, greatly
improved production of lignin peroxidase up to B/inL in the batch system. The packed bed
reactor system was operated using a repeated teatuhique, consisting of alternating growth
and production phases, to sustain lignin peroxidase/th and production during the entire
experiment period. Steady-state continuous PCPadagon over an extended period was
accomplished with a mineralization ratio exceed@0f6. These systems and operation
methods are promising techniques for the treatmehézardous waste.

Akira Sato, Tsuneo Watanabe, Yoshio Watanabe, Kélahazono and Takema Fukatsu
Screening for basidiomycetous fungi capable of a@gigg 2,7-dichlorodibenzp-dioxin,
FEMS Microbiology Letters, Volume 213, Issue 2ugust 2002, Pages 213-217
Degradation of 10uM PCDD after 40 days in agueoediom

Zhongming Zheng and Jeffrey Philip Obbard

Oxidation of polycyclic aromatic hydrocarbons (PAlb) the white rot fungus,
Phanerochaete chrysosporiyinzyme and Microbial Technology, Volume 31, Isdu2sl
July 2002, Pages 3-9

Key factors affecting the oxidation of polycyclimanatic hydrocarbons (PAH) by the white
rot fungus,Phanerochaete chrysosponiy including Mn 2concentrations on extracellular
enzyme production and PAH source were investigd&edhrysosporiunacted synergis-
tically with soil indigenous microorganisms in tbeidation of low molecular weight PAH
(i.e. acenaphthene, fluorene, phenanthrene, fltlogae and pyrene) in a soil-slurry, where
oxidation was enhanced by up to 43% in the presehftengus. However, limited oxidation
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occurred for high molecular weight PAH (i.e. chnysebenzo(a)pyrene,
dibenzg@h)anthracene and bengb()perylene). This was also the case for the o>aatatif
solid phase PAH (i.e. phenanthrene, pyrene andolje)yzyrene) when added in acetone to
cultures, where less than 12% of the high moleon&ght PAH benzo(a)pyrene was
oxidized, compared to up to 84% for relatively $duphenanthrene. In contrast, surfactant
dissolved PAH pyrene and benzo(a)pyrene were effityi oxidized (i.e. recovery was less
than 16.3 and 0.35%, respectively). Results callelst show that PAH dissolution rate is the
limiting factor in the oxidation of PAH from contamated soil and when added in acetone.
However, the presence of fungal biomass is a pyeisie for the oxidation of surfactant
dissolved pyrene as the biomass-free supernatdmiodiresult in the oxidation of pyrene,
despite the presence of extracellular enzyme &gtivi

Hela Zouari, Marc Labat and Sami Sayadi

Degradation of 4-chlorophenol by the white rot fusBhanerochaete chrysosporiumfree
and immobilized culture®ioresource Technology, Volume 84, Issue 2, Sepgie?@i?2,
Pages 145-150

4-Chlorophenol (4-CP) degradation was investigateduspended and immobilized
Phanerochaete chrysosporiwwanducted in static and agitated cultures. The tasstts were
achieved when experiment was carried out in aingtdtiological contactor instead of an
Erlenmeyer flask, for both batch degradation apeaged batch degradation. The relative
contribution of lignin peroxidase (LiP) versus mangse peroxidase (MnP) to the 4-CP
degradation by.chrysosporiunwas investigated. 4-CP degradation slightly inseelaand a
high level of MnP (38 nKat ml 1) was produced wlkeahrysosporiumvas grown at high
Mnll concentration.High LiP production in the menithad no significant effect on 4-CP
degradation.4-CP degradation occurred wRamrysosporiunwas grown in a medium that
repressed LiP and MnP production.This result inéEahat LiP and MnP are not directly
involved in 4-CP degradation B.chrysosporium

Alette Langenhoff, Sjef Staps, Charles Pijls, AAdghenaar, Gerard Zwiep, Huub Rijnaarts
Intrinsic and stimulated in situ biodegradatiorHaixachlorocyclohexane (HCH) - 181

6" International HCH and Pesticides Forum, 20-22 M&@01, Poznan, Poland,
http://www.6thhchforum.com/forum_book/

Theresa Phillips, G. Bell, D. Raymond, K. Shaw,iAeech

DARAMEND technology for in situ bioremediation adiscontaining organochlorine
pesticides 8 International HCH and Pesticides Forum, 20-22 M&@01, Poznan, Poland,
http://www.6thhchforum.com/forum_book/

Patented technology that uses soil specific sdl@sp organic amendments to increase
activity of contaminant degrading microorganisiwgill biodegrade DDT, DDD, DDE,
lindane, toxaphene, chlordane, dieldrin.

Phytoremediation

Siegfried Johne, Roland Watzke, Konstantin Terytze

Phytoremediation on HCH-contaminated soils - 18Tnernational HCH and Pesticides
Forum, 20-22 March 2001, Poznan, Poldnit://www.6thhchforum.com/forum_book/

Full scale of HCH remediation is limited due tolinigpst, treatment requirements for off-
gases for thermal processes, further optimisaggairements and the slow rate of biological
treatment. Full scale bioreactors and insitu leéiation have not been put into practice.
Research is focused on phytoremediation, using @#ant plants to reduce HCH mobility,
particularly the role played by mycorrhizal fungi.
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Wim H. Rulkens

Perspectives of phytoremediation for soil contanadavith pesticides - 191

6" International HCH and Pesticides Forum, 20-22 M&@01, Poznan, Poland,
http://www.6thhchforum.com/forum_book/

Use of phytoremediation to enhance bioremediatiommiproved soil aeration and release of
plant enzymes and exudates, phytodegredation aytdvahatilisation; used for aldrin,
dieldrin (spikerush), PCBs (plant cells, enzymeshanced by compost and fungi addition;
large scale experience absent.
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ANNEXURE 1
Undeveloped Technologies
Technologies which are still at research levelthatr applicability is still unknown.

Microemulsion Electrolysis
Process:From Rusling et al., 1994:

‘This paper reviews recent work on the dehalogenatif organohalide pollutants by
electrochemical catalysis in bicontinuous microesiauls of didodecyldimethylammonium
bromide (DDAB)-water-dodecane. Compared with aliéue toxic, expensive organic
solvents, the catalytic efficiency for the dehalogons was enhanced for non-polar
organohalides in DDAB microemulsions. Using metathalocyanine tetrasulfonates as
catalysts, the catalytic efficiencies for the reaw of 1,2-dibromobutane and 1,2-
dibromocyclohexane were much larger in a microeimalshan in a homogeneous solvent.
The reverse was found for trichloroacetic acidc8iDDAB and the catalysts adsorb on the
carbon cathode, results suggest that a DDAB lagethe cathode preconcentrates non-polar
dibromides but not the polar trichloroacetic adidr complex mixtures of polychiorinated
biphenyls, DDAB microemulsions performed betterbench-scale catalytic dechlorinations
than aqueous DDAB dispersions, which performedebetthan aqueous CTAB micelles.
Complete conversion of 100 mg of a 60% chlorineustdal PCB mixture in a 20 ml
microemulsion could be carried out overnight usiag activated lead cathode, zinc
phthalocyanine as catalyst, and ultrasonic masspat. Finally, the dechlorination of DDT
(I,I-bis(4-chlorophenyl)-2,2,2-trichloroethane), mh has both aliphatic and aromatic
chlorines, was also explored in the microemulsidgh®liminary results suggest that oxygen
may be an effective catalyst for the dechlorinagdédDT in DDAB microemulsions to |,I-
diphenylethane using a carbon cathode.’

Pre-treatment: N/A

Configuration: N/A

Capacity/Throughput: N/A

Efficacy: 100% conversion

Applicability: 60% PCB,; likely to treat all POPs including hithength wastes.
Emissions:N/A

By-products: CI; CO,; potential for daughter product formation
Practical Issues:N/A

Licensing: N/A

Vendor(s): N/A

Info Sources:Rusling, Schweizer, Zhang and Kamau, 1994.

Ultrasonic irradiation

Process:From Hoffman, Hua and Hochemer, 1996:

‘The degradation of chemical compounds by electlodaylic cavitation involves three

distinct pathways. The pathways include oxidatigmidroxyl radicals, pyrolytic
decomposition and supercritical water oxidatiorhds been shown that transient supercritical
water is obtained during the collapse of cavitabobbles generated sonolytically. The
sonochemical degradation of a variety of chemioat@minants in agueous solution has been
investigated. Substrates such as chlorinated hgdooas, pesticides, phenols, explosives
such as TNT, and esters are transformed into shaiits organic acids, GOand inorganic

ions as the final products. Time scales of treatrmesimple batch reactors over the
frequency range of 20 to 500 kHz are reported nge&drom minutes to hours for complete
degradation. Ultrasonic irradiation appears torbeféective method for the rapid destruction
of organic contaminants in water because of loedlizigh concentrations of oxidizing
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species such as hydroxyl radical and hydrogen jm#ar solution, high localized
temperatures and pressures, and the formatioamgiant supercritical water. The
degradation of chemical compounds by acoustic @dwit is shown to involve three distinct
pathways: 1) oxidation by hydroxyl radicals, 2) @ytic decomposition and 3) supercritical
water oxidation. Detailed reaction mechanisms lerdegradation of p-nitrophenol, carbon
tetrachloride, parathion, p-nitrophenyl acetate taimitrotoluene are presented.’
Pre-treatment: N/A

Configuration: N/A

Capacity/Throughput: N/A

Efficacy: N/A

Applicability: Potentially all POPs

Emissions:N/A

By-products: short chain organic acids; g@norganic acids

Practical Issues: Effectiveness on POPs at high concentrations ksanmn; however, if the
SCWO pathway does occur, it is likely to be a legpensive option than SCWO although
pitting due to localised cavitation effects maydmeissue. Use of krypton or argon/oxygen
gas would be a significant expense. Research iffectwe liquids, gases and limits of
concentration is also required.

Licensing: N/A

Vendor(s): N/A

Info Sources:

Schramm, and Hua, 200@hang and Hua, 2006toffmann, Hua and Hochemer, 1996.

Photocatalytic degradation using TiQ

Process: Higarashi and Jardim (2000) found that soil at priipcontamination of Diuran
(Nortex) a haloaromatic pesticide degraded with @¥gradation at 2cm depth and 120h; rate
was dependant on light intensity and addition ofewamproved the reaction. Bandala et al.
(2002) used Ti@ to degrade aldrin; ¥D, increased reaction time. Low levels of PCBs
degraded in soil with addition of Tia fluoro surfactant assisted the 7i®@ith degradation
of aged PCB contaminated soil (Huang and Hong, RO0R&Alato et al. (1998) found
peroxydisulphate to increase the reaction rate bly& in degrading PCP. Powdered anatase
and rutile, anatase and TiGupported on glass hollow microspheres servedhawpatalysts
for Zaleska et al. (2000). The aqueous solutiors Ween subjected to irradiation in the
presence of oxygen. Vidal et al. (1999) used almdiaconcentrator to supplement a high
pressure xenon arc lamp to degrade lindane.

Pre-treatment: Extraction from soils or sludges by water

Configuration: Mostly lab or pilot plant based

Capacity/Throughput: N/A

Efficacy: 50 — 99% after 150 minutes for lindane, methoxychDDT (Zaleska et al., 2000);
lindane 99.9% (Vidal et al., 1999); aldrin 90% (Bala et al, 2002)

Applicability: organochlorine pesticides (0.1-40 ppm)

Emissions:CO;,

By-products: CI, CO,; some toxic breakdown products may occur

Practical Issues: This process treats low levels in aqueous solation top soil layers.
Research is required to increase the treatableeotnation to treat higher strength POP
wastes.

Licensing: N/A

Vendor(s): N/A

Info Sources:

Konstantinou and Albanis, 2003; Higarashi and #ay&000; Huang and Hong, 2002;
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Bandala et al., 2002; Zaleska, Hupka, Wiergowsld &iiuk, 2000; Vidal et al., 1999;
Prevot, and Pramauro, 1999; Vidal, Dinya, Mogyorddi and Mogyorodi, 1999; Malato,
Blanco, Richter, Braun and Maldonado, 1998; HenaghiRana and Maithreepala, 1997.

Electron Beam Injection
Process:From Cooper et al., 2002:

‘A study was conducted to examine the removal ofhyletert butyl ether (MTBE)
and 15 other organic compounds, as well as pertelaon, in waters of different quality. The
15 organic compounds consisted of halogenated mslvéchlorination), disinfection by-
products, pesticides, and nitrosodimethylamine (NDMrhese studies were conducted using
a pilot scale 20 kW mobile electron beam systerdVater Factory 21, Orange County, CA
where wastewater is treated and re-injected irea@ytbund as a barrier to salt water intrusion.
Future applications for this treated water includlater reuse. Ground water and treated
wastewater, after having gone through a reversesismpolishing step (RO permeate), were
used to prepare mixtures of the compounds. Usingdmental radiation chemistry, it was
possible to examine the factors effecting remotidiency of all the compounds as well as
MTBE destruction and reaction by-product formatiand removal. All of the organic
compounds were destroyed in the studies and weohlserved the destruction of perchlorate
ion in one of the waters.’

Pre-treatment: N/A

Configuration: N/A

Capacity/Throughput: N/A

Efficacy: 68 — 99.8% removal of MTBE, pesticides etc.

Applicability: (20-200 ppb) low levels in aqueous solution

Emissions:N/A

By-products: short chain organic acids; g@norganic acids

Practical Issues: Achieved pilot plant level but only at low concettons. Significant
research is necessary to assess application tactest of POPs at higher concentrations.
Licensing:

Vendor(s):

Info Sources:Cooper, et al., 2002.

Ozonation

Process:Degradation of a wastewater containing a mixturerggnochlorines usingsGand
H,O; in a basic (pH - 9.4) medium; trichlorobenzene aiders degraded but DDE not
affected; Hayashi et al. (1993) found UV and ozdoe be effective for degrading
chlorohydrocarbons and destruction rate to be tade@to UV intensity

From Ormad et al., 1997:

‘This paper presents the results obtained fromatiod with @ and Q/H»0O, of a residual
water coming from the production of dicofol and-aeifon pesticides, where chlorobenzenes,
DDTs and its metabolites and other organochlor@amounds were found. The oxidation
processes were carried out using ozong (Obasic medium (pH 9.4) at low dosage (0-1.59g
Os g initial TOC) and in the presence of hydrogen peexH,0,), with a 0.5 HO,/Os

molar ratio. During the treatment, many compoundsawemoved (dichlorobenzophenone,
tetradifon, chlorobenzene, trichlorobenzene) aed thange in concentration at different
ozonation contact time was monitored. Other comgdsuike DDE remained practically
invariable. This study investigated the formatidriirst ozonation by-products (FOBPS) in
the wastewater, specifically chlorophenols, by nseafirgas chromatography/mass
spectrometry (GC/MS) and gas chromatography/electapture detection (GC/ECD)
analysis in terms of the amount of time theh@s been in contact with the processed sample.
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o-Chlorophenolp-chlorophenol, benzenemethanaichlorohydroxibenzaldehyde;
chlorobenzenemethanol, chlorobenzoic acid, etaeWwemed during the treatment, due to
the mechanism of fast and non-selective oxidatibitlvozone has through OH radicals,
formed by the decomposition of thg @olecule and accelerated by the presence©0f kh
water.’

Pre-treatment: extraction into water

Configuration: N/A

Capacity/Throughput: N/A

Efficacy: N/A

Applicability: low levels of pesticides in aqueous solutions

Emissions:N/A

By-products: CI, CO,

Practical Issues:Potential for breakdown product formation. Sigrafit work is required to
upgrade this process for destruction of POPs stleskpAdvanced oxygenation processes are
likely to be more effective.

Licensing:

Vendor(s):

Info Sources: Ormad, Cortés, Puig and Ovelleiro, 1997; ChircernBndez-Alba, Rodriguez
and Garcia-Calvo, 2000; Hayashi, lkeda, Kusakalse Marooka, 1993; Kearney, Muldoon
and Somich., 1987.
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ANNEXURE 2

Japanese Technologies for Destruction of PCBs
PCB Treatment Technologies based on the Waste Disga and Clean-Up Law, Japan
(Current as of September, 2003; information provioedoltan Csizer, Director, Cleaner Production Bndironmental Management Branch, UNIDO)

Applicable substance

Treatment system

Treatment technojy name

Developed by (Company name)

Waste PCB etc. (Liquid PCB
wastes)

Dechlorination decomposition

Base catalyzed decomposition method
(BCD method)

Ebara Corporation

Chemical extraction decomposition
method

Tokyo Electric Power Co., Ltd., Mitsui & Co., Ltd.,
Neos Co., Ltd.

Organic alkali metal decomposition
method (1-BuOK method)

Catalytic hydrogen dechlorination methpd

(Pd/C method)

Kansai Electric Power Co., Ltd., KansaiTech
Corporation

Metallic sodium oil dispersion
dechlorination method (OSD method)

Nuclear Fuel Industries, Ltd., Sumitomo Corp.

Metallic sodium dispersion method (SD
method)

Nippon Soda Co., Ltd.

Metallic Na dispersion method (SP
method)

Shinko Pantec Co., Ltd, Okinawa Plant Kogyo Ltd.

Metallic Na dechlorination method (PCH
Gone method)

3 Organo Corporation

Metallic Na dechlorination method (MC
method)

Kyoeigiken Co., Ltd., Tokyo Institute of Technolog
NTRK Corp.

Catalytic hydrogen reduction method

Nikko Rica Corfiora Takaoka Electric Mfg. Co.,
Ltd., Showa Engineering Co., Ltd., Kanae
Corporation

Hot water oxidation
decomposition

Supercritical water oxidation
decomposition method

Organo Corporation

Hot water decomposition method

Mitsubishi Heavy Istdes, Ltd.

Reduction heat chemical
decomposition

Molten catalyst extraction method (CER
method)

Ebara Corporation, Mitsubishi Chemical Corporati

Gas phase hydrogen reduction method

Nippon Shatglg, Tokyo Boeki Ltd.
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Applicable substance Treatment system Treatment technofjy name Developed by (Company name)
Waste PCB etc. (Liquid PCB | Photo decomposition UV decomposition, biodegradation Railway Technical Research Institute,
wastes) method Mitsubishi Heavy Industries, Ltd.
UV/Catalytic decomposition method Toshiba Corporation
Plasma decomposition Plasma Decomposition Method ITOCHU Corporation
(PLASCON method)
PCB pollutants (Solid PCB Hot water oxidation Supercritical water oxidation Organo Corporation
wastes) decomposition decomposition method
Hot water decompoaosition Mitsubishi Heavy Industriesl,
Reduction heat chemical Gas phase hydrogen reduction method Nippon Shatglg, Tokyo Boeki Ltd.
decomposition
Separation Vacuum thermal separation (VTR Zero Japan Co., Ltd.
method)
Vacuum thermal separation Aichi Electric Co., Ltd.
Cleaning Precision reconditioning and cleaning | Tokyo Electric Power Co., Ltd., Mitsui & Co|,
method Ltd.
S-DEC method Nuclear Fuel Industries, Ltd.
Solvent extraction decomposition methodshinko Pantec Co., Ltd
(SED method)
Solvent cleaning method (Decontaksolv Ebara Corporation
method)
Solvent cleaning method (SD Myers Organo Corporation
method)
MHI chemical cleaning method Mitsubishi Heavy Indiest, Ltd.
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Overview of dechlorination decomposition/treatmentechnologies

Name of technology Principle of reaction Reaction reagents etc.| Reactiooonditions

[Name of Japanese developer]

Base catalyzed decomposition methpth the reaction of the BCD method, a hydrogen Alkali reagent: KOH Temperature: 300 — 3%0

(BCD method) donor, additive and a base are added to an organ|cHydrogen donor: Pressure: Normal pressure

[Ebara Corporation] chlorine compound, and the mixture is heated to 308ydrocarbon Reaction time:
— 350C in a nitrogen atmosphere at normal pressurgdditive: Unsaturated | 4 hours when treating high-
thereby eliminating the chlorine in the organic hydrocarbon concentration insulation oil
chlorine compound. The products are biphenyl, (Treated oil: 100% capacitor oil)
biphenyl derivatives, inorganic salts of neutral 30 minutes when treating low-
products, and water. concentration insulation oil

(Treated oil: 50ppm transformer oil)

itive
o Hydrogen donor A0WEE -
Base 300~~350°C.Normal pressure
Clx Cl

Y
PCB

[x+y=1~10]
x+y + @—@ + Inorganic salts + Water
R

Biphenyl Biphenyl derivate
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Name of technology Principle of reaction Reaction reagents Reaction conditions
[Name of Japanese developer] etc.
Chemical extraction decomposition | In this technology, the chlorine in PCB is changed| tAlkali reagent: NaOH | Temperature: 200 — 230
method alkali salts like NaCl by placing the PCB in the Hydrogen donor: Pressure: Normal pressure
[Tokyo Electric Power Co., Ltd.] presence of a base (like caustic soda or KOH) and kasulation oil etc. Reaction time: 1 - 6 hours
[Mitsui & Co., Ltd.] aprotic polar solvent (like 1,3 Dimethyl-2- Catalyst: Aprotic polar | (Treated oil: 19, 64 ppm transformet
[Neos Co., Ltd.] Imidazolidinone (DMI) or Sulfolane (SF)), thereby | solvent like DMI or SF | ail)
changing the PCB into substances like mono- and 15 - 18 hours
polyhydroxybiphenyl (PHBP) and biphenyl (BP). (Treated oil: 66% transformer oil)
Amount of solvent (DMl/insulation
oil):
1 - 14, depending on PCB
concentration

Cly

- OHrn
@_@ e N @—@ e
Cix \ HOm
PCB

PHBP
Caustic soda’ Proton =

\—-—> + NaCl +H,0

IF Salt Water
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Name of technology Principle of reaction Reaction reagents | Reaction conditions

[Name of Japanese developer] etc.

Catalytic hydrogenation dechlorinatigrin the reaction of the Pd/C method, PCB is Hydrogen donor: Hydrogen gas

method (Pd/C method) dechlorinated at normal pressure using hydrogen dgas Catalyst: Pd/C

-t-BuOK method in the presence of palladium/carbon catalyst. The (Palladium/Carbon)

[Kansai Electric Power Co., Ltd.] reaction products are biphenyl, hydrides of bipheny Temperature: 18

[KansaiTech Corporation] and hydrogen chloride. A 2-stage reaction is also Pressure: Normal pressure
possible by combining with the t-BuOK method. Reaction time: 5 hours

(Conditions for bringing 10% of
treated oil to 10ppm)

2-stage reaction (Pd/C method — t-BuOK method) | Same as t-BuOK Same as t-BuOK method
Method where treatment is done using the t-BuOK | method
method after bringing concentration to 100ppm ss|
using the Pd/C method.

D

Pd/C catalyst
Paraffin-based

"Biphenyl Hydrogen chloride
(PCB) solvent gas
Phenylcyclohexane
‘ Bicyclohexyl)
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Name of technology Principle of reaction Reaction reagents | Reaction conditions
[Name of Japanese developer] etc.
Organic alkali metal decomposition | The organic metal compound potassium tertiary | Alkali reagents: t- Temperature: 200 - 25C
method (1-BuOK method) butoxide (t-BuOK) reacts easily with the chlorine i | BUOK (Potassium Pressure: Normal pressure
[Kansai Electric Power Co., Ltd.] PCB and dissolves easily in oil. The chlorine in PCBtertiary butoxide) Reaction time: 3 - 9 minutes
[KansaiTech Corporation] is removed as harmless KCI by adding t-BuOK to dilHydrogen donor: (Treatable concentration: 17 -
containing PCB, and reacting with heat. After clreri Insulation oil etc. 130ppm)
is eliminated from PCB, it is replaced by butoxi@#{ | Catalyst: None
or H.
CHj;
crc| 4 Hae -G -0k 225 HO—H + Kel
CH4
PElz Potassium tertiary butoxide HO_OBU o RE]
HO-OH + KCI
Reaction products Potassium chloride
(Hydroxybiphenyls)
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Name of technology
[Name of Japanese developer]

Principle of reaction

Reaction reagents
etc.

Reaction conditions

Metallic sodium oil dispersion
dechlorination method (OSD method
[Nuclear Fuel Industries, Ltd.]
[Sumitomo Corp.]

With this method, low-concentration PCB is mixed
)with SD, and high-concentration PCB is added in an
appropriate amount to a mixture of low-concentratio
PCB contaminated oil or uncontaminated oil with &n
dispersion of metallic sodium (SD: Sodium Dispetsi
metallic sodium of size aboufiB dispersed in minera|
oil. Na content is 40wt%). The reaction proceeds by
agitating in a nitrogen environment and thereby
eliminating the chlorine in PCB. Degassing treatniern
performed on the oil before dechlorination treattnen
and chlorbenzene removal treatment is performed if
necessary. After the reaction is finished, H2Odidesl
to change residual Na to NaOH. Products include:
biphenyls, NaCl and NaOH.

Alkali reagent:
Oil dispersion of
metallic sodium
0

)

—

Temperature:80 - 14T (preheating
temperature) depending on PCB
concentration

Pressure: Normal pressure
Reaction time: Approx. 0.5 - 3 hours
for both low and high concentration

N,/ \\/

Nitrogen atmosphere

+ Ng ——mM8MM ‘Biphenyls, NaCl, NaOH
Reaction temperature 60°C

Normal pressure

Approx. 2 hours

1I=mtn) =10
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Name of technology Principle of reaction Reaction reagents | Reaction conditions

[Name of Japanese developer] etc.

Metallic sodium dispersion method | This reaction aims to dechlorinate PCB (from low- | Alkali reagent: SD Temperature: 60+1T

(SD method) concentration to 100%) in a nitrogen atmosphere by Catalyst (Additive): | Pressure: Normal pressure

[Nippon Soda Co., Ltd.] using a metallic sodium dispersion (SD: Sodium Activator Reaction time: Approx. 2 hours
Dispersion: metallic sodium of size about 5 pr0

Low-concentration insulation oil dispersed in insulation oil. Na content is 10 - 2@&)v

treatment Admixed chlorbenzene is also dechlorinated, scetieef

(Decomposition and detoxification | no need to perform chlorobenzene separation tredtme

method) prior to the reaction.

SD is added to low-concentration PCB, and the
reaction temperature is controlled to 602C0After
dripping in an activator over one hour, the reaci®
continued for another hour, thereby completing
dechlorination.

After the reaction is finished, quenching wateadsled
to change the residual excess Na to NaOH. Product
includce biphenyls, NaCl and NaOH, but the biphgny
dissolve in the insulation oil layer, while NaCldan
NaOH dissolve in the water layer, so almost no
formation of solids is seen.

)

Nitrogen atmosphere

4+ Nag ——————>» ‘Biphenyls, NaCl, NaOH
\ / / \ \ / Reaction temperature 60°C
Clm Cln

Normal pressure

Approx. 2 hours
1= (mtn) =10
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Name of technology Principle of reaction Reaction reagents | Reaction conditions
[Name of Japanese developer] etc.
Metallic sodium dispersion method | Reaction temperature is controlled to 160%t0and Alkali reagent: SD Temperature: 60+1T
(SD method) PCB fluid is dripped over one hour. The reaction is | Catalyst (Additive): | Pressure: Normal pressure
[Nippon Soda Co., Ltd.] continued for another hour to complete dechlororati | None Reaction time: Approx. 2 hours
After the reaction is finished, the minimal amooht
High-concentration insulation oil guenching water is added to change the residuaksxc
treatment Na to NaOH. Products include polyphenylene
(Polymerization detoxification macromolecules, NaCl and NaOH. Afterwards,
method) insulation oil is separated from solids via
centrifugation. If necessary, chlorine in the selo@n
be dechlorinated separately using hot water clganin
treatment.

Nitrogen atmosphere

\ / \ / 4+ Ng —mmmmm Mac'rc_)molecules, NaCl, NaOIH
/ \ Preheatingrterﬂperéﬁire 90°C_ )
Clm Cln

Normal pressure, 160°C

Approx. 2 hours
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Name of technology Principle of reaction Reaction reagents | Reaction conditions

[Name of Japanese developer] etc.

Metallic Na dispersion method (SP | For low-concentration treatment, a metallic Na Alkali reagent: Temperature: 90 - 19C

method) dispersion is added, and a dechlorination reacsion | Metallic Na Pressure: Normal pressure
[Shinko Pantec Co., Ltd] performed at a temperature of @and normal dispersion Reaction time: 10 mins. - 3 hours
[Okinawa Plant Kogyo Ltd.] pressure. For high-concentration treatment, oil Hydrogen donor:

contaminated at high concentration and a reaction | Reaction promoter
promoter are added to a metallic Na dispersion, bath (Isopropyl alcohol)
and the reaction is performed at a temperatur@®f1 | Other: CQ gas for
190°C and normal pressure. In both cases, excess | neutralization
moisture is removed prior to the reaction by vacuum
distillation, and during the reaction, the mixtise
agitated in a nitrogen atmosphere. Residual Na is
neutralized with C@gas. Chlorine produced by the
reaction and neutralization is extracted into wadad
the produced waste water is released after impgaten
quality via bio-treatment.

Nitrogen atmosphere
t J:
+ (XTY> Na Biphenyls + (x+y) NaCl
90 - 190°C

Clk Cly " Normal pressure
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Name of technology
[Name of Japanese developer]

Principle of reaction

Reaction reagents
etc.

Reaction conditions

Metallic Na dechlorination method
(PCB Gone method)
[Organo Corporation]

A dechlorination reaction is performed by mixing th
PCB oil with a metallic sodium dispersion. After the
reaction, PCB becomes biphenyl, and chlorine is
discharged as sodium chloride. PCB concentration
the treated oil is at or below the standard value

(0.5ppm).

pfuniformly in mineral

Metallic sodium
reagent (Fine metalli¢
sodium dispersed

oil, concentration
10%)

Temperature: 12¢C
Reaction time: 15 secs.
Pressure: 2kg/lcm2 MAX.

\ Chlorine replacement
//_\/y . i

Metallic sodium
"

[Conceptual diagram]

LT

Vacuum dewatering

Biphenyl P

J——)LReaction H Cooling

+—>| Excess Na treatmentH Neutmlizationg

P
Low-concentration uil—-bL
—_— —
(,emnfugdl separanon v
T
Reconditioned oil 'l‘reated oil Gas/Lu]md separation
~— — ~—
X
Reconditioning process
i | mitiation [+ Je—[acia clay w @

Vacuum degassing
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Name of technology

[Name of Japanese developer]

Principle of reaction

Reaction reagents
etc.

Reaction conditions

Metallic Na dechlorination method

(MC method)

[Tokyo Institute of Technology]

[Kyoeigiken Co., Ltd.]

[NTRK Corp.]

The raw PCB liquid is blended with kerosene (a hgdro
donor) in a nitrogen atmosphere and adjusted toPEB
liquid with concentration of 10 - 30%. Metallic soth is
added (10% more than the amount appropriate for the
adjusted concentration), and a mechanochemicaiopac
is performed in a reaction vessel using a high-épee
rotating disk, thereby completing dechlorination.

In the reaction vessel, the reaction proceedgapid
speed due to the local high-temperature and highspre,
so the reaction finishes in a short time.

After the reaction is finished, the liquid layerdesolid
layer are separated, and the liquid layer with ogmsed
PCB can be used as a hydrogen donor, and as fuel.

Excess sodium present in the solid layer beconag3HN
when water is added. The NaOH dissolves in therwate
layer, so there is almost no evident formationatifis
other than NaCl.

In the solid layer to which water is supplied, eraand
solids are separated using a mechanochemicalogacti
vessel following the same system, and only a slight
amount of solids remain. Water can also be used as
cooling water. Admixed chlorohexane can also be
dechlorinated in the same way using metallic sodium

Alkali reagent:
Metallic reagent
Hydrogen donor:
Kerosene
Atmosphere in
reaction vessel: N
gas

(To prevent
oxidation)

Temperature: Temperature in reactid
vessel

110 - 200C

Pressure: Normal pressure

Average retention time: 2 - 8 mins. p
unit

For continuous treatment, equipmen
staged to suit the capacity.

[

D@ +

Cly

Clx

N2 atmosphere

Biphenyls, NaCl

Intake temperature is normal temperature

Intake pressure is normal pressure

Continuous treatment
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Name of technology
[Name of Japanese developer]

Principle of reaction

Reaction reagents
etc.

Reaction conditions

Catalytic hydrogen reduction method
[Nikko Rica Corporation]

[Takaoka Electric Mfg. Co., Ltd.]
[Showa Engineering Co., Ltd.]
[Kanae Corporation]

In the reaction of the catalytic hydrogen reduction
method, PCB is dechlorinated and decomposed usi
sponge nickel catalyst in the presence of hydragen
and caustic soda. The reaction products are biphen)
biphenyl compounds and salt water.

Catalyst: Sponge Ni
nddsdrogen donor:
Hydrogen gas

Alkali reagent: NaOH
(Alkali)

Temperature: 150 - 25C

Pressure: Normal pressure - 1IMPa
Reaction time*1: 1.2 hours (Low-
concentration: 100ppm)

7*2 - 20 hours (High-concentration
1%)

*1 When treating at 251, normal
pressure - 0.3MPa
*2Depends on reactor switching.

Clx Clwr
PCB
~ {©XO
Biphenyl
Phenyleyclohexane -
~ i Bieyclohexyl

Sponge nickel catalyst

>

150 - 250°C, Normal pressure - IMPa

NaCl + H20

>+
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Name of technology Principle of reaction Reaction reagents | Reaction conditions
[Name of Japanese developer] etc.
Supercritical water oxidation This method completely oxidizes and decomposes tpKiatalyst: Supercriticgl Typical conditions
decomposition method organic substances like PCB using the charactesisfic water Temperature: 400 - 50C
[Organo Corporation] water (supercritical water) exceeding critical atiods | Oxidizers: Air, Pressure: 25Mpa
(374°C, 22MPa). (Supercritical water has extremely| oxygen, hydrogen Reaction time: 1 - 5 mins.
good characteristics as an oxidation decomposition | peroxide etc. (Treatable concentration: 0.1 - 10%

reaction catalyst for freely dissolving organic exatl | Neutralizer: Alkali
and oxygen.) Typical reaction conditions are:
temperature 400 - 65C, pressure 25MPz, reaction
time 1 - 5 mins.

When this technique is applied to PCB treatmeat, t
carbon in PCB is changed to carbon dioxide, hydrogen
is converted to water, and chlorine is ionized and
discharged as chlorine. If the PCB concentration is
high, the pH of treatment water drops, and this may
lead to corrosion of the reactor and piping, sapH
neutralized by adding alkali.

Supereritical water

PCB + O, + HO——> CO, + H,O + HC 1

NaOH ®eutralizer) »
—_— CO, + H;,O + NacC1l
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Name of technology Principle of reaction Reaction reagents | Reaction conditions
[Name of Japanese developer] etc.
Hot water decomposition method Sodium carbide crystals are precipitated in hoewat | Oxidizers: Oxygen, | Typical conditions
[Mitsubishi Heavy Industries, Ltd.] | 350°C or higher, and reacted with PCB. The sodium| air, hydrogen Temperature: 38C
carbide dechlorinates PCB, producing sodium chloridgeroxide etc. Pressure: 26.5MPa
The remaining biphenyl is decomposed into carbon | Solvent: Hot water | Reaction time: A few mins. - 30 mins.
dioxide and water using an oxidizer. Catalyst: Sodium
carbide
p
Cim Cln NaCl
)
@m + Nap,COz + Op =< 11,0
(PCB) (Sodium carbide) (Oxygen)
L CO,

114



Review of emerging, innovative technologies fordingruction and decontamination of POPs and tleatification of promising technologies
for use in developing countries

Name of technology Principle of reaction Reaction reagents | Reaction conditions

[Name of Japanese developer] etc.

Gas phase hydrogen reduction metho@as phase hydrogen reduction method uses a reductitydrogen Temperature: 85 MIN

[Tokyo Boeki Ltd.] reaction where organic compounds are heated &aat||NaOH Pressure: Normal pressure

[Nippon Sharyo, Ltd.] 8501 in a non-oxygen hydrogen atmosphere, at normal Reaction time (Retention time): 1 segc.
pressure, and decomposed/dechlorinated withoug usin MIN
catalyst in a reaction time (retention time) ofeast
one second.

This process decomposes organic chlorine compoynds
like PCB and dioxin into hydrogen chloride, methane,
carbon monoxide, carbon dioxide, hydrogen and sligh
amounts of low-grade hydrocarbons like benzene.
Hydrogen chloride is neutralized with NaOH, and
recovered as NacCl.

The advantage of using a hydrogen reducing
atmosphere is that no dioxins are produced, and the
dioxins in the waste are decomposed. The benzene
methane and carbon monoxide produced by the
decomposition reaction under the above conditions
become hydrogen, carbon monoxide and carbon
dioxide due to a water shift reaction. Therefone, t
efficiency of the reduction reaction increasesim t
presence of water, and the water acts not only as a
thermal transfer catalyst, but also as the source o
hydrogen supply for the system.

Hydrogen atmosphere
/@—Q + My ——)  Benmene, . CHa CO. CO2. NaCl
Reaction temperature: 850°C MIN

Normal pressure, At least one second
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Name of technology Principle of reaction Reaction reagents | Reaction conditions

[Name of Japanese developer] etc.

Molten catalyst extraction method | 1) PCB oil is loaded, together with oxygen, into teol | Molten metal: Temperature: Approx. 1300 - 158D
(CEP method) metal (Ni-Cu) maintained at high temperature. The | Catalyst (Ni-Cu) Pressure: Approx. 0.3MPa

[Ebara Corporation] PCB is immediately broken down into elements by | Oxygen: Reaction | Reaction time: Approx. 0.5secs MIN|
[Mitsubishi Chemical Corporation] | carbon removing catalytic action of the high- agent

temperature molten metal.

2) The decomposed elemental components form
intermediates with the molten metal, and are
reconstituted into CO/H2/HCI gas etc.

The "intermediates" formed by carbon and the molt
metal are powerful in separating carbon from the PCB
and as a result, it is possible to attain a high
decomposition efficiency.

D

Decomposition process:  C1gH;CLs+0; — 12C(L) + TH(L) + 3CL (L) + 20 (1)
Synthesisprocess C+0 — (C0(g)
8 -
CL+H — HCL(g) o yCL+xM — MxCLy

(Note) M indicates the metal forming the bath.

116



Review of emerging, innovative technologies fordingruction and decontamination of POPs and tleatification of promising technologies
for use in developing countries

Name of technology Principle of reaction Reaction reagents | Reaction conditions
[Name of Japanese developer] etc.
UV/Catalytic decomposition method | PCB and NaOH are dissolved in a hydrogen donor, aHgtdrogen donor: [Light irradiation process]
[Toshiba Corporation] this is irradiated with UV light. After chlorine garates| Isopropyl alcohol Temperature: 50+1T
from PCB, it pulls off hydrogen from the hydrogen | Alkali: NaOH Pressure: Normal pressure
donor. The separated chlorine reacts with NaOH,isindCatalyst: Precious Reaction time: The time where the
removed as NacCl. metal catalyst like irradiated energy becomes - 3kJ/g,
After irradiation, the solution is heated to appro Pd/C etc. when normalized by the initial
75°C, and the remaining PCB is subjected to a dissolved weight of PCB.
dechlorination reaction in the presence of a cstdilye This is about 30 - 60 mins. with a
palladium/carbon (Pd/C), thereby changing it to concentration of 1% in the catalyst.
biphenyl. The chlorine from PCB becomes NaCl. The
substances produced after the reaction ends are [Catalyst reaction process]
biphenyl, NaCl, acetone and water. Temperature: 75 MAX
Pressure: Normal pressure
Reaction time: Approx. 15 mins.

] Addition 6:[" catalyst
Hydrogen donor Irrﬁdlatlon PA/C etc.)

{; ) 22 e Q@ O
( NCOH) 40~60C 75°C MAX

" Normal pressure
Normal pressure Luw chlorine PCB ?

PCB )
(x+y=1~10) Biphenyl + NaCl + Water + Acetone
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Name of technology Principle of reaction Reaction reagents etc. Reactiooconditions
[Name of Japanese developer]
UV decomposition, biodegradation | Basic principle, Chemical reaction formula <UV decomposition processp<UV decomposition process>
method PCB is made into an alcohol solution using an altoh Alkali reagent: NaOH water| Temperature: 68C MAX
[Railway Technical Research Institutelike isopropyl alcohol to which an alkali like caigs solution etc. Pressure: Normal pressure
[Mitsubishi Heavy Industries, Ltd.] | soda has been added. In the UV decomposition goceRadical donor: Isopropyl
dechlorination is achieved by the alcohol radicals | alcohol etc. <Bio-treatment process>
formed by irradiation with UV rays, thereby chargin | <Bio-treatment process> Temperature: Normal
PCB into monochlorobiphenyl, dichlorobiphenyl, PCB decomposing bacteriaj temperature
biphenyl, ketone and inorganic salts. In the Comamonas testosteroffiK | Pressure: Normal pressure
biodegradation process, the residual PCB produced|it.02 strain)
the UV decomposition process is made inorganic by Rhodococcus opac{$SP
bio-treatment, and converted to carbon dioxidegwat| 203 strain)
and chlorine ions.
Detoxification process

Clm Cln

Irradiation with UV rays
@_@ + alkali + isopropyl aleohol N
PCB ey

60°C MAX, Normal pressure

Clo2 Clo2

@—@ + ketone + pinacol + inorganic salts

Blphenyl

<Bio-treatment process>

61{}-\;!, - - "@10~_ Bio-treatment
O+ DD o rmorar
PCB Normal temperature, normal pressure

Biphenyl
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Name of technology Principle of reaction Reaction reagents | Reaction conditions

[Name of Japanese developer] etc.

Plasma Decomposition Method The principle of this technology is to dissocidte t Argon Temperature: 3,00C MIN
(PLASCON method) atoms comprising PCB using a plasma at high Oxygen Pressure: Normal pressure

[SRL Plasma Limited] temperatures up to 3,000 (MIN). Reaction time: 30milliseconds or less
[ITOCHU Corporation] PCB is detoxified and rendered harmless with

extremely high efficiency due to decomposition at
extremely high temperatures. Due to the principle o
high temperature dissociation, it is suitable for
treatment of highly concentrated PCB, and the
formation of harmful by-products is controlled kapid
cooling after decomposition.

T +0s — CO, COq, HCIL, Ho
Ho O

Clx Cly
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Name of technology Principle of reaction Reaction reagents | Reaction conditions
[Name of Japanese developer] etc.

Supercritical water oxidation This method completely oxidizes and decomposes tpKiatalyst: Supercriticgl Typical conditions
decomposition method organic substances like PCB using the charactesisfic water Temperature: 400 - 50C
[Organo Corporation] water (supercritical water) exceeding critical atiods | Oxidizers: Air, Pressure: 25MPa

(374°C, 22MPa). (Supercritical water has extremely| oxygen, hydrogen Reaction time: 1 - 5 mins.
good characteristics as an oxidation decomposition | peroxide etc.
reaction catalyst for freely dissolving organic exatl | Neutralizer: Alkali
and oxygen.) Typical reaction conditions are:
temperature 400 - 65C, pressure 25MPz, reaction
time 1 - 5 mins.

When this technique is applied to treatment oftevas
pressure-sensitive paper, both the PCB and paper
component are simultaneously and completely
decomposed. With this technique, the carbon inevas
pressure-sensitive paper is converted to carbonddip
and the hydrogen is converted to water. Chlorine is
ionized and discharged as HCI. If the PCB
concentration is high, the concentration of thedpoed
HCl increases, so it is neutralized by adding alkali

—

Supercritical water

Pressure-sensitive paper + 02 + HEO 5, CO2 + HQO + HC 1

_NaOH_ cO, + H,0 + NaCl
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Name of technology Principle of reaction Reaction reagents | Reaction conditions

[Name of Japanese developer] etc.

Hot water decomposition method Sodium carbide crystals are precipitated in hoewat | Oxidizers: Oxygen, | Typical conditions

[Mitsubishi Heavy Industries, Ltd.] | 350°C or higher, and reacted with things like paper, | air, hydrogen Temperature: 38
wood or yarn containing PCB. The sodium carbide | peroxide etc. Pressure: 26.5MPa

dechlorinates PCB, producing sodium chloride. The| Solvent: Hot water | Reaction time: A few mins. - 30 mins.
remaining biphenyl and contaminants (paper, wood, Catalyst: Sodium
yarn etc.) are decomposed into carbon dioxide and | carbide

water using an oxidizer.

Clm Cln NaCl
(PCB)

CO,

H,0

CGH0O, + 0, —»
L €O,

(Paper, Wood, Yarn) (Oxygen)
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Name of technology Principle of reaction Reaction reagents | Reaction conditions
[Name of Japanese developer] etc.

Gas phase hydrogen reduction metho@as phase hydrogen reduction method uses a reductitydrogen Temperature: 85 MIN
[Tokyo Boeki Ltd.] reaction where organic compounds are heated &aat||NaOH Pressure: Normal pressure
[Nippon Sharyo, Ltd.] 850°C in a non-oxygen hydrogen atmosphere, at Reaction time: 1 sec. MIN

normal pressure, and decomposed/dechlorinated
without using catalyst in a reaction time (retemtio
time) of approximately second.

This process decomposes organic chlorine compoynds
like PCB and dioxin into hydrogen chloride, methane,
carbon monoxide, carbon dioxide, hydrogen and sligh
amounts of low-grade hydrocarbons like benzene.
Hydrogen chloride is neutralized with NaOH, and
recovered as NacCl.

The advantage of using a hydrogen reducing
atmosphere is that no dioxins are produced, and the
dioxins in the waste are decomposed. The benzene
methane and carbon monoxide produced by the
decomposition reaction under the above conditions
become hydrogen, carbon monoxide and carbon
dioxide due to a water shift reaction. Therefone, t
efficiency of the reduction reaction increasesim t
presence of water, and the water acts not only as a
thermal transfer catalyst, but also as the source o
hydrogen supply for the system.

Hydrogen atmosphere

+ H2 —_— Benzene, CH4. CO. CO,. Nadl

ClIx Iy Reaction temperature: 850°C MIN

Normal pressure, At least one second
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Overview of separation technology

Name of technology Principle of reaction Reaction reagents | Reaction conditions

[Name of Japanese developer] etc.

Vacuum thermal separation (VTR | The vacuum thermal separation (VTR method) is a | None Typical conditions

method) technology for evaporating, separating and recogeri Temperature: 200 - 66C

Zero Japan Co., Ltd. PCB contained in the treated material using a vacuym Treatment pressure: 0.1 - 10kP
sealed system. When electrical devices like Treatment time: 2 - 10 hours/batch

transformers and capacitors containing PCB areciieat
using the drop in boiling point which accompanies a
drop in pressure, the PCB evaporates, leaving iron,
copper and aluminum, and paper and wood become
carbides. The PCB vaporized here is condensed angd
recovered by cooling in a cooling condenser.

400
300

200

~g@~ PCB
& Water

100

& -
g

Pressure (kPa)

1
o
B w)
=]

[
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Name of technology Principle of reaction Reaction reagents | Reaction conditions
[Name of Japanese developer] etc.
Vacuum thermal separation The vacuum thermal separation method is a techpoloyone Treatment conditions
Aichi Electric Co., Ltd. for heating and evaporating substances like PCB Temperature: 20tC
(deposited on or impregnated in the treated mé}ata Pressure: 6.7Pa (0.05mmHg)
a temperature lower than the boiling point at ndrma Vacuum hold time: 2 hours MIN.

pressure. This is done using the physical phenomeno
whereby the boiling point drops at lower temperegur
Thus the PCB is removed while minimizing
deterioration of the treated material.

PCB, solvents and other substances which evaporate
and separate from the parts of a capacitor or
transformer, are cooled, condensed and recovered.
When this technology is used for electrical equgptn
containing high-concentration PCB (high-voltage
transforms, high-voltage capacitors etc.), detoatfon
can be achieved by reducing the rate of PCB residug
the treated material using techniques like solvent
washing beforehand.
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Overview of cleaning technology

Name of technology
[Name of Japanese developer]

Principle of reaction

Reaction reagents
etc.

Reaction conditions

Solvent cleaning method
(Precision reconditioning and cleanin
method)

[Tokyo Electric Power Co., Ltd.]
[Mitsui & Co., Ltd.]

The solvent cleaning method (precision reconditigni
gand cleaning method) is a technology for dissohand
removing PCB insulation oil using a cleaning solven

After removing PCB insulation oil from the treated
equipment (high-voltage transformer, high-voltage
capacitor etc.), the treatment equipment is roughly
disassembled into its container and contents (core,
element etc.), and placed in cleaning baskets.eTaes
each given a first cleaning for a specified time] a
after materials which have been given a first dlegn
are disassembled and sorted into non-impregnatés|
(iron, copper, ceramics etc.) and impregnated parts
(paper, wood, element etc.) and the impregnatetd pg
are crushed. Non-impregnated parts are placed in a
cleaning basket, and impregnated parts are placad
cleaning barrel, and the parts are then given ensec
cleaning for a specified time. The treated material
from which deposited and impregnated PCB has be
removed are obtained in the dry state.

For the solvent containing PCB (and some TCB) is
reused after clean solvent has been recovered via
distillation recovery at reduced pressure. Didtida
residue containing PCB is subjected to separate PG
decomposition treatment.

The cleaning system in the precision reconditignin
and cleaning method, the three operations (reduced
pressure immersion cleaning, reduced pressure wa|
cleaning, and vacuum drying) must be repeated the

necessary number of items. The role of each operat]

is as follows:
Reduced pressure immersion cleaning: The unit
operation of cleaning by immersion the materidbe¢o

Cleaning solvent
Hydrocarbon-based

t solvent (NS clean
220P)

pa

=

B

por

Typical treatment conditions

Cleaning solvent: NS220P
Cleaning temperature: 50
Cleaning time:
-Non-impregnated parts
1st cleaning: 1 hour

2nd cleaning: 1 hour
-Impregnated cleaning
1st cleaning: 3 hours
2nd cleaning: 3 hours
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Name of technology Principle of reaction Reaction reagents Reaction conditions
[Name of Japanese developer] etc.

Solvent cleaning method cleaned in solvent. Both reduced pressure and

(Precision reconditioning and cleaningultrasonic waves are used to improve cleaning

method) effectiveness.

[Tokyo Electric Power Co., Ltd.] -Reduced pressure vapor cleaning: A unit operatior

[Mitsui & Co., Ltd.] where solvent vapor is supplied to heat the treptets

(Continued from above) (materials to be dried) as a pretreatment for vacuu

drying, and to rinse away condensed solvent.
-Vacuum drying: A unit operation where a vacuum
state is produced to remove cleaning fluid from the
cleaned material.

S-DEC method With this method, the material to be cleaned iardel | Organic solvent Temperature: Normal temperature t
[Nuclear Fuel Industries, Ltd., in a sealed system using an organic solvent as the Approx. 80°C
Sumitomo Corp.] cleaning agent. Non-impregnated substances like Cleaning time (per cycle):
containers are washed clean of PCB contaminated oil 30 mins. (Non-impregnated material)
by spraying cleaning agent in a cleaning tank qupdp 30 mins. - Approx. 1 hour
with internal spray nozzles, or they are cleaned by (Impregnated material)
solvent in a rotating drum in a cleaning tank élkgith
cleaning fluid. Impregnated materials at finelyeshr Number of cleaning cycles:
with a shredder, and then subjected to solvent 3 - Approx. 10 cycles (Non-
extraction cleaning in a rotating drum in the clagn impregnated material)
tank. 5 - Approx. 15 cycles (Impregnated
One cleaning cycle involves: introduction of cleani material)

agent, cleaning and draining. Cleaning is repetied
number of cycles. Cleaning agent is removed in a
drying process, after cleaning and before remoivtie
cleaned materials.

Cleaning agent contained PCB produced by washing is
separated into PCB contaminated oil and cleaningtdge
using distillation equipment, and the cleaning agen
reused. The separated PCB or PCB contaminated qil is
decomposed and treated using liquid treatment
equipment (the OSD method).
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Name of technology Principle of reaction Reaction reagents Reaction conditions

[Name of Japanese developer] etc.

Solvent extraction decomposition This technology is comprised of a solvent extractio | [Solvent extraction [Solvent extraction method]

method (SED method) method and the metallic Na dispersion method (SP| method] Temperature: Normal temperature -
Shinko Pantec Co., Ltd method). In the solvent extraction process, vapor o | Cleaning solvent: 120°C

immersion cleaning is done using perchloroethyleme Perchloroethylene or a Pressure: Atmospheric pressure of less
a hydrocarbon-based solvent*1 as the cleaning splyehydrocarbon-based | Decontamination time:

and the PCB deposited on the container is extracted solvent*1 -Cleaning: - 72 hours

into the solvent. If necessary, vacuum thermalrdp§2 | [Metallic Na -Final decontamination: - 16 hours
is performed as the final step in decontaminafidre | dispersion method] [Metallic Na dispersion method]
cleaning solvent containing PCB is separated irgarc] Alkali reagent: Temperature: 90 - 190

solvent and concentrated PCB using distillation Metallic Na dispersion| Pressure: Normal pressure
equipment. Hydrogen donor: Reaction time: 10 mins. - 3 hours
The separated concentrated PCB, and PCB Reaction promoter

contaminated oil sealed into the PCB contaminated| (Isopropyl alcohol

container, are detoxified by performing a etc.)

dechlorination reaction at a temperature of 900°C9 | Other: CQ gas for
and normal pressure. This is achieved by adding a | neutralization
metallic Na dispersion and using the metallic Na
dispersion method.

*1) Hydrocarbon-based solved was added as an additcondition
*2) Vacuum thermal drying was added as an additiooadition
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Name of technology Principle of reaction Reaction reagents | Reaction conditions

[Name of Japanese developer] etc.

Solvent cleaning method (SD Meyer$ PCB oil is removed from the contaminated container, Solvent used: Cleaning time: Approx. 24h
method) and after disassembly into parts, the contamingdecs | Trichloroethylene

Organo Corporation which are metal or non-combustible are placed in a

special-purpose cleaning machine, bathed in asblve
(trichloroethylene), and each part is cleaned tovbe
the treatment standard value. After cleaning, theesit
is reconditioned (distilled) and reused, and the RCB
the solvent finally concentrates in the distillatio
residue and is discharged.

Transformer Di o > Metals, Non-combustibles

Washing S~

Cleaning solvent Recovered solvent
5 \_/
Condenser,

(High-concentration
PCB)
Solvent recovery
/\ @)

Fluorescent lamp stabilizer,
Uncleaned

Removed PCB oil {Solvent containing PCB

~_

PCB removal

Y

(Low concentration

PCB)

Cleaned

Transformer,
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Name of technology

[Name of Japanese developer]

Principle of reaction

Reaction reagents
etc.

Reaction conditions

Solvent cleaning method
(Decontaksolv method)
[Ebara Corporation]

This method involves cleaning equipment
(transformers etc.) from which substances like aast

Solvent:
Tetrachloroethylene

PCB have been removed. The solvent is recovered [afRCE)

reconditioned by distillation so the solvent is ays
kept clean, and reused in a cyclic fashion. After
cleaning, the solvent is adequately removed aretidri
before the equipment is opened. This is done teepite

Note) Solvent is
reconditioned by
distillation and cycled
through the system, s

Treatment temperature:

In cleaning process: less than @0
In drying process: less than 28D

vaporization of the solvent. it is not discharged.
Large transformers are directly connected, andlsma
devices and disassembled parts are cleaned byglaci
them in a cleaning unit. After the first cleanitige
device is disassembled, and porous materials e
and wood are separated out, and the disassembled
metal parts are given a second cleaning. The first

cleaning can be omitted for devices like transfame
contaminated with low-concentration PCB, or when|the
concentration of contaminants like waste PCB is low.

S

For small transformers or disassembled aprts

"(]-Ezlu.ip;n-ent
' Heated dvy gas ;;;;;;g;]

Heated clean solvent

Fig.: Overview of Dekontaksoly
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Name of technology

[Name of Japanese developer]

Principle of reaction

Reaction reagents
etc.

Reaction conditions

MHI chemical cleaning method
[Mitsubishi Heavy Industries, Ltd.]

This method removes PCB deposited on the surface
substances like metal, to the level where the riaditer
can be handled safely.

Cleaning of material deposited with low-concentnatid
PCB ( - 100ppm):

*Surfactant method

-The oil removing effect of surfactant achievesniag
up to a safe level.

Cleaning of material deposited with high-concentrati
PCB ( - 100%PCB)

-Cleaning is done to safe level by repeatedly usihg
removal by surfactant and PCB dilution cleaning wit
oil.

*Organic solvent method

-Cleaning is done to safe level by using the ol
removing effect of organic solvent, and cleaning
multiple times.

B

@fleaning fluid for
material deposited
with low-
concentration PCB
*Surfactant method
-Surfactant

-Water

Cleaning fluid for
material deposited
with high-
concentration PCB
*Surfactant method

h-Surfactant

-Water
-Oil (Kerosene etc.)

*Organic solvent
method

-Organic solvent (n-
benzene etc.)

Typical conditions

Cleaning of material deposited with
low-concentration PCB
*Surfactant method

-Ultrasound cleaning or spray cleanil
-One cycle: 5-15mins.
(surfactant)/5mins (water)

Cleaning of material deposited with
high-concentration PCB

*Surfactant method

-Ultrasound cleaning

-Repeat 3 times: 15 mins.
(surfactant)/5 mins. (water)/30 minut
(oil). Then repeat one time: 15 mins.
(surfactant)/5 mins. (water)
*Organic solvent method
-Ultrasound cleaning

-15 mins. (organic solvent): 5 time

9

D

130



Review of emerging, innovative technologies fordingruction and decontamination of POPs and tleatification of promising technologies
for use in developing countries

Name of technology Principle of reaction Reaction reagents Reaction conditions
[Name of Japanese developer] etc.
Solvent cleaning method The solvent cleaning method decontaminates PCB by leaning solvent Non-impregnated materials (Metals)
[Toshiba Corporation] cleaning PCB contaminated substances with solvent.Hydrocarbon-based | Precleaning
After PCB is removed from PCB contaminated solvent Temperature: Normal temperature
equipment, the equipment is disassembled and sorted Pressure: Atmospheric pressure
Non-impregnated materials like metal are cut tza s Cleaning time: About 5 mins.
which will fit in the cleaning basket, and impretgta Main cleaning
materials like paper and wood are crushed to an Temperature: 10T
appropriate size to facilitate removal of PCB soaked Pressure: Atmospheric pressure -
into the parts. A light precleaning is done usirgyrell Vacuum
amount of cleaning solvent to wash off PCB deposited Cleaning time: - 1 hour
on the surface, and then the cleaning solventatede
and cleaning is done until PCB is below the standard Impregnated materials (Paper)
value. Precleaning
Temperature: Normal temperature
Cleaning solvent is reconditioned and reused, aad th Pressure: Atmospheric pressure
PCB extracted at that time (and the PCB removed fifom Cleaning time: About 5 mins.
the contaminated equipment) and decomposed and Main cleaning
treated using a separate fluid treatment process. Temperature: 10
Pressure: Atmospheric pressure -
Vacuum
Cleaning time: - 4 hours
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Overview of dechlorination decomposition/treatmentechnology (Technology in revision of the Waste Diggal and Clean-Up Law which is being prepared)

Name of technology Principle of reaction Reaction reagents | Reaction conditions

[Name of Japanese developer] etc.

Radical planet method (RP method) | The RP method is a non-thermal decomposition mettechlorination agent] Temperature: Non-thermal

[PX Project] which uses the principle of mechanochemical reactip Raw lime However, the temperature rises in the

(Sumitomo Metal Industries, Ltd.) causing a chemical reaction in the solid state by Additive: Silica sand | range from normal temperature to

(Sumitomo Heavy Industries, Ltd.) | crushing action which provides mechanical energy. | Dilution agent: 140°C due to the chemical reaction
An organic chlorine compound is placed in a sealed| Insulation oil Pressure: Normal pressure
vessel together with raw lime, and mechanical enixrg However, pressure may rise to
applied to cut the chlorine-hydrogen bond in the approx. 1.4atmospheres due to the
organic chlorine compound (i.e. to perform reaction in the sealed vessel.
dechlorination). When a chemical reaction with lirme Reaction time: 16 - 64 hours
produced in this way, the chlorine in the organic However, there are differences in
compound is removed as harmless inorganic reaction time depending on the initia
compounds, Caghnd Ca(OH)CI, thereby producing concentration, shape, and mechanical
an organic compound which does not contain chlorine energy application conditions.

©0

0 Organic
PCB+Cal — © Crushing —- compounds which do not contain chlorine

(Chemically active state) . .
ey (bipheny} ete.) + Inorganic compound which

contain chlorine, like CaCl2 and Ca(OH)C1
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Overview of Geomelt technology (Technology in revish of the Waste Disposal and Clean-Up Law which iseing prepared)

Name of technology Principle of reaction Reaction reagents | Reaction conditions
[Name of Japanese developer] etc.
Geomelt method 1. Principle of reaction Melting medium: Reaction in melted object
ISV Japan Co., Ltd. The Geomelt method is an electrical resistancedag Soil, Silica sand Temperature: 1,600 - 2,00
Ube Industries, Ltd. batch melting technology. Its distinguishing featur | Melting regulation Pressure: Slight negative pressure
Konoike Construction Co., Ltd. are that it uses mineral components like soil as th | agent: CaCgQ Reaction time (Melting speed): Varies
The Japan Research Institute, Ltd. | melting medium, and that the melting range gragual] Na;CO; (added if depending on batch treatment volume
Hazama Corporation expands from upper to lower layers. necessary) and amount of electric power applied.
In the batch melting process, organic substarikes | (Power unit requirement: 0.7 - 1.0
PCB are decomposed into reducing gases like GO, H kwh/kg)
CH, and HClI, in the presence of superheated water
vapor produced by heating the melting medium in the Reaction in thermal oxidizer
non-oxygen high-temperature range within or aroungd Temperature: 85C MIN.
the melted object. Pressure: Slight negative pressure

Reaction time: 2 secs. MIN.

—

Note 1) Furthermore, these reducing gases movesto
upper gas layer of a furnace operated with theizrigl

atmosphere, and are converted to, GOH,0.

Note 2) Unreacted CO and trace amounts of organic
compounds are completely converted to,@ad HO
in a high-temperature oxidizing atmosphere by a
downstream thermal oxidizer.

On the other hand, the inorganic components aoedgi
in PCB contaminated materials (containers, parik, s
sludge, balas, wood etc.) are recovered after mgedts

harmless glass solids and metals.

O

Note 1): These reducing gases are thought to Heeve t

same composition as gas generated by the mplten
catalyst extraction method. In the Geomelt method,

PCB decomposed in a reducing atmospherg is
decomposed into reducing gases by a reaction il t
superheated water vapor supplied from sourcesthi&e
melting medium.
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Name of technology Principle of reaction Reaction reagents | Reaction conditions
[Name of Japanese developer] etc.

Geomelt method Note 2): The basic approach of the Geomelt method i

ISV Japan Co., Ltd. batch treatment, and the pressure in the equipment

Ube Industries, Ltd. kept slightly negative to keep decomposition gases

Konoike Construction Co., Ltd. produced gases from escaping to the outside of the

The Japan Research Institute, Ltd. | equipment.

Hazama Corporation (Reduction of environmental effects)

(Continued from above) However, a small amount of air flows from the ailes

into the equipment and mixes with produced gases,|s
there is a possibility of inducing an explosiorttué
produced gas.

So safe operation of equipment in the Geomelt atkth
requires planning and operation to ensure that the
produced gas which passes through the melted abject
mixed upside-down with a large volume of external a
in a hood, and converted to €& H,0.

Reaction in melted object

(Thermal decomposition, Production reaction): PCB+H,0 — CO+H,+CH,+HC/

Reaction in off-gas hood and in thermal oxidizer

2C0+0, — 2CO,
(Oxidation reactions) 2H,+0, — 2H Oﬂ

CH,+20, — CO,+2H,0
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