
Module 5  

Remediation Technologies and Techniques  

 

Table of contents 
 

Introduction ............................................................................................................................................ 3 

1. POPs waste and POPs contaminated matrices definitions, destruction levels, pre-treatment ..... 5 

1.1 POPs contaminated matrices ........................................................................................................ 5 

1.2 POPs waste definition ................................................................................................................... 6 

1.3 Low POP Content .......................................................................................................................... 6 

1.4 Levels of destruction and irreversible transformation ................................................................. 8 

1.5 Pre-treatment of POPs waste and soil .......................................................................................... 9 

2. Remediation techniques for soils and solids. ............................................................................... 13 

2.1 Excavate and treat ...................................................................................................................... 13 

2.1.1 Sampling prior to excavation ............................................................................................... 13 

2.1.2 Managing risks of on-site excavation ................................................................................... 14 

2.2 Bioremediation, Phytoremediation and soil reagents ................................................................ 15 

2.2.1 Bioremediation .................................................................................................................... 16 

2.2.2 Daramend (enhanced bioremediation) ............................................................................... 17 

2.2.3 Phytoremediation ................................................................................................................ 17 

2.2.4 Soil reagents ......................................................................................................................... 18 

3. Technologies and techniques for POPs destruction at contaminated sites ................................. 20 

3.1 Non-combustion technologies ........................................................................................................ 22 

3.1.1 Ball Milling (mechanochemical destruction/mechanochemical dehalogenation) .................. 22 

3.1.2. Gas Phase Chemical Reduction (GPCR) ................................................................................... 24 

3.1.3 Supercritical Water Oxidation (SCWO) and industrial Supercritical Water Oxidation (iSCWO)

 .......................................................................................................................................................... 28 

3.1.4 Base catalysed decomposition (BCD) ....................................................................................... 30 

3.1.5 Catalytic hydrogenation (CHD) ................................................................................................ 31 

3.1.6 Alkali Metal Reduction (Sodium Reduction) ............................................................................ 32 

4. Combustion Technologies ............................................................................................................. 34 

4.1 Hazardous Waste Incineration .................................................................................................... 35 

4.2 Solid Waste Incineration ............................................................................................................. 36 

4.3 Cement kiln Co-processing .......................................................................................................... 37 



BAT/BEP Guidance for POPs contaminated sites 

2  BAT/BEP Group of Experts, 2021 
 

4.4 Plasma melting decomposition ............................................................................................. 38 

5. Treatment trains ........................................................................................................................... 40 

5.1 Case 1: SPEARS and RIDS............................................................................................................. 40 

5.2 Case 2:  Indirect Thermal Desorption unit (ITDU) and Base Catalysed Decomposition (BCD) ... 41 

6. Remediation techniques for groundwater contaminated with POPs ........................................... 43 

6.1 Containment ............................................................................................................................... 43 

6.2 Permeable Reactive Barrier (PRB) ............................................................................................... 45 

6.3 Pump and treat ........................................................................................................................... 47 

6.4 DNAPL contamination ................................................................................................................. 47 

7. Remediation of PFAS in groundwater ........................................................................................... 49 

7.1 Remediation techniques ............................................................................................................. 49 

7.1.1 Biological treatment ............................................................................................................. 50 

7.2 Pump and Treat techniques ........................................................................................................ 50 

7.2.1 Filtration ............................................................................................................................... 50 

7.2.2 Activated carbon ex-situ pump and treat ............................................................................ 51 

7.2.3 Synthetic resins / Ion exchange and polymeric adsorption (non-ion exchange) ................. 51 

7.2.4 Ozofractionation .................................................................................................................. 52 

7.2.5 Reverse osmosis and nanofiltration ..................................................................................... 52 

7.3 In situ – injectable carbon-based systems .................................................................................. 52 

7.4 Chemical oxidation (destructive) ................................................................................................ 53 

7.5 Electrochemical oxidation (destructive) ..................................................................................... 53 

7.6 Sonolysis ...................................................................................................................................... 53 

References (groundwater) .................................................................................................................... 55 

References (soil and solids)................................................................................................................... 58 

 

  



BAT/BEP Guidance for POPs contaminated sites 

3  BAT/BEP Group of Experts, 2021 
 

Introduction  

Remediation techniques for POPs contaminated sites vary considerably according to contaminants 

present, soil, topography, hydrogeology, proximity to the public or sensitive ecosystems and 

resources available. A wide range of soil and water treatments can be conducted in-situ and ex-situ 

or in combination. The proposed land use of the site following remediation (e.g., residential, 

commercial, industrial, recreational, habitat) should be decided as early as possible as this will drive 

decisions on clean-up levels, management of the landforms and habitat rehabilitation. For example, 

remediation of aquatic/terrestrial interface zones and riparian zones may require specific planning 

for habitat needs of sensitive biotic receptors when determining how to manage sediment 

contaminated with POPs. 

Once future land use planning considerations have been resolved and associated clean up levels 

developed, site sampling, assessment and site models should be completed, and remediation 

budgets allocated before proposals for remediation techniques and technologies can be assessed. 

These should be matched with the characteristics of the soil, groundwater or sediment 

contamination requiring remediation. Key selection criteria should include: 

• The ability to destroy or irreversibly transform POPs waste 

• Avoiding UPOPs formation 

• Meeting site clean-up goals  

• Minimising off-site movement of wastes 

• Minimising risks to the environment, site workers and the public 

• Meeting realistic timeframes for completion 

• Allowing the site to be rehabilitated for its proposed land use 

• Community acceptance of the proposed remediation plan 

• Sustainability principles are incorporated into the assessment and remedial proposal 

• Making efficient use of financial resources available for the remediation 

• Ensuring the technology inputs (e.g., energy and reagents) are available at reasonable costs 

• Ensuring trained personnel, adequate monitoring and regulatory oversight is available for 

complex or high-risk techniques that could result in injury, exposure, or elevated emissions 

Not all POPs contaminated soil, sediment, or other matrices are POPs waste requiring destruction or 

irreversible transformation. This is the case if the concentration of POP contamination falls below 

the Low POPs Content Level (LPCL), which is described below. It can also be the case if soil 

concentration of POPs exceeds the LPCL, but the soil retains its functionality and can be treated in-

situ or ex-situ and retained on site as soil. If POP waste from a site is contaminated to the extent that 

it exceeds the LPCL then it may be treated on-site or off-site using the techniques described below. 

POPs waste definitions and associated issues are discussed in the following section. 

Contaminated sites may also have other materials present that must be treated, cleaned, or treated 

as POPs waste. These include contaminated structures and buildings that may need to be dismantled 

or demolished and subject to pre-treatment and decontamination. Pure POP products and their 

production waste may be left on site and should be treated as POPs waste. POP contaminated 

packaging and POP contaminated building materials and demolition rubble may also require 

decontamination. 

As POPs waste requires destruction or irreversible transformation (Stockholm Convention Article 6) 

most management or remedial proposals seek to remove and destroy the POPs waste. In some 
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exceptional cases where technology or resources are not available then pre-treated POPs waste 

may, in the short term, be entombed in a purpose built, lined cell on-site for later recovery and 

treatment. Such cells should be regularly monitored and subject to aftercare. However, in general 

terms in-situ landfill of POPs waste on a POPs contaminated site should be avoided as it defers the 

problem, at a significant expense. The engineering required to construct a hazardous waste landfill is 

more than USD 1 million per hectare (Artiola 2019) and these resources may be better applied to a 

more permanent solution. In circumstances where a hazardous waste landfill must be implemented 

due to lack of alternatives, guidance on their construction and associated issues is available from the 

Basel Convention technical guidelines on specially engineered landfill (D5)1.  

In some cases, partial treatment of POPs contaminated matrices may take place on-site (e.g., 

indirect thermal desorption of contaminated soil) followed by destruction of the smaller volume of 

the extracted POPs waste concentrate in an on-site or off-site facility. This reduces the significant 

costs associated with the moment of bulk contaminated soil and rubble to an off-site location. 

However, full excavation and removal of contaminated soil or sediment may sometimes be 

necessary. To minimise transport of contaminated media, soils and sediments contaminated by 

some POPs may be treated in-situ without major excavation by techniques including bioremediation, 

soil reagents and phytoremediation (details below). 

The approaches to remediation and the resulting combinations of techniques and technologies are 

numerous as they may be required to deal with many different contaminants, hydrogeological and 

topographical scenarios as well as social contexts  and sensitive biodiverse areas that require careful 

consideration. The most common matrices requiring treatment are soil, sediment and groundwater 

but often include rubble from decommissioned buildings and even contaminated plant, containers, 

and work gear (e.g., transformer carcasses, steel drums, steel and timber structural elements and 

contaminated personal protective equipment  (PPE). These requirements should all be considered 

when assessing appropriate techniques and technologies for remediation. 

Examples of commercially available and proven techniques and technologies for remediation are 

described below, should not be considered exhaustive as development of technologies in this sector 

continues to grow at a rapid pace. Vendor websites should be consulted for updated developments. 

These guidelines discuss the techniques to dispose, treat or remediate POPs waste such as pure 

products, packaging and building materials and POPs contaminated matrices such as soil, 

groundwater, and aquatic sediments. 

  

 
1http://www.basel.int/Implementation/SpeciallyengineeredlandfillandIncineration/TechnicalGuidelines/tabid/
6202/Default.aspx  

http://www.basel.int/Implementation/SpeciallyengineeredlandfillandIncineration/TechnicalGuidelines/tabid/6202/Default.aspx
http://www.basel.int/Implementation/SpeciallyengineeredlandfillandIncineration/TechnicalGuidelines/tabid/6202/Default.aspx
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1. POPs waste and POPs contaminated matrices: 
definitions, destruction levels, pre-treatment 

Following site investigations and the required level of site characterisation, decisions can made 

about the selection of proposed management and/or remediation plans. In general terms, 

remediation is understood as the rehabilitation of a site where levels of contamination (in this case 

POPs contamination) are reduced or eliminated to such a degree as to allow for remediation 

objectives to be met and a specific land use to occur. In some cases, long-term management can 

incorporate remedial activities such as bioremediation or phytoremediation so the terms 

management and remediation can at times be used interchangeably. Sustainable management 

encompasses all activities from site assessment, to remediation, to monitoring and aftercare. Long-

term management is the phase of monitoring and aftercare of the remaining environmental risks. 

This is the site management period after the direct environmental risks are remediated. 

Different approaches to remediation of POPs contamination involve differing degrees of disturbance 

of a site. This can range from highly interventionist mass excavation and removal of soils and/or 

sediment to passive methods with minimal disturbance. Some sites may be very sensitive due to 

biodiversity habitat, cultural values or other circumstances that preclude mass removal of material 

such as soil and changes to existing landforms.  

The variation in site sensitivity and the type of POP contamination, or the presence of other forms of 

contamination (hydrocarbons, heavy metals, radioactive elements etc.) may result in the need for a 

combination of techniques and technologies to address the problem. 

This section defines POPs waste that must be destroyed or irreversibly transformed so that they do 

not exhibit POPs characteristics (Stockholm Convention Article 6) and considers the technologies 

that can achieve this in the context of contaminated sites and the techniques employed to maximise 

their effectiveness. It also provides information on Destruction Efficiency (DE) and Destruction and 

Removal Efficiency (DRE), the two main metrics by which the effectiveness of POPs destruction is 

measured. Note that not all technologies that are able to destroy POPs can be applied safely in the 

management and remediation of contaminated sites. Some technologies and techniques can be 

applied on-site due to their mobility while others may require the contaminated materials to be 

transported off-site to large, established facilities. 

1.1 POPs contaminated matrices 
This section also addresses soil, groundwater, aquatic sediments and building material contaminated 

with one or more POPs and possibly with other contaminants to such an extent that the intended 

use causes environmental risk(s) and should be remediated prior to use. 

Technologies that can remediate or clean should reduce the environmental risks by removing the 

source of contamination, and/or cutting off the source-receptor pathways and/or protecting the 

receptors.  

As site/soil and groundwater remediation is in many cases, complex, costly and time consuming and 

the available budgets for site remediation are often limited, the remediation approach should be risk 

based. Risk based means that sites and/or site components causing the highest risk should be 

remediated first and the selected remedial actions should fit in the available budget. These actions 

vary between excavation and off-site treatment of contaminated soil to fencing off the site and 

restrict land use until financial recourse are available to do more. 
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Risk based approach implies a tier 1 risk assessment to select sites with a potential high-risk profile 

in an early stage of the assessment. When these sites are further assessed, tier 2 risk assessments 

using international and/or national risk-based reference values for soil and groundwater are 

implemented to reject or confirm the preliminary assessed risks. Tier 3 risk assessments, using risk 

programs are used to justify no action or high investments in mitigation measures. These tier 3 

programs are available on the market but demand expert knowledge to use. For more detailed on 

how to conduct tier 1 , 2 and 3 risk assessments see module 3 of this guidance. 

1.2 POPs waste definition  
Technologies that can destroy POPs or irreversibly transform them so that they no longer exhibit the 
characteristics of POPs within a waste matrix, may be required to treat POPs waste at a 
contaminated site or POPs waste which has been removed from a contaminated site. The 
application of these technologies is required when wastes are contaminated by POPs above a 
specific concentration. 
 
It is a requirement, Article 6 (d) (ii) of the Stockholm Convention, that waste contaminated with 
POPs (including products and articles upon becoming wastes) are: “Disposed of in such a way that 
the persistent organic pollutant content is destroyed or irreversibly transformed so that they do not 
exhibit the characteristics of persistent organic pollutants or otherwise disposed of in an 
environmentally sound manner…”  
 
To determine what is ‘POPs waste’ requiring such treatment, the contaminated substance must be 
analysed, and the concentration of POPs compared to the LPCL established under the Basel 
Convention, to see if it exceeds the threshold level for any specific POP. 
 

1.3 Low POP Content 
A concentration threshold level applies to wastes that contain POPs above which they are deemed 

to be ‘POPs Waste’ and the destruction or irreversible transformation obligations apply. The 

threshold level is known as the ‘Low POP Content Level’ and can be different for specific POPs. LPCL 

values can be found in the related Basel Convention Technical Guidelines and the values as of June 

2021 are in Table 1. As these values are updated regularly, it is recommended that these values be 

consulted regularly.  

 

Table 1 Provisional definitions of Low POP Content Level as of June 20212. 

POP Low POP content 

Aldrin 50 mg/kg  

Alpha-HCH, beta-HCH and lindane  50 mg/kg as a sum3 

Chlordane 50 mg/kg  

 
2 Table reproduced from the Basel Convention general technical guidelines for the environmentally sound 
management of wastes consisting of, containing or contaminated with persistent organic pollutants (POPs). It 
is noted that work towards a review of the provisional low POP content values is being undertaken in 
accordance with decision BC-13/4  and updated guidance can be found at: 
http://www.basel.int/implementation/popswastes/technicalguidelines/tabid/5052/default.aspx  
3 The limit value has been set for the sum of lindane and its by-products alpha- and beta-HCH, because they 
may be contained together in pesticides and production wastes. 

http://www.basel.int/implementation/popswastes/technicalguidelines/tabid/5052/default.aspx
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POP Low POP content 

Chlordecone 50 mg/kg  

DDT 50 mg/kg  

Dicofol No value determined yet 

Dieldrin 50 mg/kg  

Endrin 50 mg/kg  

HBB 50 mg/kg  

HBCD 100 mg/kg or 1000 mg/kg 

HCB 50 mg/kg  

HCBD 100 mg/kg   

Heptachlor 50 mg/kg  

Hexabromodiphenyl ether and 

heptabromodiphenyl ether and 

tetrabromodiphenyl ether and 

pentabromodiphenyl ether  

50 mg/kg or 1000 mg/kg as a sum4  

[Hexabromodiphenyl ether and 

heptabromodiphenyl ether and 

tetrabromodiphenyl ether and 

pentabromodiphenyl ether and 

decabromodiphenyl ether (BDE-209) present in 

commercial decabromodiphenyl ether] 

[[50 mg/kg] [500 mg/kg] [1000 

mg/kg] as a sum5] 

Mirex 50 mg/kg  

PCBs 50 mg/kg 

PCDDs and PCDFs6  1 g TEQ/kg or 15 g TEQ/kg 

PCNs 10 mg/kg 

PCP and its salts and esters 100 mg/kg 

PeCB 50 mg/kg 

PFOA, its salts and PFOA-related compounds  

PFOS, its salts and PFOSF 50 mg/kg  

Short chain chlorinated paraffins (SCCPs) [100 mg/kg] [10, 000 mg/kg] 

 
4 The limit value has been set for the sum of tetra-, penta-, hexa-, and hepta-BDE, because commercial 
mixtures have varying congener composition (see section I.B.1 of the POP-BDE guidelines), and for analytical 
efficiencies. 
5 The limit value has been set for the sum of tetra-, penta-, hexa-, hepta-, and decaBDE, because commercial 
mixtures have varying congener composition (see section I.B.1 of the POP-BDE guidelines), and for analytical 
efficiencies. 
6 TEQ as referred to in Annex C, part IV, paragraph 2, to the Stockholm Convention, but only for PCDDs and 
PCDFs. 
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POP Low POP content 

Technical endosulfan and its related isomers 50 mg/kg 

Toxaphene 50 mg/kg 

 

For waste that has a POP content below the specified LPCL  there are no requirements for 

destruction or irreversible transformation, but they should still be subject to Environmentally Sound 

Management (ESM).  

The “2013 Framework for the environmentally sound management of hazardous wastes and other 

wastes The ESM framework” (UNEP, 2013a) was adopted at the eleventh meeting of the Conference 

of the Parties to the Basel Convention. The framework establishes a common understanding of what 

ESM encompasses and identifies tools and strategies to support and promote the implementation of 

ESM and is intended as a practical guide. 

The application of the LPCL, the thresholds to POP waste found on a contaminated site, such as to 

drums of production waste, obsolete packages of pesticide and PCB oil filled transformers, is 

straightforward. If the POPs contaminated waste exceeds the threshold, it can be destroyed on-site 

with a suitable technology or removed to an off-site facility for destruction. 

The application of the LPCL thresholds to POP contaminated soil or sediment at a contaminated site 

is more complicated. If the soil at a site is contaminated with a POP or POPs above the LPCL, than 

two options can be explored. The first option is that the soil is deemed to be ‘POPs waste’ and may 

be excavated, treated by a technology or technique to destroy the POPs content and if possible, the 

soil may be reused or landfilled. This is an expensive process with high volumes of materials to treat 

and may only be applicable in the most severely POPs contaminated sites. A second, less expensive 

option is to assess if the soil, despite the contamination, retains all its basic functions and it can be 

treated in-situ or ex-situ as ‘soil’ and remains classified as ‘soil’ rather than’ POPs waste’. If the soil 

has lost one or more of its basic functions it can no longer be considered soil but should be classified 

as ‘POPs waste’ (assuming it exceeds the LPCL).  

The basic functions of soil that should be met are: 

(1) Physical support 
(2)  Medium for plant growth 
(3)  Water provision 
(4)  Digestion of organisms 
(5)  Respiration 
(6) Habitat for organisms 

 

1.4 Levels of destruction and irreversible transformation 
Destruction Efficiency7 (DE) is the principal metric by which it can be determined if a technology has 

been successful in destroying or irreversibly transforming POPs waste so that it no longer exhibits 

the characteristics of POPs. DE is represented as the percentage of the original POPs destroyed or 

 
7 Calculated on the basis of the mass of the POP content within the waste, minus the mass of the remaining 
POP content in the gaseous, liquid and solid residues, divided by the mass of the POP content within the 
waste, i.e., DE = (POP content within waste – POP content within gas, liquid and solid residual) / POP content 
within the waste. 
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irreversibly transformed by the technology or technique. A high level of DE is considered to have 

occurred when the original POPs are destroyed to ‘six nines’ or 99.9999%. 

Destruction Removal Efficiency (DRE) only considers emissions to air from a destruction technology 

and is the percentage of original POPs irreversibly transformed and removed from gaseous 

emissions8. This measurement does not assess how much of the original POPs has been transferred 

to fly ash, bottom ash, char, scrubber water or other solid and liquid waste residues from the POPs 

treatment process. In the case of cement kilns co-processing waste, DRE does not measure the 

amount of POPs transferred from the waste to the cement or clinker product.  

Neither DE nor DRE consider unintentionally produced POPs (UPOPs) created during the treatment 

of the POPs waste. Therefore, a treatment technology may destroy the POPs in the POPs waste but 

create and release UPOPs such as polychlorinated dibenzo-p-dioxins and polychlorinated dibenzo-

furans (PCDD/F) to the atmosphere and/or solid and liquid residues of the process. The solid and 

liquid residues therefore require careful assessment and management to ensure that they do 

contribute to further environmental contamination. Certain thermal technologies have been 

identified that generate UPOPs and these include incineration, gasification, pyrolysis and 

metallurgical plants and cement kilns. The full list of UPOPs and their sources are found in Annex C 

of the Stockholm Convention9.  

Non-combustion technologies used to destroy or irreversibly transform POPs do not generate UPOPs 

in the process and, consistent with a precautionary approach to human and environmental 

exposure, should be given priority in the treatment of POPs waste from POPs contaminated sites.  

The inability of DE and DRE to account for the generation of UPOPs from certain thermal 

technologies requires that additional parameters are defined by the Basel Convention General 

technical guidelines on the environmentally sound management of wastes consisting of, containing 

or contaminated with persistent organic pollutants (UNEP 2019) hereafter referred to as the General 

technical guidelines, - to account for UPOPs. These guidelines describe provisional definitions for 

levels of destruction and irreversible transformation, based upon absolute levels (i.e., waste output 

streams of treatment processes) (UNEP 2020). These include: 

• Atmospheric emission limit for dioxins and furans, the most toxic UPOPs, of 0.1 ng TEQ/Nm3 

• Adherence to pertinent national legislation and international rules, standards, and guidelines for 

aqueous and all other atmospheric releases of POPs/UPOPs 

For solid residues, the POPs level should be below the LPCL for each given POP(see Table 1.  

1.5 Pre-treatment of POPs waste and soil 
To increase the efficiency and reduce the cost of treating POPs waste from contaminated sites, it 

may be necessary, where practical, to pre-treat the waste. Pre-treatment may also be necessary to 

create the appropriate form of feedstock (slurry, liquid, solid) for a particular treatment technique or 

to change its chemical composition to allow treatment. Different pre-treatment approaches may be 

taken for soil, sediment, water, organic matter, concrete and demolition rubble, metal and so on. 

Pre-treatment can reduce the volume of waste and soil that may need to be destroyed or cleaned. In 

 
8 Calculated on the basis of the mass of the POP content within the waste, minus the mass of the remaining 
POP content in the gaseous residues (stack emissions), divided by the mass of the POP content within the 
wastes, i.e., DRE = (POP content within waste – POP content within gas residual) / POP content within the 
waste. 
9 http://www.pops.int/TheConvention/Overview/TextoftheConvention/tabid/2232/Default.aspx  

http://www.pops.int/TheConvention/Overview/TextoftheConvention/tabid/2232/Default.aspx
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some situations, the POPs can be separated and removed from the contaminated medium by a 

primary technique. The resulting smaller concentrated quantity of POPs waste or POPs 

contaminated soil can then be destroyed or cleaned by a secondary technique. This arrangement is 

referred to as a treatment train and an example is provided below. Pre-treatment techniques10 for 

POPs waste and soil are detailed in the Basel General Technical Guidelines11 and are summarised 

below. 

a) Adsorption and absorption 

Adsorption involves the separation of a substance (liquid, oil, gas) from one phase and its 

accumulation upon the surface of another (activated carbon, zeolite, silica, etc.). Absorption is the 

process whereby a material transferred from one phase to another interpenetrates the second 

phase; for example, when contaminants are transferred from liquid phase onto Granular Activated 

Carbon (GAC). GAC is widely applied in the removal of organic contaminants in wastewaters due to 

its high surface area, removal efficiency and relatively low cost. Once a POP contaminant has been 

absorbed or adsorbed onto an intermediary material that material should be sent for destruction or 

the POP(s) should undergo irreversible transformation. 

b) Blending 

Blending of wastes can be conducted to create a homogenous feedstock but not to lower the low 

POP content of the waste. Analysis of the waste for POP content should be conducted before 

blending to correctly determine the DE of the destruction technique used on the waste. 

c) Thermal desorption 

Desorption includes direct and indirect thermal desorption at high and low temperatures. Thermal 

desorption utilizes heat to increase the volatility of POPs contaminants such that they can be 

separated from a solid matrix (typically soil, sludge or filter cake but also bricks and concrete rubble) 

and then captured. Indirect Thermal Desorption Units (ITDU) are environmentally preferable as the 

exhaust gases from heating the vessel holding the waste do not come into direct contact with the 

contaminated waste and do not require expensive analysis and scrubbing in the flue gas stage. 

Direct thermal desorbers directly heat the waste resulting in large volumes of exhaust gas becoming 

contaminated with the target POPs or with newly formed UPOPs and require scrubbing before 

release to atmosphere along with regular monitoring to ensure that POPs contaminants have been 

removed from the exhaust gas. 

Thermal desorption processes are also categorized into High Temperature Thermal Desorption 

(HTTD) and Low-Temperature Thermal Desorption (LTTD) processes. In HTTD, wastes are heated 

between 320oC and 550 oC and in LTTD between 90 oC and 350 oC. LTTD is most used on light 

petroleum hydrocarbons most commonly from excavated soils.  

d) Dewatering 

A process in which water is partially removed from the wastes to be treated to reduce the volume/ 

mass of waste or soil sent for final disposal, destruction, or treatment. Dewatering can be employed 

for disposal technologies that are not suitable for aqueous wastes. For example, water will react 

 
10 Further information on pre-treatment can be accessed at Basel technical guidelines on hazardous wastes-
Physico-Chemical Treatment/Biological Treatment. UNEP, 2000a. 
11 Basel Convention (2019) General technical guidelines for the environmentally sound management of wastes 
consisting of, containing or contaminated with persistent organic pollutants (POPs). 
http://www.basel.int/portals/4/basel%20convention/docs/pub/techguid/tg-pops.pdf  

http://www.basel.int/portals/4/basel%20convention/docs/pub/techguid/tg-pops.pdf
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explosively with molten salts or sodium. Depending on the nature of the contaminant, the resulting 

vapours may require condensation or scrubbing and further treatment. 

e) Dismantling/disassembling/demolition 

Dismantling or disassembling or demolition is a pre-treatment in which equipment, components or 

assemblies or buildings/structures are taken apart to separate clean from contaminated materials to 

minimize the volume/mass of (cross) contaminated materials, increase options for reuse, 

refurbishment, recycling, recovery and to minimize the volume/mass of contaminated materials for 

final disposal. 

f) Dissolution 

Pre-treatment by which a waste (liquid, solid or gas) is dissolved into a solvent. 

g) Distillation 

A process that separates a solvent from a mixture by applying thermal energy and vaporising 

components and then condensing that vapour in a subsequent stage. The separation and recovery of 

the solvent reduces the volume of waste sent for final destruction.  

h) Drying 

Drying is a pre-treatment that removes water or a solvent by evaporation from a solid, semi-solid or 

liquid waste to reduce the volume/mass of waste or soil sent for final disposal, destruction, or 

treatment. Convection air drying is most common although vacuum drying can also be used when 

heat is supplied by conduction or radiation (or microwaves), while the vapour produced can be 

removed with a vacuum system.  

i) Mechanical separation  

Mechanical separation can be used to remove larger-sized debris from the waste stream or for 

technologies that may not be suitable for both soils and solid wastes. Screening trommels are often 

used for sizing and separation. 

j)  Membrane filtration 

Membrane filtration is a thin film separation of two or more components in a liquid and is used as an 

option for conventional wastewater treatment. It is a pressure- or vacuum-driven separation process 

in which contaminants may be rejected by an engineered barrier, primarily through a size-exclusion 

mechanism. Different classifications of membrane treatment applicable to POPs include 

nanofiltration and reverse osmosis.  

k) Mixing 

Mixing materials, without blending, prior to waste treatment may be appropriate to enable 

treatment or to optimize treatment efficiency. Mixing waste solely for the purpose of reducing the 

POP contamination below the low POP content is not acceptable. 

l) Oil-water separation 

Some treatment technologies are not suitable for aqueous wastes, while others are not suitable for 

oily wastes. Oil-water separation can be employed in these situations to separate the oily phase 

from the water. Both the water and the oily phase may be contaminated after separation and both 

may require treatment. 
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m)  pH adjustment 

Some treatment technologies are most effective over a defined pH range and in these situations’ 

alkali, acid or CO2 are often used to control pH levels. Some technologies may also require pH 

adjustment as a post-treatment step. 

n) Sedimentation 

Sedimentation is a physical process whereby particles settle by gravity. Chemical agents can be 

added to facilitate the settling process. The sedimentation is deployed when the contaminants are 

attached on a specific fraction of the soil or waste. 

o) Size reduction  

Some technologies can be used to process wastes only within a certain size limit. For example, some 

technologies may be used to handle POP contaminated solid wastes only if they are less than 200 

mm in diameter. Size reduction can be used in these situations to reduce the waste components to a 

defined diameter. Size reduction can include crushing, shearing, and grinding. Other disposal 

technologies require slurries to be prepared prior to injection into the main reactor. It should be 

noted that facilities may become contaminated when reducing the size of POP wastes. Precautions 

should therefore be taken to prevent subsequent contamination of POP-free waste streams. 

p) Solvent washing 

Solvent washing can be used to remove POPs (e.g., PCBs) from electrical equipment such as 

capacitors and transformers. This technology has also been used for the treatment of contaminated 

soil and sorption materials used in adsorption or absorption pre-treatment.  

q) Stabilization and solidification 

Stabilization and solidification are to be used in conjunction for them to be environmentally sound. 

The stabilization of waste refers to the chemical conversion of the hazardous constituents in the 

waste to less soluble, mobile, or toxic materials. The solidification of waste refers to changes in the 

physical properties of the waste to increase its compressive strength, decrease its permeability and 

encapsulate its hazardous constituents. Many waste streams require pre-treatment or special 

additives prior to stabilization and solidification. Applicability trials and durability tests prior to both 

stabilization and solidification are advisable. Stabilization and solidification are used when volumes 

are large, and destruction is not feasible. Stabilization and solidification must be followed by 

containment and monitoring, and aftercare forever. 

r) Vaporization 

The conversion of liquid or solid substances into a gaseous state prior to waste treatment may be 

appropriate in to enable or optimize treatment efficiency. 

s) Volume reduction  

The reduction of waste volume through compression or compaction to make the waste more 

condensed may be appropriate to facilitate waste handling, transport, storage and disposal.   
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2. Remediation techniques for soils and solids. 

2.1 Excavate and treat  
One of the most applied approaches to POPs contaminated sites is to remove or securely store any 

discrete POPs waste (e.g., end of life concentrated product such as packages of pesticide, 

drums/transformers of PCB) for off-site destruction and then to address soil, sediment and 

groundwater issues. Soil may be treated in-situ, excavated, and treated on-site or treated off-site.  

Some POPs treatment technologies can be established to pre-treat and/or treat contaminated soil 

on site following excavation. For example, an Indirect Thermal Desorption Unit (ITDU) may be 

established on-site to extract POPs waste concentrate from soil, rubble, and solids. This greatly 

reduces the amount of POPs waste that requires transport off-site for destruction at a non-

combustion or combustion facility. Techniques such as EcoSPEARS can achieve similar outcomes 

with in-situ sediment decontamination on sites where a contaminated aquatic zone requires 

remediation without re-suspension of PCB in the water column and subsequent biota impacts. 

In other cases, destruction technologies such as Gas Phase Chemical Reduction (GPCR), Mechano-

Chemical Destruction (MCD) or Supercritical Water Oxidation (SCWO) may be configured in 

transportable form and established on a site, which has large volumes of contaminated soil and 

rubble to treat and where it makes economic and social sense to treat the waste on-site.  

Most combustion technologies such as hazardous waste incinerators, solid waste incinerators and 

cement kilns are large-scale off-site fixed plants that require transportation of POPs waste from the 

contaminated sites for destruction. Pre-treatment of waste on site can reduce the volumes and cost 

associated with waste transport and treatment.  

2.1.1 Sampling prior to excavation 

At a minimum, preliminary site sampling, conducted according to the sampling and analysis plan for 

the site, should be undertaken before any major excavation is undertaken. This may constitute 

surface soil and/or water sampling as well as hand-held auger sampling to sub-surface levels. Data 

from the preliminary site sampling should be integrated into the Conceptual Site Model (CSM) and 

an assessment made of the need for additional sampling such as test pits using excavators and 

deeper bore drilling to assess hydrogeological profiles of the site including groundwater flow 

directions. For more complex contaminated sites, all these forms of sampling may be required to 

develop a detailed CSM (see Module 2).  

Test pits (trenches dug by excavators that reveal soil and contamination strata) may be useful for 

assessing the depth and size of hotspots on-site such as former chemical waste pits. It may also 

reveal waste materials that could be challenging or influence the choice of treatment technology 

(e.g., other types of contamination, steel drums, scrapped machinery, etc.). If there is a possibility 

that Unexploded Ordinance (UXOs) may be mixed with wastes at a sub-surface level (e.g., former 

defence force sites, conflict areas) then it may also be prudent to implement scanning with Ground 

Penetrating Radar (GPR) to identify any suspected ordinance and to alert appropriate disposal 

authorities. It can also have the added benefit of identifying buried stockpiles of steel drums on a 

site that may contain waste. Data from GPR can also contribute to the CSM development but has 

limitations especially in heavy textured soil where penetration depth is limited. 

Once sufficient sampling and analytical data has been collected to finalise the CSM, a risk-based 

assessment and a remedial plan can be developed. It is at this point that techniques and 
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technologies for managing and treating in-situ or excavated contaminated soil should be assessed 

and determined. These decisions will, in turn, determine plans for efficient excavation and 

movement of soils (if necessary) for treatment, planning of risk mitigation associated with 

excavation of contaminated soil and development of associated budgets. 

2.1.2 Managing risks of on-site excavation 

Excavation and on-site treatment or stockpiling of bulk contaminated soils or sediments may 

generate significant risks from fugitive emissions, contaminated dust and run off. If the site is in a 

heavily populated area, residents live on the perimeter, or sensitive biotic receptors are at risk, then 

risk mitigation measures may be required both during the excavation and remediation activities.  

One approach is to conduct constant ambient air monitoring at site boundaries for targeted 

contaminant vapours and PM 2.5 and to establish warning levels and action levels using monitoring 

equipment fitted with audible alarms. If the pre-determined warning levels for airborne 

contaminants are exceeded, the alarm sounds and site managers reduce or halt the intensity of site 

activities until the levels return below acceptable limits. If the action levels are exceeded all activity 

is halted and additional measures such as water suppression may be required before the site 

manager decides that it is safe to proceed with further works. 

Dust and particulate management and monitoring may need to be maintained when remedial 

activity is not being conducted (night-time, weekends, and holidays). While dust suppression 

through automated sprinklers may be effective, it can have detrimental effects such as creating 

contaminated run off water if not carefully monitored and managed or create unwanted reactions 

with contaminants or stockpiles. An alternative that has been used is hydro mulching where a 

material like “papier maché” is sprayed with industrial equipment across the site to provide an 

organic mat on the surface that minimises dust and particulate lift off (see Figure 1). This can protect 

residents from fugitive dust while the site is not occupied by workers. Following remediation, 

selected species of seeds can be added to the liquid mulch mix and sprayed on the site surface to 

regenerate vegetation if desired. 

 

Figure 1 Hydro mulching for dust minimisation ( Spray grass, 2020) 

A commonly employed risk reduction measure for dealing with fugitive emissions and particulate 

release during excavation is to establish temporary remediation structures that are big enough for 
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personnel and earth moving equipment to operate inside. The tent-like structure operates under 

negative air pressure to prevent emissions and as clean air is pumped inside, exiting air must pass 

through an activated carbon filter system to scrub contaminants and minimise emissions. The 

benefit of this system is that it reduces or eliminates the requirement for site boundary air 

monitoring equipment, lab analysis of air sampling and the need for complex risk assessment of 

airborne contamination to derive warning and action levels required by a constant ambient air 

quality monitoring system.  

Air monitoring for POPs often involves significant lag time due to laboratory analysis delays. This 

reduces the ability to protect adjacent residents as the lag between a spike in emissions and 

informing those exposed can be days or even weeks. As an alternative to continuous air monitoring 

of fugitive emissions, a contained remediation structure can virtually eliminate airborne risks for off-

site receptors (see Figure 2). 

 

Figure 2 Example of a temporary remediation enclosure (PeroxyChem, 2020) 

2.2 Bioremediation, Phytoremediation and soil reagents 
The techniques described in this section are not destruction technologies for POPs per se but are 

techniques for degrading and lowering POPs levels in soil or restricting their mobility and lessening 

environmental impact. Advances in this sector mean that such techniques may have a significant 

ongoing role to play in the management and remediation of POPs contaminated sites. Major 

advances have been made in bioremediation practices in recent years allowing greater scope of 

implementation at POPs contaminated sites (Sharma et al. 2018).  

A relatively low-cost in-situ method of managing some POPs contaminated soils can be achieved by 

immobilising them (preventing further leaching and spread) with a binding reagent, dehalogenating 

them with soil additives and composting (bioremediation) or reducing concentrations over time 

using plants and enzymes (phytoremediation). Some techniques use binding reagents combined with 

in-situ burial in containment cells lined and capped with a  binding agent. This technique is 

increasingly used with per- and polyfluoroalkyl substances (PFAS) contamination where there is 

currently a lack of technological alternatives for destruction. However, as in the case of landfill, such 

methods should not be prioritised over destruction and irreversible transformation of POPs waste 
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but may represent an intermediate management step until resources are available for further 

treatment.  Some examples of these approaches are a  described below. 

2.2.1 Bioremediation 

Bioremediation is a process in which indigenous or inoculated microorganisms (e.g., fungi, bacteria, 

and other microbes) degrade (metabolize) organic contaminants including PCB in soil, converting 

them to innocuous end products. The use of fungi has proven particularly successful for PCB 

remediation (Kubatova et al. 2001; Juwarkar et al.  2014). Nutrients, oxygen, or other additions may 

be used to enhance bioremediation and contaminant desorption from subsurface materials. This 

process is based on aerobic and anaerobic degradation by microorganisms. Bioremediation 

techniques have been successfully used to remediate soils, contaminated with POP-pesticides. 

Bioremediation is also especially effective for remediating low-level residual contamination in 

conjunction with source removal. Bioremediation can be performed in the following two manners: 

• Bioremediation by in-situ land farming 

• Bioremediation in bio-cells on- or off-site 

Bioremediation by in-situ land farming is based on the creation of sequential anoxic and oxic 

conditions. For example, the process of land farming PCB contaminated soil involves: 

1. Application of organic material as nutrients, a strong oxidiser such as zero valent iron and water 

to create an anoxic environment 

2. Covering the soil with a foil (0.1 mm thick HDPE ) maintaining the anoxic environment 

3. Keeping soil capped to maintain the anoxic condition for 1 to 2 weeks 

4. Removing the cap and tilling the soil to promote oxic conditions 

5. Leaving the soil in an oxic environment for a 5 - 7 days 

6. Representative sampling of the soil and sample analyses  

7. If the desired levels of PCB are not reached, repetition of the anoxic and oxic cycle 

The bioremediation of PCB contaminated soil in a bio-cell is based on the same principles as 

described above: 

1. Excavation of the contaminated soil 

2. Homogenising the contaminated soil 

3. Application of organic material as nutrients, a strong oxidiser such as zero valent iron and water 

to create an anoxic environment 

4. Create a mount or heap 

5. Capping the soil mount with a foil (HDPE of 0.1 mm thick) maintaining the anoxic environment 

6. Keeping the capped soil in the bio-cell under the anoxic condition for 1 to 2 weeks 

7. Removing the cap, spreading, and tilling the soil to promote oxic conditions 

8. Representative sampling of the soil and sample analyses  

9. If the desired levels of POPs are not reached repetition of the anoxic and oxic cycle 

The advantages of bioremediation are that it is: 

• Applicable ex-situ and in-situ 

• Low tech remediation technology 

• Can be applied in remote areas 

• Inexpensive 

The disadvantages of bioremediation are that: 
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• The time required to reach the desired remediation levels is uncertain as the effectiveness 

depends on soil characteristics and site-specific factors 

• The effectiveness reduces when approaching the (low) target levels 

• Biodegradation is slow or potentially impossible in heavy textured soil like clay 

• High concentrations of POPs are likely to be toxic to microorganisms 

• Bioremediation slows at low temperatures 

• The space required to apply is occupied 

• Ex-situ biodegradation processes are often labour intensive 

2.2.2 Daramend (enhanced bioremediation) 

Another reagent material that has been used commercially for select in-situ and ex-situ POPs waste 

soil treatment is Daramend. Daramend has been used on a large scale to treat soils impacted by 

lower concentration Toxaphene, DDT, HCB, Dieldrin, a-HCH, B-HCH, Lindane (US EPA 2010). The 

process has resulted in a 90% reduction in soil concentrations for Toxaphene and DDT at two full-

scale US superfund sites, but results were lower at other pilot scale sites (US EPA 2010). It has not 

been used for PCB or dioxin contaminated sites. The vendor, PeroxyChem,12 claims to have treated 

over 10 million tonnes of soil commercially and the product has been applied in the US, Brazil, 

Canada, and Europe. 

Daramend is an amendment-enhanced bioremediation technology that involves the creation of 

sequential anoxic and oxic conditions. The addition of the DARAMEND® organic amendment, zero 

valent iron, and water stimulates the biological and chemical depletion of oxygen, generating strong 

reducing (anoxic) conditions in the soil matrix. The organic fraction is derived from natural plant 

fibres rich in cellulose and hemicellulose, and therefore serves as a carbon source for microbiological 

consumption. Daramend also provides major, minor, and micronutrients required for rapid microbial 

growth (PeroxyChem 2019). Diffusion of replacement oxygen into the soil matrix is prevented by 

near saturation of the soil pores with water. The depletion of oxygen creates a very low reduction-

oxidation (redox) potential, which promotes dechlorination of organochlorine compounds. 

Daramend is comprised of organic material and reduced metals (typically zero-valent iron particles 

and/or reduced zinc).  

The soil matrix (contaminated soil and the amendments) is left undisturbed for the duration of the 

anoxic phase of the treatment cycle (typically 1 to 2 weeks). In the next (oxic) phase, periodic tilling 

of the soil increases diffusion of oxygen and distribution of irrigation water in the soil. The 

dechlorination products formed during the anoxic degradation process are then removed through 

aerobic (oxic) biodegradation processes, which are initiated and promoted by the air drying and 

tilling of the soil. Addition of the DARAMEND® amendment and the anoxic-oxic cycle continue until 

clean-up goals are achieved (US EPA 2010).  

The blending of amendment material and reagents with contaminated soil can be conducted in-situ 

via rotary tilling to a depth of 0.6 metres and deeper if special equipment is utilised. On site, lined 

treatment cells are usually constructed for the Daramend blending cycle process. 

2.2.3 Phytoremediation 

Phytoremediation is a process that uses plants (trees, shrubs, and grasses) to remove, transfer, 

stabilize, contain, and destroy contaminants in soil. The mechanisms of phytoremediation include 

enhanced rhizosphere biodegradation, phytoextraction (also called phytoaccumulation), phyto-

 
12 http://www.peroxychem.com/markets/environment/soil-and-groundwater/products/daramend-reagent 

http://www.peroxychem.com/markets/environment/soil-and-groundwater/products/daramend-reagent
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degradation, phyto-stabilization and phyto-containment (reduction erosion, leaching and 

groundwater flow). Phytoremediation is applicable for the remediation of soil contaminated with 

metals, pesticides, POPs/ PCB, solvents, mineral oil, and PAHs. Depending on the situation and the 

available vegetation, phytoremediation is effective. Important aspects of selecting a plant to 

phytoremediate POPs contaminated soil is that the selected plant: 

• Is preferably an indigenous plant species 

• Has thorns reducing the accessibility of cattle and people 

• Does not require a lot of maintenance 

• Does not bare edible fruits and leaves 

• Is not used as building material or as firewood. If for instance the wood is meant to be used it 

should be assessed first if the wood contains the contaminant 

The advantages of phytoremediation are that it: 

• Can be applied in-situ and ex-situ 

• Inexpensive 

• Does not consume energy 

• Is easy to implement and maintain 

• Socially acceptable 

• Captures CO2  

• Is providing habitat for flora and fauna 

• Is providing limited recreation opportunities 

• Can be applied in remote areas 

The disadvantages of phytoremediation are that: 

• The time required to reach the desired remediation levels is uncertain as the effectiveness 

depends on soil characteristics and site-specific factors 

• The effectiveness reduces when approaching the (low) target levels 

• The area under phytoremediation has restricted land-use 

• The ecological risks are not taken away and may even increase as the plot provides habitat for 

flora and fauna 

• The depth of the treatment zone is determined by the roots of the plants 

• High concentrations of hazardous materials can be toxic to plants 

• The effect may be seasonal, depending on location/ climate 

• It can transfer contamination across media, e.g., from soil to air 

• The toxicity and bioavailability of biodegradation products is not always known 

• Contaminants may be mobilized into groundwater or may bioaccumulate in animals 

• It needs monitoring and after care 

 
2.2.4 Soil reagents  

Rembind by Ziltek13 is a soil additive binding reagent that can treat TPH, PAH, PFAS, PCB, PCP, PFAS 

as well as mercury, arsenic, chromium, and some pesticides. It has been used on contaminated site 

remediation in the US, Europe, and Australia.  For sites with mixed contaminants in addition to POPs, 

this may provide broader management options. Rembind is a powdered reagent that binds and 

immobilises contaminants in soil preventing leaching and bioavailability. Blending the contaminated 

soil in-situ with conventional soil blending equipment using around 5% by weight of Rembind leads 

 
13 https://ziltek.com/ 

https://ziltek.com/
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to full binding within 24 hours. Rembind is a combination of activated carbon, aluminium hydroxide 

(amorphous), Kaolin clay and other proprietary additives (Ziltek 2009). 

Rembind was developed by the Australian Commonwealth Scientific and Industrial Research 

Organisation (CSIRO) and utilises two primary modes of action: 

1) The activated carbon component binds to organic compounds through adsorption, where the 

organic molecules adhere to the surface of the activated carbon through physical attraction 

forces. The exact mechanism of action depends on the type of molecule in question, but the 

adsorption process mainly involves Van der Waals forces but can also involve covalent bonding 

and/or electrostatic attraction. 

2) The aluminium hydroxide component of Rembind is in an amorphous form, which means it lacks 

a rigid crystalline structure. This results in an irregular, charged, and relatively large internal 

surface area, which renders it suitable for binding a range of compounds(Ziltek 2009). 

Testing of the immobilisation effectiveness is by leachate procedure analysis. Rembind has been 

assessed in Australian National Association of Testing Authorities accredited laboratories using both 

the mild Toxicity Characteristic Leaching Procedure and the more aggressive Multiple Extraction 

Procedure based on US Environmental Protection Agency Method 1320. This method simulates 

1,000 years of stability in acid rain conditions in an improperly designed sanitary landfill situation. 

Rembind also has applications for PFAS contaminated wastewater as a batch treatment technique 

where the product is generally added at 0.2% to 1%, stirred for 1 hour, and then separated having 

adsorbed the contaminants. For groundwater treatment of PFAS, a version of Rembind can be added 

to Permeable Reactive Barriers (PRB) placed in the path of contaminated groundwater flows. 
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3. Technologies and techniques for POPs destruction at 
contaminated sites 

There is a range of commercially available technologies that have been developed to destroy or 

transform POPs.  Some technologies have been developed only to treat specific POPs while others 

can theoretically14 treat all POPs to high destruction efficiencies. In certain instances, a POP will have 

characteristics that make it extremely difficult to destroy. As new POPs are added to Annex A of the 

Stockholm Convention there can be a lag time in the commercial development of technologies to 

destroy them, particularly if the chemical composition of a newly listed POP is significantly different 

to those previously listed. The fluorinated POP compounds such as PFOS and PFAS fall into this 

category and are discussed further below. 

In selecting technologies to destroy concentrated POPs waste from contaminated sites, three 

principal requirements should be met. 

1) The technology should be applicable to concentrated POPs stockpiles 

2) Complete and efficient destruction of POPs must be ensured 

3) It should be guaranteed that no new POPs are formed and released (UNIDO 2007) 

Treatment of large volumes of soil or other environmental media may require multi-step processes 

to extract and concentrate POPs and then apply the requirements above for final destruction of 

POPs. 

Technologies to destroy POPs waste and POPs contaminated soil (see for a list with applicable 

technologies (Table 2) fall into two categories: (1)Combustion technologies, and (2) Non- 

combustion technologies.  

Combustion is defined as “A chemical reaction in which a substance reacts rapidly with oxygen with 
the production of heat and light. Such reactions are often free-radical chain reactions, which can 
usually be summarized as the oxidation of carbon to form its oxides and the oxidation of hydrogen to 
form water” (Oxford University Press 1999). 
 
In practical terms combustion technologies are municipal waste incinerators, hazardous waste 

incinerators, pyrolysis and gasification units, rotary kilns, furnaces, boilers and cement kilns (co-

processing of POPs waste). Waste incineration is a commonly used method of POPs waste treatment 

in industrialised countries and the market is highly commercialised with significant competition 

between vendors. The economics generated by the competition within the incineration market has 

led to routine POPs waste treatment by incineration within those countries. Combustion 

technologies including incinerators, co-processing in cement kilns and metallurgical plants are listed 

in the Annex C of the Stockholm Convention as known sources of UPOPs including dioxins and 

furans.   

 
14 Experts advising the Basel Convention on the review of the General Technical Guidelines on the 
environmentally sound management of wastes consisting of, containing or contaminated with persistent 
organic pollutants, employed a  principle of extrapolation to deem that technology that has demonstrated 
data to destroy or transform most POPs has the ability to do so with all POPs. While this may apply to 
chlorinated and brominated POPs but there is significant doubt whether this applies to fluorinated POPs such 
as PFOA and PFOS in the case of thermal technologies such as hazardous waste incineration and cement kiln 
co-incineration. Both fluorinated POPs are designed to be highly resistant to thermal degradation and may not 
be fully destroyed in these processes resulting in PFOS/PFOA emissions.         
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Therefore, incinerators in industrialised countries are required to meet local regulatory threshold 

levels for emissions including dioxins and furans. However, other chemicals exhibiting the toxicity 

characteristics of POPs such as polybrominated dibenzo-p-dioxins and dibenzofurans (PBDD/F) and 

dioxin like PCBs (DL-PCBs) are also present in the emissions and solid residues (fly ashes and bottom 

ashes) of incineration and some other combustion technologies (Wang et al. 2009; Tu et al. 2011). 

These compounds are not regulated under the Stockholm Convention and rarely monitored in 

incinerator emissions or residues by national authorities.  

Concern over the tendency for combustion facilities, such as incineration to release UPOPs, led to 

the development of Best Available Technique and Best Environmental Practice (BAT and BEP) 

provisions under the Stockholm Convention. These guidance documents have been developed to 

support operators, regulators and approval authorities in ensuring all possible measures are taken to 

reduce UPOPs emissions from source facilities15. However, it is acknowledged that in spite of 

application of BAT BEP, UPOPs may still be emitted from source category facilities.  

In addition to optimal operating conditions, a significant part of BAT and BEP guidance refers to Air 

Pollution Control (APC) equipment that should be installed to meet BAT and BEP requirements. The 

APC equipment for the filtration of flue gases results in the capture of UPOPs in solid waste and, to a 

lesser extent liquid waste (when wet scrubbers are fitted), of the filtration system. The scrubber 

residues such as filter cake and fly ash therefore have elevated concentrations of POPs and must be 

treated as hazardous waste. Bottom ash also contains UPOPs at lower concentrations along with 

heavy metals. Brominated dioxins have also been found at elevated levels in bottom ash (Wang et al.  

2009; Tu et al. 2011).   Disposal, treatment and storage of this UPOP contaminated waste following 

incineration is capital intensive and has potential to cause environmental harm through food web 

magnification. These factors should be assessed in any multi-criteria analysis of sustainable remedial 

options for a site. 

Control of UPOPs emissions in combustion technologies by BAT and BEP application leads to POPs 

contaminated solid residues. Even with BAT and BET implementation an incinerator can still 

generate elevated UPOPs emissions during ‘Other Than Normal Operating Conditions’ (OTNOC) such 

as start-up shut down, structural bypass, system cleaning and ‘flashing’ of the stack (Arkenbout 

2018). For the many incinerators and other combustion technologies operating without BAT and BEP 

globally, UPOPs emissions remain a significant problem.  

These issues have been considered by the Stockholm Convention and consequently the text that 

urges parties to consider alternative technologies that do not generate further POPs or UPOPs.  

Specifically, in the general guidance on BAT and BEP it is recommended that, “When considering 

proposals to construct new facilities or significantly modify existing facilities using processes that 

release ... [dioxins/furans] ..., priority consideration should be given to alternative processes, 

techniques or practices that have similar usefulness but which avoid the formation and release of 

such chemicals“ (Annex C, Part V, B. (b)). 

Alternative processes, techniques or practices which avoid formation of UPOPs include a group or 

technologies known as ‘non-combustion technologies’ or ‘alternative technologies’ and are 

described below.  

 
15 Available at 
http://chm.pops.int/Implementation/BATandBEP/BATBEPGuidelinesArticle5/tabid/187/Default.aspx 

http://chm.pops.int/Implementation/BATandBEP/BATBEPGuidelinesArticle5/tabid/187/Default.aspx
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The General Technical Guidelines16 provides a summary of some of these technologies and the POPs 

waste that they can treat. Not all technologies are included here (e.g. bioremediation, ball milling, 

etc.) but the guidelines only consider high concentration POPs waste. 

Table 2 Technologies for POPs Waste destruction (UNEP 2020)  

Technology POPs 

 HBB HBCD HCB 
HCBD 
And  
PeCB 

PCB PCDDs/ 
PCDFs 

PCN PCP Pesticide 
POPs 

PFOS 
PFOA 

POP-
BDEs 

SCCPs 

(a) Alkali metal 
reduction 

ND* ND ND Yes ND ND ND Yes for 
Chlordane, 
HCH 

ND ND ND 

(b) Advanced solid 
waste incineration 
(ASWT) 

ND Yes ND ND ND ND Yes ND ND Yes Yes 

(c) Base catalyzed 
decomposition 
(BCD) 

ND ND ND Yes Yes ND Yes Yes ND ND ND 

(d) Catalytic 
hydrodechlorination 
(CHD) 

ND ND ND Yes Yes ND ND ND ND ND ND 

(e) Cement kiln co-
incineration 

Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 

(f) Gas phase 
chemical reduction 
(GPCR) 

Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 

(g) Hazardous waste 
incineration 

Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 

(h) Plasma arc ND ND ND Yes ND ND ND Yes, for 
most 
pesticides 
including 
chlordane, 
chlordecone, 
DDT, 
endosulfan, 
heptachlor 

ND ND ND 

(i) Plasma melting 
decomposition 
method (PMD) 

ND ND ND Yes ND ND ND ND ND ND ND 

(j) Supercritical 
waster oxidation 
(SCWO) and 
subcritical water 
oxidation 

Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 

(k) Thermal and 
metallurgical 
production of 
metals 

ND ND ND ND Yes ND ND ND ND Yes ND 

ND = not determined. 

3.1 Non-combustion technologies 

3.1.1 Ball Milling (mechanochemical destruction/mechanochemical dehalogenation) 
Three vendors have developed pilot and commercial versions of this technology. Environmental 

Decontamination Limited17 (EDL) is a New Zealand based company operating in Asia and Europe 

using the mechanochemical destruction (MCD) process. Tribochem, Germany, operates a similar 

technology on the same principles  named the Dehalogenation by Mechanochemical Reaction 

 
16 Revised draft of December 2019 – based on document UNEP/CHW.14/7/Add.1/Rev.1 
17 https://edl-europe.com/technology/  

https://edl-europe.com/technology/


BAT/BEP Guidance for POPs contaminated sites 

23  BAT/BEP Group of Experts, 2021 
 

(DMCR) process (Birke and Brodowski 2002)18. ‘Radical Planet Technology’ Japan  has been used for 

commercial PCB destruction (US EPA 2005, Shimme et al. 2008). Currently, only EDL is engaged in 

commercial contaminated site remediation activities. Table 3 provides the essential characteristics 

of the ball milling process used by these providers. 

The basic principles of ball milling involve the high-energy agitation of steel balls within an enclosed 

steel vessel filled with contaminated media (such as soil) and the addition of reagents. Fine tuning of 

parameters such as the length and frequency of agitation, type and concentration of reagent are 

necessary to achieve full mineralisation of chlorinated POPs or dehalogenation of brominated and 

fluorinated POPs.  Milling is conducted in a solid phase at modest temperatures and pressures 

without solvents. Co-reagents can include alkali earth oxides and metals, quartz or a combination 

thereof. The product of treatment is carbon, carbon dioxide, water, and inorganic halides (Cagnetta 

et al. 2016a). The major operating cost is the energy use of the system as the plant does not require 

hazardous solvent or other chemical inputs or any form of flue gas scrubbing. The process does not 

generate UPOPs under normal POPs treatment conditions but has been shown to reform dioxins 

when treating secondary copper smelting fly ash (Cagnetta et al. 2016b).  

Reagents fall into 4 main categories: 

1. Reducing agents, which are principally zero-valent metals and metal hydrides 

2. Lewis bases such as metal oxides, especially alkali and alkali earth oxides e.g., CaO 

3. Neutral species such as quartz (SiO2) and alumina (Al2O3) 

4. Oxidizing agents such as manganese dioxide (Cagnetta et al. 2016b) 

The advantage of ball milling systems using these reagents is that they are generally not hazardous, 

are relatively inexpensive and widely available making them attractive for remediation use in 

developing countries and countries in economic transition. An additional attraction is the 

transportability of the small-scale ball milling machines, such as the EDL models, which can be 

operated in-situ at contaminated sites and scaled up to increase throughput.  

Pre-treatment of contaminated matrices may involve pre-crushing to optimum 10mm input, 

moisture reduction to less than 2% and magnetic removal of metal debris from highly disturbed 

sites. 

Table 3. Throughput, feed rates and energy consumption of mechanochemical technologies. 

Essential characteristics of existing pilot/full-scale mechanochemical technologies. 

Company Technology Milling device 
type 

Throughput Maximum feed Energy 
Requirement 

Environmental 
Decontamination Ltd., New 
Zealand www.edl-asia.com 

Mechano-Chemical 
Destruction, MCDTM 

Stirred ball mill Continuous 15 t/h 75 kWh/t 

Radical Planet Research 
Institute Co. Ltd., Japan 
www.radicalplanet.co.jp 

Radical planet 
technology 

Planetary ball 
mill 

Batch 200 kg 540 kW 

Tribochem.de, Germany 
www.tribochem.de 

Dehalogenation by 
MechanoChemical 
Reaction (DMCR) 

Vibrational mill Batch/Continuous 1 t/h 160 kWa 

a Retrieved from Siebtechnick GmbH webite, www.siebtechnik-gmbh.de. 

 

The EDL process was initially used for a large-scale contaminated site remediation in New Zealand in 

2004 at Mapua where 8,650 m3 of soil, heavily contaminated with Lindane, DDT, Dieldrin, and Aldrin, 

 
18 http://www.tribochem.de/ 

http://www.tribochem.de/
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was treated allowing the site to be used for recreational and residential purposes within regulatory 

soil guideline values. The process has also been used to treat dioxin and PCB contaminated soil in the 

US, Japan,   and the Netherlands. Since 2012, the company has been engaged in a project to 

remediate a site in Bien Hoa, Vietnam. The site was a former US Air Force base during the Vietnam 

War, which stored large quantities of dioxin contaminated defoliant (Agent Orange) leading to soil 

and groundwater contamination. The UNEP-GEF funded pilot resulted in the successful treatment of 

150 tonnes of soil with high dioxin concentrations.  

Pilot trials at the site saw dioxin levels in soils reduced by close to 99%, although optimising 

destruction parameters (adjusting reagent ratios) was impacted by lab turn-around times19 (see 

Table 4). 

Table 4. Reduction of POPs levels in dioxin contaminated soils at Bien Hoa Vietnam by EDL MCD 

process 

Contaminant 
Untreated Concentration  

(ng/kg TEQ) 
Treated Concentration  

(ng/kg TEQ) 
Percent Reduction 

(%) 

PCDD/Fa 28,500 338 98.8 

Dioxin-like PCBsb 15.9 0.41 97.4 

 

3.1.2. Gas Phase Chemical Reduction (GPCR)  
The GPCR process20  involves the thermochemical reduction of organic compounds. At temperatures 

greater than 850 °C and at low pressures, hydrogen reacts with chlorinated organic compounds to 

yield primarily methane, hydrogen, hydrogen chloride (if the waste is chlorinated), and minor 

amounts of low molecular weight hydrocarbons (benzene and ethylene). The hydrochloric acid is 

neutralized through the addition of caustic soda during the initial cooling of the process gas or can 

be taken off in acid form for reuse. The GPCR technology can be broken down into three basic 

operational units: a front-end system (where the contaminants are transformed into a suitable form 

for destruction in the reactor), a reactor (which reduces the contaminants, at this stage in gas phase, 

using hydrogen and steam), and a gas scrubbing and compression system. 

Destruction efficiencies of 99.9999 % have been reported for DDT, HCB, PCBs, PCDD and PCDF 

(Kümmling et al. 2001; Kümmling et al. 2002; CMPS&F 1997; Rahuman et al. 2000). DEs of more than 

99.999 % have been reported for PCBs andPCDD contained in waste oils (UNEP, 2000), as well as DE 

above 99.9999 % for HCB and chlorobenzenes (Kümmling et al., 2002, Arnold 2003) (see Table 5). 

Table 5. Performance of GPCR in full-scale plants 

Site Location Period POP 
Quantity of 
Soil Treated 

Scale 
Destruction 
Efficiency 

Kwinana 
Commercial 
Operations 

Australia 
1995 to 

2000 

PCBs 
2,000 tonnes 
(2,200 tons) 

Full 
> 99.9999% 

DDT > 99.9999% 

Kwinana Hex Waste 
Trials 

Australia April 1999 HCB 
8 tonnes 
(9 tons) 

Full > 99.9999% 

General Motors of 
Canada Limited 

Canada 
1996 to 

1997 

PCB 1,000 tonnes 
(1,100 tons) 

Full 
> 99.99999% 

Dioxins > 99.9995% 

 

GPCR is an ex-situ technology used for the treatment of high strength POP wastes and operates in 
two stages. In the first stage, contaminated soil is heated in a Thermal Reduction Batch Processor 

 
19 EDL (2018) Technology Factsheet: Mechano-Chemical Destruction (MCDTM) 

20 The process can also be called hydrogenation (European Commission, 2017). 
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(TRBP) in the absence of oxygen to temperatures around 600oC. At high temperature, the organic 
compounds desorb from the solid matrix and enter the gas phase. The treated soil can cool prior to 
its appropriate disposal on or off site. The thermal reduction batch processor can also be used for 
bulk solids other than soil, including drums, electrical equipment, drummed waste, wood pallets, 
concrete, rubble, and miscellaneous solids. This allows for comprehensive decontamination of sites 
where demolished structures, dismantled processing equipment and used personal protective 
equipment may also require decontamination. 
 
In the second stage, the desorbed gaseous-phase contaminants pass to a GPCR™ reactor, where 
they react with introduced hydrogen gas at temperatures ranging from 850 to 900oC. This reaction 
converts organic contaminants into primarily methane, water and hydrogen. Acid gases, such as 
hydrogen chloride, may also be produced when chlorinated organic contaminants are present. The 
gases produced in the second stage are scrubbed by caustic scrubber towers to cool the gases, 
neutralize acids, and remove fine particulates. The off-gas exiting the scrubber is rich in methane 
and is collected and stored for reuse as fuel. Methane is also used to generate hydrogen in a 

catalysed high-temperature reaction. Spent scrubber water is treated by granular activated carbon 
filters prior to discharge via standard wastewater systems (US EPA 2010). To assure the complete 
dechlorination of POPs an on-line mass spectrometer is provided, which can divert all gases into the 
recirculation mode. Following the scrubbing step, the resulting mixture of gases, which is rich in 
methane, propane and hydrogen can be recirculated entirely or partially, and a fraction of the gas 
can be used as fuel in the system boiler (UNIDO 2007). Figures 3 shows a GPCR configured for 
contaminated soil treatment. Figures 4 and 5 are photographs of a full-scale GPCR operation. Figure 
6 depicts a scheme of a GPCR operating system. 
 
GPCR has operated at pilot and commercial scale in a range of locations and has treated a large 

range of halogenated wastes to a high DE and DRE including fluorinated compounds (see Table 6). 

Table 6. GPCR destruction tests on halogenated compounds (Source D. Hallett) 

Project Contaminant 
Destruction and 

Removal Efficiency (%) 
Target Criteria 

(%) 

US EPA – Bay City (oily water – 3 tests) PCBs 99.9999 99.9999 

US EPA – Bay City (oil – 3 tests) PCBs 99.9999 99.9999 

General Motors Canada Limited (PCB Oil – 
3 tests) 

PCBs 99.9999996 99.9999 

PCBs 99.9999985 99.9999 

PCBs 99.9999808 99.9999 

PCB Oil (Kwinana Regulatory Testing) PCBs 99.999998 99.9999 

DDT in Toluene (Kwinana Regulatory 
Testing) 

DDT 99.999984 99.9999 

PCB Oil (Japanese Regulatory Testing) PCBs 99.99998098 99.9999 

PCBs 99.99999977 99.9999 

HCB Treatment Trials (HCB crystals – 3 
tests) 

HCB 99.999999 99.9999 

HCB 99.999999 99.9999 

HCB 99.99999 99.9999 

Refrigerant Treatment (CFC R-12 – 1 test) Dichlorodifluoromethane > 99.999 99.99 
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Figure 3 GPCR configured for contaminated soil treatment. (Source D. Hallett) 

 

Figure 4 Thermal Reduction Batch Processor (TRBP) of GPCR system (Source D. Hallett) 
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Figure 5 GPCR operating in 24-hour, 7-day cycle for high strength PCB oil/waste (Source D. Hallett Kwinana Australia 1999) 

 

Figure 6 GPCR operating schematic (Source D. Hallett) 

While the GPCR process uses hydrogen under pressure to break down POPs it also generates 

hydrogen and methane as part of the process. According to the vendor and designer of the 

technology, Hallett Environmental and Technology Group Inc., the third-generation version of the 

technology is designed to export surplus hydrogen generated during the process for use as a fuel21. 

Methane can also be generated for this purpose. The first generation of the technology was used in 

Kwinana, Australia to destroy around 2000 tonnes of PCB waste in the late 1990s (IHPA 2002).  A 

pilot plant using the GPCR technology is currently (2020) being developed in Ontario Canada to treat 

Brominated Flame Retardant (BFR) contaminated Auto Shredder Residue (ASR), POPs impacted 

plastics and other wastes. Operating under a new patent this version of the technology is known as 

Hydrogen Reduction. The cost of establishing a 50 tonnes per day throughput plant for ASR is 

currently in the order of USD 18 million and a full commercial scale POPs destruction unit would cost 

approximately USD 50 million.22  

 
21 Pers comm D. Hallett (GPCR technology developer), September 2019 
22 ibid 2019 
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3.1.3 Supercritical Water Oxidation (SCWO) and industrial Supercritical Water 

Oxidation (iSCWO) 
Both supercritical and subcritical water oxidation systems have been developed by several 

companies over the last 30 years and some have substantial commercial experience in destroying 

POPs such as PCB. The technologies share similar principles of destruction of organics using an 

oxidant agent such as hydrogen peroxide, oxygen or nitrite (Marrone et al., 2013). The term 

‘supercritical’ refers to the state of water just prior to its phase change from liquid to gas under heat 

and pressure (e.g. 374.15°C, 22.1 MPa). Subcritical water refers to the state of water just below its 

critical level (e.g. 370 °C and 262 atmospheres) (Abeln et al., 2001). In this state, organic materials 

can be rapidly oxidised and decomposed. For destruction of PCB, typical reaction conditions are 

temperature 400 - 500o C and 246.7 atmospheres, with a reaction time of 1 - 5 mins (Kim et al., 

2010). Figure 7 provides a graph of the different stages of water under different atmospheric 

pressures and temperatures. 

 

 

Figure 7 Parameters for SuperCritical water (Laboureur et al 2015  

SuperCritical systems generally inject the waste along with water and oxygen into a column; mixed, 

heated and compressed to the point of supercriticality. The system is totally enclosed. The 

properties of the water in this phase have elevated molecular kinematic energy that is highly 

reactive and when combined with oxygen, can oxidize, and destroy organic waste. The outputs of 

the reaction are nitrogen, water, and carbon dioxide. The destruction of chlorinated POPs results in 

an output of elevated hydrochloric acid. The highly acidic environment this generates requires the 

structural equipment of the process vessels to be corrosion-resistant, using titanium alloys in 

combination with anti-corrosive additives such as sodium carbonate. The process is not suited to 

bulk solids but can treat aqueous wastes, oils, solvents, slurries, and solids with a diameter less than 

200 μm. SCWO treatment of solid wastes after they have been ground into a fine slurry has been 

demonstrated using feed materials containing up to 25 percent suspended solids (US EPA 2010). 

Earlier versions of the technology were prone to corrosion and salt plugging but this has been 

resolved with the use of corrosion-resistant materials (UNIDO 2007). 

In the context of POPs contaminated sites, SCWO has usually been operated in an ex-situ mode with 

POPs having been removed from contaminated soils by desorption or similar methods or, in the case 
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of high strength powdered matrices ground and reduced to a slurry, before being fed into the 

reactor. 

The longest established plant is operated in Japan by the Japan Environmental Safety Corporation 

(JESCO) for PCB destruction, with a capacity of 2000 kg of PCB per day (Marrone et al. 2013). While 

costs can vary significantly due to the capacity and type of SCWO developed, a study by Aki et al. 

(1998) found that destruction of hazardous waste from the petrochemical industry could be 

achieved at significantly lower costs by implementing SCWO rather than by using incineration. 

Installation costs were 15% less expensive and running costs for SCWO were only around 10% of the 

costs of incineration of hazardous liquids. In 2020, SCWO is used extensively by the US military for 

destruction of hazardous wastes and chemical weapons, including mobile ship-based units.  

Marrone et al. (2013) summarized a comprehensive review of the global state of SCWO, notes that 

“SCWO technology commercialization remains an area of great interest and activity.” The main 

advantages of SCWO are very low emissions, low costs, high DE, and low associated resources 

(catalysts) for operation in remote locations.  

One vendor, General Atomics23 has developed a relatively high throughput feed model designed for 

general industrial hazardous wastes as well as non-hazardous waste. Their technology is referred to 

as Industrial Supercritical Water Oxidation or iSCWO (Figure 8). A GEF funded project to treat large 

stockpiles of DDT waste at a contaminated site in Tajikistan and the Kyrgyz Republic is currently 

planned using the technology.  

The General Atomics iSCWO operates using air  pumped into the reactor vessel pressurised to 218 

atmospheres and then heated to 650o C. Water is pumped in and as the liquid flows into the reactor 

vessel pre-ignition is activated. Water is heated and pressurised above the thermodynamic critical 

point of 650o C and 231.9 atmospheres. When the stable critical point is reached, organic waste 

mixed with quench water24 and if required sodium hydroxide is added. The supercritical conditions 

render organic materials, oxidation reactants and oxidation products miscible in water and they are 

destroyed. Remaining liquid is then discharged through a pressure let down to atmospheric 

conditions. 

 

Figure 8 Schematic of iSCWO (General Atomics 2020) 

 
23 https://www.ga.com/hazardous-waste-destruction  
24 Quench water is used to cool and condense the supercritical fluid mixture. 

https://www.ga.com/hazardous-waste-destruction
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The liquid and gas waste products from the process consist of carbon dioxide, water and depending 

on the waste feed, salts and/or metallic oxides. Steam is vented to atmosphere. The are no 

particulates released or pollution abatement filters required. Clean water is produced requiring no 

pre-treatment to dispose to sewer, though, elevated salinity and metal oxides limit the use of the 

effluent water. 

3.1.4 Base catalysed decomposition (BCD) 
Base Catalysed Decomposition (BCD) is an ex-situ technology and has been used for destruction of 

PCB and treatment of soil contaminated with high concentrations of PCB. BCD was developed jointly 

between the US Navy and the US Environmental Protection Authority to decontaminate liquids, 

soils, sludge, and sediments contaminated with chlorinated organic compounds, especially PCB, 

dioxins, and furans. The BCD process has received approval by EPA’s Office of Toxic Substances 

under the TSCA10 for PCB treatment (UNIDO 2007). The technology patent was then passed on to 

developers and held by BCD Group USA and licensed to operate in the US, Australia, New Zealand, 

Mexico, Japan, Spain, and the Czech Republic. 

At higher soil concentration levels, a pre-treatment step such as use of an indirect thermal 

desorption unit may be necessary to reduce bulk material to treatable, concentrated volumes. 

Contaminated soil and alkali (e.g., sodium bicarbonate) are mixed and heated to a range of 315oC - 

500oC to allow the evaporation of the halogenated compounds. The volatilised contaminants are 

sent to a second stage condenser. The resulting concentrate is then subject to the BCD process.  

The BCD process consists of mixing the POPs concentrate waste in a reactor vessel with a reagent 

mixture consisting of hydrogen-donor oil, alkali metal hydroxide, and a proprietary catalyst. After 

heating the mix to 326oC, for between 3-6 hours highly reactive atomic hydrogen is created and 

under exothermic conditions, the hydrogen splits from the donor oil and hydrogenates the bonded 

chlorine of the POPs (assuming chlorinated POPs). In combination with a proprietary reagent, the 

reaction results in water vapour and sodium chloride. Following assessment of the reaction, the oil 

and sludge are dumped from the reactor and the oil can be recycled into the next batch process. The 

sludge can be neutralized for landfilling or used for treating acidic wastewater (UNIDO 2007). 

Modular, transportable, and fixed BCD plants have been built. Throughput capacity for the 

desorption stage differs according to application and ranges between 100 kg/hr and 20 tons/hr 

(STAP GEF 2004). BCD reactors are limited by solid contents in the reactor waste and usually treat 1-

3 tons per batch and 2-4 batches per day. High destruction efficiencies (99.9999%) have been 

demonstrated for DDT, PCB, PCP, HCB, HCH, and dioxins and furans (PCDD/F). Emissions are very 

low, as for most batch reactors and indirect desorption units. The total mass of emitted off-gas is 

orders of magnitude smaller than incinerators or similar directly fired desorption units (STAP GEF 

2004). This technology has been demonstrated to treat both high strength POPs and large 

throughputs of contaminated soil, including heavily contaminated dioxin-impacted soil in Spolana, 

Czech Republic (UNEP Expert Group BAT/BEP 2006). The relatively low costs of additives (sodium 

hydroxide is the major input cost) make this a suitable technology for application in most developing 

countries. 

Prior to thermal desorption of POPs from contaminated media, other pre-treatment steps may be 

required such as reduction of moisture levels and adjustment of pH, crushing of larger rubble and 

soil materials to a small diameter. Wet sludges must also be dewatered prior to treatment. Volatile 

solvents should be removed from contaminated media by distillation prior to treatment (e.g., 

pesticides with solvent carriers) (CMPS&F – Environment Australia 1997). 
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3.1.5 Catalytic hydrogenation25 (CHD) 
The Hydrodec system was a technology developed by the Commonwealth Scientific and Industrial 

Research Organisation (CSIRO) in Australia for the refurbishment of transformer oil and 

simultaneous destruction of PCB and was originally known as catalytic hydrogenation. The company 

“Hydrodec” was established in 2004 and commenced operations in Australia. The Australian plant 

currently processes 6.5 million litres of oil a year and the US plant 45 million litres per year (Figure 9 

Hydrodec plant, Canton Ohio, USA). A similar process in Japan can treat 2 tons per day of pure PCB 

with DE of ~99.9996-99.9999% (Vijgen 2008). 

According to the Australian technology developers, the Hydrodec process is based on the mild 

hydrogenation of spent oil in a packed bed catalytic reactor (hydrogen gas and palladium on carbon 

(Pd/C) catalyst dispersed in the paraffin oil), operating at moderate temperatures and pressures 

(Duffy and Fookes 1997). Under process conditions, hydrogen reacts with heteroatoms in the oil 

itself, and with any organochlorines present. Noble metal catalysts are effective but are known to be 

easily poisoned by contaminants such as sulphur in the oil. Hydrodec developers overcame this issue 

by using a proprietary additive that scavenges the hydrogen chloride and ensures that the 

hydrochloric acid produced does not lead to degradation of the catalyst, which reduces hydrocarbon 

cracking reactions on the surface of the catalyst. After a program of catalyst and process 

optimization, it was possible to keep the hydrocarbon structure of transformer oil essentially 

unchanged, while achieving better than 99.999% destruction of PCB (Duffy and Fookes 1997).  

 

Figure 9 Hydrodec plant, Canton Ohio, USA (Hydrodec 2020) 

Table 7 Destruction efficiency of CHD process (Duffy and Fookes 1997) 

Compound 
Feed Concentration 

(mg/kg) 
Product Concentration 

(mg/kg) 
Destruction Efficiency 

(%) 

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 

 

 
25 Also referred to as Catalytic Hydro-Dechlorination 
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While the commercial application for the process is PCB destruction and PCB-free transformer oil 

rejuvenation, it has been trialled on a range of POPs (see Table 7) with high DE results and is 

considered applicable to most POPs in liquid form. In the context of contaminated sites, the POPs 

would need to be removed from the contaminated matrices via pre-treatment before 

dehalogenation in the CHD unit. 

3.1.6 Alkali Metal Reduction (Sodium Reduction) 
Alkali metal reduction involves the treatment of wastes where dispersed alkali metal reacts with 

chlorine atoms contained in the chlorinated compounds of halogenated waste to produce salts and 

non‑halogenated waste. Typically, the process operates at atmospheric pressure and temperatures 

between 60°C and 180°C (Ariizumi, Otsuka et al. 1997). Treatment can take place either in-situ (e.g., 

PCB‑contaminated transformers) or ex-situ in a reaction vessel. There are several variations of this 

process (Piersol 1989). Although potassium and potassium-sodium alloy have been used, metallic 

sodium is the most used reducing agent. The process must avoid the formation of a polymer (which 

occurs in one or two of the technologies identified) or must take the formation of such this solid into 

account and introduce a separation step to yield the pure reusable oil. 

In the context of contaminated sites this technology can be used to treat stockpiles, electrical 

transformers containing PCB oils and to treat PCBs directly once extracted from solid matrices in a 

pre-treatment step. 

Ex-situ treatment of PCBs can be performed, however, following solvent extraction of PCBs. 

Treatment of whole capacitors and transformers can be carried out following size reduction through 

shearing. Pre-treatment should include dewatering by phase separation, evaporation, or another 

method to avoid explosive reactions with metallic sodium (UNIDO, 1987). Equipment should be 

washed with organic solvents. Similarly, the POPs that are solid or in the adsorbed state would need 

to be dissolved to the required concentration or extracted from matrices (Piersol 1989, UNEP 2004). 

The process is available in transportable and fixed configurations (UNEP 2000) (see Figure 10). 

Mobile facilities can treat 15,000 litres per day of PCBs transformer oil (UNEP 2000). The 

decontaminated oil can be reused. The residues of the process are sodium chloride and can either 

be reused or disposed of in a landfill and the solidified polymer can be disposed of in a landfill (See 

Figure 11). 
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Figure 10 In-situ PCB destruction in transformers using Sodium Reduction, France (Source South American Regional 
Workshop on the environmentally sound destruction of POPs (2004: São Paulo, Brazil) 

Destruction efficiency (DE) values of greater than 99.999% and destruction removal efficiency (DRE) 

values of 99.9999% have been reported for chlordane, 

HCH, and PCBs (Ministry of the Environment of Japan 

2004). Apart from the European Union, the sodium 

reduction process has also been demonstrated to meet 

regulatory criteria in Australia, Canada, Japan, South 

Africa and the US for PCB transformer oil treatment, 

i.e. less than 2 mg/kg in solid and liquid residues (UNEP 

2004). Residue products of the process include non-

halogenated polybiphenyls, sodium chloride, 

petroleum-based oils and water (pH>12) (UNEP 2004). 

The highest number of Alkali Metal Reduction facilities 

is based in Japan. The plants operating in 2006 were 

treating oils contaminated with PCB. Several plants 

treated PCB with concentrations in the range of 100 

ppm, while some plants were treating concentrations 

up to 10 %. In all plants, the exhaust gas was treated 

with activated carbon (UNEP – EG BAT/BEP 2006). 

 

 

 

   Figure 11 Residue products from a Sodium Reduction unit. 
Source South American Regional Workshop on the 
environmentally sound destruction of POPs 2004: São Paulo, 
Brazi) 
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4. Combustion Technologies 

Combustion technologies such as incineration have been used routinely in industrialised countries 

for the destruction of POPs wastes for some decades. A key driver is the relatively low cost of having 

such waste treated in a market where there is intense competition between facilities. However, the 

Stockholm Convention identifies these technologies as a significant source of UPOPs and urges the 

prioritisation of non-combustion technologies for the destruction of POPs waste.  

The metric by which successful POPs destruction or irreversible transformation is measured is DE 

and to a lesser extent DRE. However, neither of these measurements considers the generation of 

UPOPs by combustion processes. While a combustion facility may have a high DE for a target POP, 

the co-production of UPOPs is not assessed. Similarly, DRE only measures the efficiency of POPs 

destruction in terms of atmospheric emissions and not the fraction of the initial POPs that have been 

transferred to solid residue such as ash and filter cake to become solid POPs waste that also must be 

managed and extends the costs associated with disposal. In the case of cement kilns, DRE does not 

account for either UPOPs emissions or the fraction of the initial POPs waste transferred to cement 

kiln dust (filtration residues) or cement product. This can lead to concerns for some waste 

generators as to whether eradication of perpetual liability for the waste has taken place.   

Due to these uncertainties in destruction capability for combustion technologies, an alternate 

measurement is used in the form of absolute levels of total output (UNEP 2019 ) for POPs emissions, 

solid waste, and aqueous wastes. Combustion processes measured in this way must also implement 

BAT BEP. 

For emissions, the limit value is: 

• PCDDs and PCDFs: 0.1 ng TEQ/Nm3 

• All other POPs: pertinent national legislation and international rules, standards and guidelines. 

However, there are currently no regulations for PFOA or PFAS emissions. 

For solid residues:  

• POP contents should be below the low POP content levels designated by the Basel Convention. If 

they are above these levels, they will be required to be subject to ESM provisions for POPs 

waste. 

For aqueous releases:  

• Pertinent national legislation and international rules, standards, and guidelines. 

While these measures seek to limit UPOP emissions and releases from combustion technologies not 

all POPs-like compounds in emissions are measured or regulated, including dioxin like PCBs (dl-

PCBs), Brominated Dioxins (PBDD/F) and mixed congener dioxins (PXDD/F), which affects overall 

confidence regarding environmental and human health impacts of combustion technology.  

In terms of contaminated sites, contaminated soil is often a major element requiring 

decontamination. Incineration of large quantities of soil may not be economically viable as transport 

costs can be significant and most large incinerators are established ex-situ operations. Large volumes 

of soil may also affect critical operating parameters such as temperature if feed rates are not 

carefully controlled. It is therefore preferable to extract POPs by indirect thermal desorption, solvent 

washing, or other pre-treatment techniques before incineration to reduce volumes to be treated 
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and to allow the re-use of soil which may otherwise become part of the incineration solid waste 

residue stream. 

There are circumstances where smaller transportable incinerators have been established on 

contaminated sites, but these often lack the full range of APC equipment of larger established 

facilities and may also have a risk of increased UPOPs emissions during a commissioning phase.  

Cement kilns have also been used to destroy POPs waste from contaminated sites. The treatment of 

large amounts of POPs contaminated soil can be problematic with this technique as the 

characteristics of the soil may impact the quality of the cement clinker product and must be carefully 

assessed. Even with modern plants operating to BAT BEP standards, waste feed points and rates in 

the cement kiln system must be carefully selected to ensure that the temperature and residence 

time are sufficient to destroy POPs waste and minimise UPOPs formation.  

A recent case in Austria demonstrated that feeding a BAT BEP cement kiln at the wrong point with 

waste from a HCB contaminated site, resulted in significant contamination of the surrounding 

locality and the destruction of agricultural produce and livestock due to HCB emissions (Waltisberg 

and Weber 2020). In developing countries where resourcing is limited, the operational standards of 

cement kilns and/or incinerators as well as the monitoring capacity of regulators should be subject 

to detailed assessment before any POPs waste destruction is attempted. 

The General Technical Guidelines list hazardous waste incineration, solid waste incineration and 

cement kiln co-incineration as being capable of the destruction and or irreversible transformation of 

all POPs currently listed on the Stockholm Convention – mainly due to the high operating 

temperatures that these technologies may achieve. However, the ability of these technologies to 

destroy PFAS POPs such as PFOA and PFOS is not certain and can lead to emissions of un-combusted 

PFOA and PFAS and associated compounds. Due to the strength of the carbon-fluorine covalent 

bond, these compounds are extremely persistent and highly resistant to the thermal degradation 

processes such as incineration. Stockpiles of PFOS and PFOA are being incinerated in many 

jurisdictions in the absence of agreed regulatory emission limits and standards for comparable 

monitoring methods. A recent study has shown significant PFAS contamination in soil around and 

downwind of an incinerator burning PFAS in the US. This indicates destruction of the PFAS is not 

complete and the incineration process may be spreading PFAS via emissions26. Other studies have 

shown that PFAS remains in bottom ash following incineration suggesting incomplete destruction 

(Stoiber et al 2020). 

The most common forms of combustion technology (Hazardous Waste Incineration, Solid Waste 

Incineration, Cement kiln Co-incineration and Plasma melting decomposition) are described below, 

and more detail can be found in other guidance (UNEP 2020). 

4.1 Hazardous Waste Incineration  
Hazardous waste incineration uses controlled flame combustion to treat organic contaminants, 

mainly in rotary kilns. Typically, a process for treatment involves heating to a temperature greater 

than 850°C or, if the waste contains more than 1 % halogenated organic substances expressed as 

chlorine, to a temperature greater than 1,100°C, with a residence time greater than two seconds 

under conditions that ensure appropriate mixing. Dedicated hazardous waste incinerators are 

available in several configurations, including rotary kiln incinerators and static ovens (for liquids with 

 
26 https://www.bennington.edu/center-advancement-of-public-action/environment-and-public-
action/understanding-pfoa accessed September 2020 

https://www.bennington.edu/center-advancement-of-public-action/environment-and-public-action/understanding-pfoa
https://www.bennington.edu/center-advancement-of-public-action/environment-and-public-action/understanding-pfoa
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low contamination). They are available as mobile or fixed units and can process between 30,000 and 

100,000 tonnes of waste per year. 

Hazardous waste incinerators operating to BAT BEP are capable of treating wastes consisting of, 

containing or contaminated with POPs (UNEP, 2002a). Incinerators can be designed to accept wastes 

in any concentration or physical form, i.e., as gases, liquids, solids, sludges or slurries.27 

Emissions include carbon monoxide, carbon dioxide, HCB, hydrogen chloride, particulates, PCDDs, 

PCDFs, PCBs, heavy metals, and water vapour. Incinerators applying BAT are designed to operate at 

high temperatures, to prevent the re-formation of PCDD/Fs and to remove PCDD/F (e.g., with the 

use of activated carbon filters). This has the effect of transferring PCDD/Fs  to solid residues, such as 

APC residue and bottom ash. In residues, PCDD/Fs are mainly found in fly ash, and to some extent in 

bottom ash and scrubber water sludge. Levels of PCDD/Fs in fly ash from hazardous waste 

incinerators can be in the range from 0.0002 to 185 ng TEQ/g (Petrlik and Ryder 2005; Petrlik and 

Bell 2017; Cobo et al. 2009). 

Process gases may require treatment to remove hydrogen chloride and particulate matter and to 

prevent the formation of, and remove unintentionally produced, POPs. To examine combustion 

efficiency, indicators such as sulphur and nitrogen oxides, heavy metals and organic micro pollutants 

such as PAHs, like carbon monoxide, are being used. This can be achieved through a combination of 

types of post-treatments, including the use of cyclones and multi-cyclones, electrostatic filters, static 

bed filters, scrubbers, selective catalytic reduction, rapid quenching systems and carbon 

adsorption.28  

Depending upon their characteristics, bottom and fly ashes may require disposal within a specially 

engineered landfill or permanent storage in underground mines and formations.29 

4.2 Solid Waste Incineration 
There are many different types of municipal waste incinerators and not all municipal waste 

incinerator technologies or facilities are able to properly destroy POPs in waste. Solid waste 

incinerators are fixed plants designed to treat the contaminants present in municipal solid waste 

(MSW) and similar commercial and industrial waste, usually in grate furnaces operating at elevated 

temperatures, and incorporating air pollution-control methods required by regulation. Solid waste 

incineration processes are required to maintain a minimum temperature of 850˚C in the combustion 

chamber(s) with a residence time in the gas phase of at least two seconds. In the case of incineration 

or co-incineration of hazardous waste with a content of more than 1 % halogenated organic 

substances expressed as chlorine, a temperature of at least 1,100˚C is required. 

During incineration, flue gases are released that contain most of the available fuel energy as heat. 

The organic substances in the waste burn as soon as they reach the ignition temperature. It is noted 

that it may be necessary to add other fuels in to adjust the temperature during incineration as well 

as during the starting up and shutting down of furnaces. Waste should be mixed in a bunker to keep 

its calorific value relatively constant. Volume reduction (crushing or shredding) is needed for bulky 

waste. 

Emissions include carbon dioxide, water vapour, hydrogen chloride, hydrogen fluoride, sulphur-

dioxide and other oxides of sulphur, particulates, nitrogen oxides, total organic carbon (TOC), 

 
27 See UNEP, 1995b. 
28 UNEP, 2004b. 
29 See United States Army Corps of Engineers, 2003. 
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PCDD/PCDF, heavy metals and carbon monoxide,  and could also include PBDD/PBDF (UNEP, 2007). 

Other emissions include hydrogen bromide and PXDD/PXDF (Mark et al. 2015).   

In residues, PCDD/Fs are mainly found in fly ash and flue gas cleaning residues, in the range from 

0.0002 to 185 ng TEQ/g, while bottom ash (representing the largest mass flow of residues from 

waste incineration) and scrubber water sludge contain a comparably small amount of PCDD/Fs. 

Brominated flame retardants (BFRs) have also been found in the bottom and fly ash of the 

incineration plants. Wang et al. (2010) found 78 ng/g PBDEs in bottom ash when BFRs containing 

waste was incinerated. The fly ashes contained substantially lower concentrations of PBDEs than the 

bottom ash. In the mass flow analysis of HBCD destruction in commercial-scale industrial waste 

incineration plants, a large part of undecomposed HBCD ended up in the bottom ash (Kajiwara et al. 

2017). 

The amount of combustion fuel required by incineration units depends on the composition of the 

waste to be treated and the flue gas treatment technologies to be applied. High moisture content 

wastes including organic waste require supplemental energy to dry waste materials to the point 

where they can combust efficiently. Material requirements of the process often include lime, sodium 

bicarbonate, activated carbon and other suitable materials for the removal of acid gases, UPOPs and 

other pollutants in the APC equipment. 

4.3 Cement kiln Co-processing 
Cement kilns typically consist of a long cylinder of 50–150 metres in length, inclined slightly from the 

horizontal (3 to 4 % gradient), which is rotated at about 1-4 revolutions per minute. Raw materials 

such as limestone, silica, alumina, and iron oxides are fed into the upper or “cold” end of the rotary 

kiln. The slope and rotation cause the materials to move toward the lower or “hot” end of the kiln. 

The kiln is fired at the lower end of the kiln, where material temperatures reach 1,400°C–1,500°C. As 

the materials move through the kiln, they undergo drying and pyro processing reactions to form 

clinker. The length of the kiln ensures a sufficient residence time of the incineration gases at high 

temperatures: about 8 s at temperatures above 1200 ◦C (Vermeulen et al. 2011). 

Although they may be capable of treating solid and liquid wastes cement kilns may require kiln 

modifications to treat POPs waste effectively without affecting the quality of the cement product or 

releasing excessive emissions.  Adequate feed points should be selected according to the 

characteristics of the waste, including its physical, chemical and toxicological properties. For 

example, combustible toxic compounds found in some hazardous waste, such as halogenated 

organic substances, need to be destroyed through proper temperature and residence time. In 

preheater/precalciner kilns, hazardous waste should generally be fed through either the main or the 

secondary burners.  

Halides (e.g. chlorides, bromides and fluorides) have an impact on the quality of the cement so their 

presence must be limited. Chlorine can be found in all raw materials used in cement manufacture, so 

total halogen levels in the hazardous waste can be critical (European Commission 2013). However, if 

they are blended down sufficiently, cement kilns can treat highly chlorinated hazardous waste. 

Process operating constraints may become significant when certain compounds, for example 

circulating volatile elements such as chlorine, sulphur, or alkalis, are present in excessive quantities 

(Karstensen 2008). 

The destruction efficiency of cement kilns treating POPs waste are measured primarily with DRE  as 

POPs are partly destroyed and partly captured in cement kiln dust (CKD) filters and partly deposited 

within the pipework of the cement kiln. 
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DREs greater than 99.99998% have been reported for PCBs in several countries. A facility should 

demonstrate its capability to destroy (through combustion) or remove (through settling in ductwork 

or air pollution control devices) at least 99.9999% of targeted POPs (Karstensen et al. 2008). 

Reported DE and DRE values for DDT are in the range of 99.9335-99.9998% and 99.9984-99.9999%, 

respectively (Yan et al. 2014) and DRE greater than 99.9999 % (Li et al. 2012). A study reported DREs 

of 99.9997% and 99.9998% for deca-BDE in contaminated soil treated in a cement kiln (Yang et al. 

2012). 

Pre-treatment of wastes can include thermal desorption of solid waste to extract POPs and other 

forms of volume reduction. Homogenisation of wastes can be achieved through drying, shredding, 

blending, mixing, and grinding prior to co-processing. 

The emissions and residues of cement kilns burning POPs waste can be significant. Cement kiln co-

incineration of hazardous wastes is listed as an industrial source category that has the potential for 

comparatively high formation and release of the unintentionally formed POPs listed in Annex C to 

the Stockholm Convention. Emissions may include, inter alia, nitrogen oxides, carbon monoxide, 

sulphur dioxide and other oxides of sulphur, metals and their compounds, hydrogen chloride, 

hydrogen fluoride, ammonia, PCDDs, PCDFs, benzene, toluene, xylene, polycyclic aromatic 

hydrocarbons, chlorobenzenes, and PCBs (UNEP, 2004b) and PCN (Liu et al. 2016, German Federal 

Environment Agency 2015) and PBDD/Fs (Du Bing et al. 2011). It should be noted that cement kilns 

can comply with PCDD/F air emission levels below 0.1 ng TEQ/Nm3, however, emission levels from 

cement kilns co-incinerating wastes have been reported as high as 136 ng TEQ/m3 (UNEP 2007). 

Residues include cement kiln dust captured by the APCs. 

Process gases must be treated to remove cement kiln dust and organic compounds, sulphur dioxide 

and nitrogen oxide; they must also be treated so that the formation of PCDD/Fs is minimized. 

Treatments include the use of preheaters, electrostatic precipitators, fabric filters and activated 

carbon filters.  Recovered cement kiln dusts should be put back into kilns to the maximum extent 

practicable, while the remainder may require disposal in a specially engineered landfill or permanent 

storage in an underground mine or formation. 

If operating parameters, APC equipment, waste feed rate and waste feed points are not carefully 

controlled POPs waste disposal in cement kilns can result in serious POPs/UPOPs emissions with 

human health, environmental and economic consequences (Waltisberg and Weber 2020). 

4.4 Plasma melting decomposition 
The Plasma Melting Decomposition method (PMD) is a fixed thermal destruction process method for 

solid waste containing or contaminated with PCBs. It may have some application for PCB 

contaminated waste arising from contaminated sites. Solid waste containing or contaminated with 

PCBs is canned directly into containers, such as drums or pails, without shredding or disassembling. 

In a plasma furnace, a plasma torch generates high temperature plasma gas so that the furnace 

temperature is maintained to melt the waste together with the container itself. All the organic 

substances, including PCBs, are decomposed into CO2, H2O and HCl under the high temperature 

conditions of the plasma furnace, and inorganic materials, including metals, are oxidized to become 

molten slag. The plasma furnace temperatures exceed 1,400˚C (Tagashira et al. 2006). 

In commercial scale facilities in Japan, solid waste containing or contaminated with PCBs, such as 

fluorescent light ballasts, sludge, carbonless paper, and secondary contaminants, can be treated 

using PMD (JESCO, 2013).  
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The JESCO plasma melting treatment facility can comply with dioxins air emission levels below 0.1 ng 

TEQ/Nm3 (JESCO 2009). Air emission levels of dioxins were 0.0000043-0.068 ng TEQ/Nm3 in a pilot 

scale facility (Tagashira et al. 2006). Together with an enhanced gas treatment system, dioxin 

emission levels can be controlled within a range of 0.00001-0.001 ng TEQ/Nm3 (Tagashira et al. 

2007).  

Exhaust gas pollution control includes two-stage bag filters with lime and pulverized activated 

carbon injection remove dust, acid gas such as HCl and SOx and dioxins, while catalyst towers with 

NH3 gas injection remove NOx. Activated carbon is installed at the last stage (Tagashira et al. 2006). 

The two JESCO plasma melting treatment facilities operating in Japan can treat 10.4 tonnes and 12.2 

tonnes of PCB-containing waste per day, respectively. 
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5. Treatment trains 

Treatment trains combine pre-treatment technologies or techniques in sequence with destruction 

technologies to maximise the destruction of POPs waste from a contaminated site. The following 

examples combine aspects of pre-treatment techniques outlined in the previous section. 

5.1 Case 1: SPEARS and RIDS 
This two-stage remediation system for sediments impacted by PCBs, dioxins and other chlorinated 

POPs was developed by NASA to clean up some of its former operational sites and has now been 

licenced for commercialisation to ecoSPEARS30, a US based company. The process is designed to 

passively remediate contaminated sediments and other near shore aquatic environments. It has the 

advantage of minimal disturbance of the benthic form unlike the most used method of dredging 

which physically damages the benthic habitat and often results in re-suspension of the POPs 

contaminants within the water column leading to increased bioavailability for biota. In cases where 

landforms may have cultural significance such as beaches of spiritual value to indigenous people the 

sediment can be remediated without excavation and damage to the landform. 

Stage one  

The Sorbent Polymer Extraction and Remediation System (SPEARS) consists of hollow polymer 

‘spears’ or spikes which are pressed, in grids, into the sediment penetrating up to around 400mm. 

The spears are filled with a proprietary solvent. The hydrophobic nature of chlorinated POPs and 

their attraction to polymers combine to attract the POPs out of the sediment and onto the surface of 

the spears. Over time, the POPs are absorbed through the outer polymer layer and into the liquid 

solvent inside the spear. Each spear has a zone of influence of 100mm in all directions. When 

arranged in suitably spaced grids (Figure 12) the clusters of spears can be scaled up to cover large 

areas.  

 

Figure 12  Sorbent Polymer Extraction and Remediation System (ecoSPEARS 2020) 

 
30 https://ecospears.com/  

https://ecospears.com/
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After several months, the sediment can be analysed to determine if the remedial criteria have been 

met and sufficient quantities of POPs have been absorbed from the sediment. If necessary, the 

spears can be left longer.  

Stage two  

When the remedial goal has been reached, the spears are removed and sent to the second part of 

the treatment train, the Reductive Integrated Dehalogenation System (RIDS), where the solvent is 

decanted and subject to dehalogenation. 

The RIDS component of the system is an ex-situ facility using a proprietary form of alkali metal 

reduction to dehalogenate the POPs that have been absorbed from the sediment, through the spear 

and into the solvent.  

5.2 Case 2:  Indirect Thermal Desorption unit (ITDU) and Base Catalysed 

Decomposition (BCD)  
In this case, an IDTU (Figure 13) was paired with a BCD process to concentrate and then destroy 

POPs waste from the partial remediation of a former chemical manufacturing plant in Spolana, 

Czechia. The Spolana chemical complex, located 25 km north of Prague on the Elbe River, 

manufactured chlorine-based chemicals and pesticides, including pentachlorophenol and 2,4,5-

Trichlorophenoxyacetic acid. Due to the technology used in production of the chlorinated pesticides, 

there was heavy toxic dioxin (2,3,7,8-TCDD) contamination of the product and site (Holoubek et al. 

2007).  

Stage 1  

Over the years of manufacture, the buildings, groundwater and soil at the site also became 

contaminated with dioxins and pesticides. Additionally, tons of contaminated process waste was 

also stored on-site in poor conditions. A decision was made by the government to use an indirect 

thermal desorption unit to treat bulk wastes including contaminated building rubble and soil. The 

waste material was placed in the unit and heated by indirect means releasing POPs contaminants 

and a fine mineral dust that was captured in the ITDU filters. The filter cake and cyclone dust from 

the scrubbing units of the ITDU contained most of the dioxins and pesticides contamination stripped 

from the soil and rubble.  

Stage 2  

The scrubber waste was then treated in the BCD unit to dehalogenate the contaminants. The BCD 

process involves treatment of wastes in the presence of a reagent mixture consisting of a hydrogen-

donor oil, an alkali metal hydroxide, and a proprietary catalyst. When the mixture was heated to 

above 300 °C, the reagent produces highly reactive atomic hydrogen. The atomic hydrogen reacted 

with the waste to remove constituents that confer toxicity to the compounds. 

The resulting residue from BCD processes is a dioxin free sludge containing primarily water, salt, 

unused hydrogen-donor oil, carbon residue and a mineral oil. The carbon residue can be disposed in 

landfills and the mineral oil can be recycled back into the process for use with subsequent batches.  

Extensive air monitoring during the remediation indicated that remediation activities caused a 

significant increase of the POP contamination of the ambient air both, within the factory, and in 

neighbouring residential areas. However, the dioxin emissions from the fully operational BCD unit 

were 0.0017–0.0424 ng TEQ m3 (Veverka, Čtvrtníčková et al. 2004) indicating that ambient elevated 

air concentrations were most likely due to excavation and site works combined with volatilisation of 
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POPs from soil contamination. This points to the need to carefully assess the potential fugitive 

emissions from site works of a remediation. 

 

Figure 13 Indirect Thermal Desorption Unit (ITDU) Spolana Neratovice (Arnika Association 2016) 
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6. Remediation techniques for groundwater contaminated 
with POPs 

There are a range of approaches to managing and remediating contaminated groundwater on a 

POPs contaminated site. The characteristics of individual POPs may determine the most appropriate 

remedial strategies to implement to treat groundwater and reduce concentrations of POPs or even 

eliminate them. 

The characteristics of POPs such as solubility, vapour pressure, density and viscosity, adsorption to 

organic matter all affect the choice of techniques employed to manage and remediate groundwater 

and the saturated soil profile in the subsurface zone of a contaminated site. 

POPs such as dioxins tend to be hydrophobic and when they have penetrated soil to groundwater 

level, have a strong tendency to adsorb to organic matter in the soil profile rather than dissolving 

into water. While groundwater monitoring may not detect dioxins, the saturated soil profile may be 

contaminated. In surface water bodies such as lagoons, lakes and streams, hydrophobic 

contaminants will have a strong tendency to attach to organic particles and gradually sink to the 

bottom, attaching to carbonaceous particles and partitioning to the sediment.   

Some POPs such as PCBs have low solubility and are heavier than water creating a tendency to ‘pool’ 

at lower levels in superficial aquifers or on top of less permeable sub-soil profiles such as dense clay 

lenses. Contaminants that behave this way are referred to as Dense Non-Aqueous Phase Liquids 

(DNAPL) and may require specific techniques to address.  

Other POPs, such as PFOA and PFOS, behave very differently to chlorinated or brominated POPs in 

groundwater and are water soluble, of low volatility and persistent, resisting biodegradation. They 

spread rapidly and can be transported significant distances from the source. Widespread 

groundwater contamination by these compounds has proved very challenging to remediate and new 

techniques are constantly emerging, being trialled and adapted to site-specific situations. A 

dedicated section on techniques to address PFAS contamination in groundwater is included in this 

chapter. 

In developing approaches to address POPs contamination of groundwater at a site, it is very 

important to conduct a detailed hydrogeological investigation to understand the subsurface soil and 

rock profiles, preferential pathways for groundwater movement, groundwater flow, aquifer 

interactions, seasonal groundwater levels and chemical composition of the groundwater.  

Hydrogeological data is an important input to the site CSM, which can then predict contaminant 

mobility and inform remedial strategies. Establishing monitoring bores/wells on a site can facilitate 

ongoing groundwater sampling and help establish water quality trends including post remedial 

validation and should be planned as part of detailed site investigation. 

The following section addresses commonly used techniques for managing and remediating POPs 

contaminated groundwater as well as some emerging techniques. 

6.1 Containment 
Containment engineering is used to control contaminated groundwater within a site to prevent it 

migrating to sensitive receptors on- or off-site and can be used to direct water to a specific part of 

the site for treatment. The most common method is the installation of cut-off walls in the ground 

that are impervious or have low permeability. A trench is dug into the ground with earthmoving 

equipment or with specialised excavators if very deep penetration is required. Either following 
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excavation or simultaneously, the trench is backfilled with a mixture of soil, bentonite, and water. In 

some cases, cement is added for additional strength. Permeability after construction is typically 

1×10-3 cm/sec to 1×10-6 cm/sec (Zhang 2011). 

The depth of the cut-off walls rarely exceeds 50m and rise sharply in cost when constructed below 

30m due to specialised machinery requirements (e.g., clamshell excavators). The wall can either be 

excavated below the water table to capture chemical ‘floaters’ which are lighter than water 

(“hanging wall”) or keyed into the confining bottom layer of an aquifer (“keyed wall”) (US EPA 1992) 

(Figure 14). Soil and bentonite slurry walls are the most common types, but a range of additives can 

be used which restrict permeability further including microfine cement, mineral wax, sodium 

silicates and colloidal silica gel. In some cases, fly ash from coal-fired plants is used due to its high 

carbon content. This reduces permeability but also increases adsorption capacity for organic 

contaminants (Zhang 2011).  

The containment walls may also be used in combination with other treatment operations such as by 

creating an upward groundwater gradient that facilitates the use of pump and treat techniques. 

They can also be used in conjunction with covers to prevent precipitation ingress increasing the 

volume of water to be managed (US EPA 1992). In terms of chemical compatibility, it is expected 

that Soil/Bentonite (SB) and Cement/Bentonite walls (CB) walls are effective against PCB, dioxins and 

halogenated pesticides. In cases where the bentonite or other additives react with contaminants to 

the detriment of containment, attapulgite can be blended in during construction of the cut off walls. 

 

 

Figure 14 Plan and elevation view of slurry wall implementation (US EPA 1992) 
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To decrease permeability further and protect against chemical resistance, a HDPE membrane may be 

inserted into the slurry wall. These plastic geomembranes are pile plank sections that lock together 

preventing seepage through the cut off wall. 

6.2 Permeable Reactive Barrier (PRB)  
A variation of the containment wall concept is a construction designed as permeable containment 

wall. In this construction, the contaminated water is not contained but passes through the PRB and 

pollutants are stopped or converted to less toxic substances, so the wall becomes a containment 

barrier for pollutants, not for groundwater (Figure 15).  

 

Figure 15 A schematic view of a PRB (US EPA 2003) 

The Permeable Reactive Barrier (PRB) can be constructed in a similar way to containment slurry 

walls with deep trenches to a confining layer or even as ‘hanging’ walls but can also be constructed 

on the surface of a site where contaminated runoff is a major issue. The use of PRBs on POPs 

contaminated sites for substances other that PFAS (see below) is limited but there are examples 

where they have been necessary and operated successfully on chlorinated pesticides and PCBs.  

The general principle of operation of a PRB is to incorporate additives into the slurry ‘mix’ of the 

wall, or in a ‘funnel’ section of the wall that will intercept and adsorb POPs or react with them 

chemically to assist in dehalogenation. The reagents can be added in a variety of ways including 

injection, trenching (Figure 16), soil mixing and caissons (ITRC 2011). 
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Figure 16 Backfilling PRB with ZVI, Western Australia (source: Geo-Solutions).  

Alternately, a PRB at surface level can be used to funnel contaminated water into an adsorption 

keyway containing activated carbon and/or reagents to capture POPs, such as PCBs, that are 

attached to very fine particles of soil. A version of this technique was used to decontaminate a site in 

the Canadian arctic with very challenging conditions and with PCB adsorbed to very fine soil particles 

on bedrock that flowed directly to the sea, washing PCBs into the ocean. A surface PRB was 

constructed to intercept and capture PCBs on GAC to prevent them entering the ocean (Kalinovich et 

al. 2007, 2008 and 2012) (Figure 17 and 18). 

 

Figure 17 Permeable reactive barrier at the surface for PCBs Resolution Island Canadian Arctic (Kalinovich et al. 2007) 
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Figure 18 Permeable reactive barrier at the surface for PCBs Resolution Island installed (Kalinovich et al. 2007) 

For chlorinated pesticides and PCB (and other chlorinated contaminants) regular zero valent iron 

(ZVI) and nanoscale Fe particles (Wang and Zhang 1997) have been demonstrated to be an effective 

additive to PRBs for dechlorination of contaminated plumes (ITRC 2011). 

6.3 Pump and treat 
Pump and treat techniques using adsorbent materials in ex-situ filtration beds are the most common 

ways of addressing trace POPs contamination in groundwater. As most POPs (except for PFAS) have 

relative low solubility and are attracted to carbon, they will migrate preferentially to filters based on 

GAC or Powdered Activated Carbon (PAC) where they continue to concentrate until the filter 

medium is saturated. Filtration through carbon-based filters is a non-destructive technology and the 

concentrate that accumulates in the filters must be removed and destroyed separately. This can be 

done by most non-combustion or combustion technology for POPs destruction. In some cases, the 

GAC can be regenerated after treatment to destroy the adsorbed POPs and used again (PAC cannot 

be regenerated). 

6.4 DNAPL contamination 
In the vadose zone (the soil above the water table), DNAPL flows downward under the influence of 

gravity with relatively little spreading (Schwille 1988; Pankow and Cherry 1996). Capillary forces 

retain a small quantity in each pore (or fracture) through which the DNAPL flows. This fraction, 

which is not mobile under static conditions, is termed residual saturation. Contamination in soils 

above the water table therefore tends to be both laterally restricted and of relatively low saturation 

(saturation is defined as the fraction of the pore space filled with DNAPL). Where the water table is 

deep, however, the total quantity of DNAPL retained in the vadose zone may be large. 

Below the water table, the distribution of DNAPLs tends to be much more irregular (Figure 19). Entry 

of DNAPL into water-filled pores requires overcoming a displacement pressure resulting from 

capillary forces between DNAPL and water. The required entry pressure increases with decreasing 
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grain size of the solid media in the aquifer. The downward flow of DNAPL therefore becomes 

inconsistent seeking path of least resistance resulting in ‘pooling’ at different points. In addition, the 

DNAPL plume (i.e., the source/undiluted liquid) is relatively unaffected by lateral groundwater flow 

and migrates preferentially downward with and thus it forms a vertical column leaving behind 

residual DNAPL. Small amounts of toxic substances dissolve out of the columns and pools into 

surrounding water and soils. 

 

 

Figure 19 Subsurface DNAPL movements (Kamon et al. 2003) 

Removing DNAPL can be very difficult and techniques such as vacuum extraction, biodegradation, 

ground water pumping are often used. 
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7. Remediation of PFAS in groundwater  

Per and poly fluoroalkyl substances are a diverse group of synthetic chemicals not found in nature 

that have extremely strong carbon-fluorine bonds and experience very little degradation in the 

environment making them extremely persistent. ‘Poly’ compounds can degrade to ‘Per’ compounds 

but there is no further degradation. It is estimated there may be more than  4700 forms of PFAS 

(OECD 2018). Perfluorooctane sulfonic acid (PFOS) and Perfluorooctanoic Acid (PFOA) are listed as 

POPs on the annexes of the Stockholm Convention and are man-made chemicals belonging to the 

group known as per- and polyfluoroalkyl substances.  Contamination of soil by these substances has 

been a growing issue over the last decade and widespread groundwater contamination by PFOS and 

PFOA has emerged as serious public health concern. Both these fluorinated chemicals are associated 

with cancer, endocrine disruption, and harm to foetal development. 

Managing PFAS contamination is very challenging particularly because of their solubility and rapid 

transportation through aquifers and waterways. Techniques for remediation of PFAS contamination 

are not at a mature level of development compared to techniques for managing chlorinated POPs 

and many novel techniques continue to emerge. This section discusses some of the more effective 

methods that have been used in recent years to reduce or eliminate PFAS on contaminated sites. 

Pump and treat techniques remain the most applied techniques but some in-situ methods are 

becoming more widely used.  

Note: An important point to make when conducting sampling of either soil or groundwater for PFAS, 

in anticipation of developing a CSM and remedial plan, is the need to avoid cross contamination due 

to the widespread use of PFAS chemicals in sampling equipment and PPE.  Sampling for PFAS 

requires careful selection of equipment to avoid cross contamination. The following articles must be 

avoided when sampling to detect PFAS contamination: 

• LDPE bottles 

• Teflon caps or tubes 

• Plastic clip boards  

• Waterproof field notebooks 

• Post it notes 

• Personal cosmetics or moisturisers 

• Sunscreen must be approved as suitable 

• Fabric softener on clothes 

•  Gore-Tex fabrics, ‘dri fit’ or Tyvek suits. 

Equipment and clothes that are suitable include cotton clothing, permitted sunscreen. Field 

equipment that will not lead to cross-contamination due to its chemical composition includes: 

• HDPE bottles  

• Silicon tubing 

• Nitrile gloves 

• Loose paper and aluminium or Masonite clipboards 

7.1 Remediation techniques 
Remediation techniques for PFAS in groundwater are constantly under development and techniques 

that apply to chlorinated and brominated POPs are not necessarily successful when applied to 

remediation of PFAS in groundwater. The most common methods are containment, pump and treat 
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(ex -situ) and in-situ injection of treatments. Pump and treat methods can include filtration with 

activated carbon, ion exchange resins, as well as high-pressure membrane filtration (reverse osmosis 

and nanofiltration). Chemical oxidation and electrochemical oxidation also have varying levels of 

success in pump and treat configurations.  

Treatment techniques can be divided into destruction and non-destructive categories. The non-

destructive techniques tend to concentrate PFAS contamination out of groundwater (e.g. filtration), 

which must then be destroyed using a separate technology (e.g. electrochemical oxidation). Figure 

20 below charts a range of destructive and non-destructive techniques and plots them in terms of 

their state of development and practicality for use on contaminated site remediation (Ross et al. 

2018). Details of selected techniques are provided below. 

There are several properties of PFAS that can be both a challenge to remediation and can assist in its 

removal from groundwater. PFAS have very strong C-F bonds making them highly resistant to natural 

and thermal degradation; they are highly soluble and have low volatility. PFAS also have a low 

Henry’s coefficient making them unsuitable for air stripping technology. The low volatility also makes 

them unsuitable for some groundwater remedial techniques such as air sparging and Soil Vapor 

Extraction (SVE), which are typically applied to chlorinated pesticides.  

 

                            Figure 20 Viability and maturity of PFAS water treatment technology (Ross et al. 2018) 

7.1.1 Biological treatment 

PFAS are highly resistant to biodegradation and although there is limited evidence of microbial 

attack on PFAS compounds there have been none identified that can operate in a commercially 

effective form for remediation. Phytoremediation has been trialled but with minimal effect. Most 

evidence suggests that biological treatments are not commercially practical currently for degrading 

PFAS in a remedial context (Ross et al. 2018; Mahinroosta and Senevirathna L. (2020)  

7.2 Pump and Treat techniques 
7.2.1 Filtration  
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PFAS molecules have a relatively high molecular weight and a size that makes them amenable to 

filtration from water matrices. Filtration requires a nano screen of >200 Daltons31 (PFAS are in the 

range of 300-500 Daltons). However, filtration is not a destruction technology and will generate a 

solid waste stream that must be sent for final destruction. Reverse osmosis has also proven be 

effective to >90% removal efficiency (non-destructive) using a 100-200 Daltons polymer filter. Most 

filtration requires pre-treatment with some form of flocculant and coagulation to prevent filter 

clogging. Products such as PerfluorAd to prevent filter clogging are commonly used. Developed by 

Cornelsen Umwelttechnologie GmbH, PerfluorAd is designed for removing by precipitation and 

sedimentation high concentration of PFAS allowing for longer and more effective use of polishing 

treatment steps (Ross et al 2018). While the addition of PerflorAd can reduce PFOA and PFOS 

concentration by orders of magnitude, it generates large amounts of sludge, which must then be 

destroyed by other means. 

7.2.2 Activated carbon ex-situ pump and treat 

Due to the high Koc (soil adsorption coefficient) of PFOS and PFOA, adsorption-based systems have 

commonly been implemented using either granulated activated carbon (GAC) or powdered activated 

carbon (PAC) in an ex-situ pump and treat system with adsorption beds (Merino et al. 2016). GAC  

can be installed at a range of scales and can remove PFOS in the range of parts per billion or 

micrograms per litre (𝜇g/L) with >90% efficiency (Eschauzier et al. 2012) but is less efficient at 

removal of PFOA (Oliaei et al. 2013). This technique also becomes progressively less effective for 

removing shorter chain PFCAs such as PFHxA, PFPeA, PFBS, and PFBA as the chain length diminishes 

(Inyang & Dickenson 2017; McCleaf et al. 2017). GAC has effectively become the baseline against 

which other treatment methods are compared (Ross et al. 2018). The technology has been widely 

applied in large-scale plants including municipal wastewater treatment facilities seeking to target 

PFAS.  

Activated carbon made from wood and bamboo has been reported to outperform coal based GAC 

but for all adsorption drops with alkaline and acid pH levels (Deng et al. 2013; Zhi & Liu 2015). A 

coconut based GAC has also been trialled but has not been as efficient as coal based GAC. 

Temperatures of 700oC – 1,100oC are used to regenerate activated carbon and some PFAS are 

destroyed at these levels in carbon regeneration kilns but data is lacking on whether these 

temperatures destroy all PFAS including those associated with precursors in Aqueous Fire Fighting 

Foams (AFFF) (Ross et al. 2018). 

7.2.3 Synthetic resins / Ion exchange and polymeric adsorption (non-ion exchange) 

The charged nature of PFAS molecules makes them suitable for adsorption onto ion exchange (IX) 

materials. The most used materials are polymers (Figure 21) engineered for adsorptive and ion 

exchange capability. Compared to activate carbon polymers have a higher cost but also a higher 

capacity for adsorption with 5-6 times the capacity of GAC for PFOA and 8 times for PFOS. They can 

be used in a treatment train after GAC for water quality polishing.  Some resins can also treat long 

and short chain PFAS effectively (Zaggia et al. 2016). The synthetic resins can collect contaminants 

from liquids, vapour and atmospheric streams and be regenerated indefinitely using electrochemical 

oxidation to destroy the PFAS while regenerating the polymer. Other forms of regeneration include 

liquid rinses with methanol or brine solutions. 

Synthetic resins come in two forms a) ion exchange and b) non-ion exchange. Ion exchange (IX) 

resins have a synthetic polymeric structure with a charged functional group balanced by a counter 

 
31 Dalton = size of a carbon 12 atom 
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ion affixed to a polystyrene or polyacrylic bead and removal is by electrostatic and hydrophobic 

interaction (Ross et al. 2018). Non-IX resins are synthetic polymers that attract PFAS by hydrophobic 

and van der Waals interactions and perform best under strong alkaline conditions (Dow 2016). 

7.2.4 Ozofractionation 

The Ozofractionative Catalysed Reagent Addition (OCRA) process (Dickson 2013; Dickson 2014) is a 

liquid waste treatment process chemically oxidizing organic contaminants and forming concentrated 

foam fractionates. The concentrates can then be separated from the water.  

The technology comprises a series of columns in which contaminated water is flooded with fine 

ozone bubbles that remove PFAS and oxidize organic compounds. PFAS is concentrated in the 

fractionate stream at the top of the column and collected for further treatment or offsite disposal 

(Ross et al. 2018). Greater than 97 % removal of the sum of 28 PFAS measured was achieved (Ross et 

al. 2017). A single day treatment of 100 m3 of waste was able to achieve 99.999 % removal of all 

PFAS measured. The process can also destroy co-contaminants such as hydrocarbons and high BOD 

COD sewage liquids without affecting the PFAS removal ability (Ross et al. 2018). The process 

continues to be developed and can be used as part of a remedial treatment train for PFAS impacted 

water. 

7.2.5 Reverse osmosis and nanofiltration 

Both filtration methods are highly effective for removal of PFAS and their precursors (Higgins & 

Dickenson 2016). The systems are generally expensive and employed at large scale drinking water 

treatment facilities. For treatment of contaminated groundwater fouling by suspended solids and 

organic matter can impact performance. As these are filtration systems, non-destructive significant 

volumes of high concentration waste arise and will need to be destroyed by other methods. 

7.3 In situ – injectable carbon-based systems 
In-situ techniques are being used to contain plumes emanating from PFAS-contamination sources  

and prevent them from moving off-site or impacting sensitive off-site receptors and waterways.  

A recent technique using a proprietary form of injectable carbon has proven to be effective on some 

sites. PlumeStop (by Regenesis32) is a highly dispersive sorbent and microbial growth matrix. 

Colloidal activated carbon has the size of bacterium,  suspends as a liquid, and resists clumping 

allowing it to migrate evenly through soil pores. It has a very large surface area and rapid sorption. It 

enables wide area, low-pressure distribution through the soil matrix without clogging. 

However, in dealing with chlorinated contaminant sorbents, microbial action in-situ degrades the 

contaminants on the sorbed surface over time allowing more ‘space’ for additional contaminants to 

sorb. With PFAS there is no degradation, therefore, beyond the initial PFAS sorption, over time,  

there is no additional space created on the sorbent material to adsorb more contaminant. It will not 

be regenerated like GAC used in pump and treat systems. This raises questions about the long-term 

efficacy of these type of in-situ treatments and the potential for later desorption of contaminants 

effectively creating a secondary source of pollution. The main challenges to this form of treatment 

are the ability to disperse evenly through the soil structure and issues with hydraulic fracturing and 

straining of particle sizes above 1 micron in pore spaces (Ross et al. 2018). 

 
32 https://regenesis.com/en/remediation-products/plumestop-liquid-activated-carbon/ 

https://regenesis.com/en/remediation-products/plumestop-liquid-activated-carbon/


BAT/BEP Guidance for POPs contaminated sites 

53  BAT/BEP Group of Experts, 2021 
 

7.4 Chemical oxidation (destructive) 
Attempts to destroy PFAS with chemical oxidants such as persulfate, ozone, ozone hydrogen 

peroxide, and ozone/UV and Fenton's reagent have mixed results and do not appear to have any 

effect on PFOS (Schröder & Meesters 2005; Qiu et al. 2006).  However, light activated persulfate was 

able to destroy PFOA with some minor formation short-chained perfluoroalkyl carboxylates (Hori et 

al. 2005). Other applications of persulfate have also yielded promising results on perfluoroalkyl 

carboxylates and fluorotelomer compounds (Ross et al. 2018) but PFOS appears to be far more 

difficult to degrade by these approaches. In-situ applications have been considered but there are 

concerns that the process may generate more mobile short-chain PFAS. In summary, chemical 

oxidation has been demonstrated to have limited ability to destroy some PFAS and has not yet been 

developed in a configuration that is applicable to contaminated site remediation. 

7.5 Electrochemical oxidation (destructive) 
Electrochemical oxidation requires a current to be passed through the contaminated water between 

two electrodes.  With sufficient voltage, PFAS molecules give up an electron to the positive 

electrode, mineralising the PFAS by converting it into CO2 and fluoride. The electrodes and anodes 

are conductive metal plates of titanium, tin and others metal oxides. The surface coating of the 

electrodes determines degradation rates. Tin oxide-coated mesh electrodes work effectively but are 

expensive.  

Electrochemical oxidation is emerging as an efficient destruction technique for concentrated PFAS in 

spent filter media (Liang et al. 2018; Ross et al. 2018) and PFAS in general but can create undesirable 

by-products such as hydrogen fluoride, chlorine gas, perchlorate and bromate when there are co-

contaminants such as organics and chloride present in the wastewater being treated (Trautmann et 

al. 2015). The use of a titanium suboxide (Ti4O7) electrode has recently been reported to be able to 

effectively degrade both PFOS and PFOA (Huang 2017). Management of by-products aside, 

electrochemical oxidation represents a much cleaner option for treating PFAS impacted 

groundwater from contaminated sites as it can effectively mineralise fluorinated compounds and 

does not result in a waste stream requiring destruction as produced by filtration, adsorption and ion 

exchange (Urtiaga et al. 2014). 

Field trials at contaminated sites in Australia using AECOM proprietary electrochemical oxidation 

technology ‘DE-FLUORO’33 were underway in 2019 and its commercial release for contaminated site 

groundwater remediation is imminent. This technology uses chemically inert ‘non-active’ anodes at 

room temperature and atmospheric pressure to destroy PFAS in ion-exchange regenerant and 

contaminated wastewater. 

7.6 Sonolysis 
Sonolysis uses sound waves at frequencies generally between 20 kilohertz (kHz) to 1,100 kHz to 

facilitate cavitation in water. Cavitation is the negative pressure induced formation of micro bubbles 

in liquid (Ross et al. 2018). When the microbubbles are collapsed during compression cycles, energy 

is released in the form of heat, with potential temperatures of up to 5,000 degrees Kelvin within the 

bubbles (Campbell et al. 2009). Sonolysis has been found to destroy a large range of PFAS (short and 

long chained) in laboratory conditions (Rodriguez-Freire et al. 2016) but scale up appears 

problematic as capital costs are high, operating costs are moderate for energy input and there can 

be problems with ‘dead zones’ (limited dissipation of sound waves) in larger sonolytic reactors (Gole 

et al. 2017). While sonolytic reactors are widely used in the chemical industry and have been 

 
33 Accessed at: https://www.aecom.com/wp-content/uploads/2018/10/PFAS-Info-Sheet.pdf 

https://www.aecom.com/wp-content/uploads/2018/10/PFAS-Info-Sheet.pdf
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demonstrated at lab scale to destroy a large range of contaminants the technology still has limitation 

to overcome to operate at commercial scale for PFAS contaminated water. 
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