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Introductory Chapter: Organochlorine

Aurel Nuro

Additional information is available at the end of the chapter

1. Introduction

Organochlorines (OCs) are organic molecules with chlorine in their structure. There are
known a large number of organochlorine compounds. A large amount of chlorinated
organic compounds are produced for industrial, agricultural, pharmaceutical, household
purposes, etc. In many studies, the main focus is on OC which has been evaluated as envi-
ronmental contaminants with toxic effects on humans. Different types of organochlorine
have been produced throughout the world. Some of the most popular classes are organo-
chlorine pesticides (OCPs), polychlorinated biphenyls (PCBs), dioxins, chlorobenzenes,
chlorophenols, chlorinated alkanes, etc. Organochlorine compounds usually have a large
molecular mass. They are very stable. Generally, they are molecules of moderate polarity
(low solubility in water). This makes OC easily soluble in fats. They were found in almost all
environments: air, water, soil, sediments, and biota samples. They can spread out easily in
different geographic altitudes and latitudes. Volatile and semi-volatile OCs have the ability
to spread far away from the place where they were used. Some studies have reported some
organochlorines in the North Pole at the same levels as the areas where they were produced
or applied. They have the ability to bioaccumulate easily in biota. Passing through the food
chain levels, they increase their concentrations (biomagnifying). Contaminated foods with
OCs and exposures to them are their main ways to arrive in the human body. Generally,
they display their effects after a relatively long period of exposure. This is the main reason
why they are produced and used for a long time before their production and use were
banned. The most important health effects that organochlorines can cause are mutagenic,
endocrine-disruptor, carcinogenic and central nervous or peripheral disorders. After iden-
tification of the consequences for many organochlorines, their production and use in many
countries were banned but unfortunately their effects were shown for many other years.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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1. Introduction 

Organochlorines (OCs) are organic molecules with chlorine in their structure. There are 
known a large number of organochlorine compounds. A large amount of chlorinated 
organic compounds are produced for industrial, agricultural, pharmaceutical, household 
purposes, etc. In many studies, the main focus is on OC which has been evaluated as envi-
ronmental contaminants with toxic effects on humans. Different types of organochlorine�
have been produced throughout the world. Some of the most popular classes are organo-
chlorine pesticides (OCPs), polychlorinated biphenyls (PCBs), dioxins, chlorobenzenes, 
chlorophenols, chlorinated alkanes, etc. Organochlorine compounds usually have a large 
molecular mass. They are very stable. Generally, they are molecules of moderate polarity 
(low solubility in water). This makes OC easily soluble in fats. They were found in almost all 
environments: air, water, soil, sediments, and biota samples. They can spread out easily in 
different geographic altitudes and latitudes. Volatile and semi-volatile OCs have the ability�
to spread far away from the place where they were used. Some studies have reported some 
organochlorines in the North Pole at the same levels as the areas where they were produced 
or applied. They have the ability to bioaccumulate easily in biota. Passing through the food 
chain levels, they increase their concentrations (biomagnifying). Contaminated foods with 
OCs and exposures to them are their main ways to arrive in the human body. Generally, 
they display their effects after a relatively long period of exposure. This is the main reason�
why they are produced and used for a long time before their production and use were 
banned. The most important health effects that organochlorines can cause are mutagenic,�
endocrine-disruptor, carcinogenic and central nervous or peripheral disorders. After iden-
tification of the consequences for many organochlorines, their production and use in many�
countries were banned but unfortunately their effects were shown for many other years. 
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2. Organochlorine pesticides 

Organochlorine pesticides were used widely for agricultural purposes after the Second World 
War. The insecticidal properties of DDT were discovered firstly. After that many other OCPs 
were synthesized and used. Many tons of DDT, aldrin, heptachlor, lindane, hexachloroben-
zene, toxaphene, and many other pesticides with chlorine in their molecules were produced 
and used all over the world for many years. They affected significantly the growth of agricul-
tural products around 1960, bringing what was called the “Green Revolution.” Their use was 
very effective especially in countries that suffered from many diseases spread by insects such 
as malaria. In early 1970s, their toxic effects were verified firstly in birds and fishes. After that, 
OCPs were banned in the USA and Europe. OCPs and their degradation products are found 
in many ecosystems until now because of their persistence and their bioaccumulation ability. 
The presence of OCPs was reported in many environmental and food studies. Water irriga-
tion and rainfall landslides make them possible to pass over surface and underground waters. 
So, they can spread far away from areas where they have been applied. Bioaccumulation 
processes make their presence possible in all food chain [1, 2]. 

3. Polychlorinated biphenyls 

PCBs were produced from 1930 to 1977. PCB mixtures were prepared from chlorination of 
biphenyls in the presence of various catalysts. There are 209 different congeners depending 
on the number of chlorine atoms and their positions in the molecule. Usually they were used 
as mixtures (aroclor, kanechlor, etc.). These mixtures are classified and used according to the 
percentage of chlorine. They were widely used as insulating and hydraulic fluids in numer-
ous industrial processes. They were banned in 1980 because of the possible risks to human 
health and the environment. Higher toxicity presents non- and mono-ortho-substituted con-
geners because of their planarity. They are called dioxin-like congeners of PCBs, classified as 
endocrine disruptor and possible carcinogen to humans [3, 4]. Many accidents have occurred 
around the world due to the use of PCB: Kyushu, Japan (1968); Hudson River, USA (1977); 
Brescia, Italy (1999); etc. These accidents and laboratory in vivo/in vitro data verified their 
toxic ability to humans [5–8]. 

4. Dioxins and furans 

Polychlorinated dibenzo-p-dioxin (PCDDs) and polychlorinated dibenzofurans (PCDFs) are 
highly toxic, the most dangerous being 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Testing 
study on toxicity of the TCDD is used as a mechanism and reference value for other dioxins 
[9–11]. PCDD/Fs and PCB dioxin-like were verified in different experiments to have the same 
mechanism of toxicity via the aryl hydrocarbon receptor (AHR). Dioxins can produced in 
higher temperature as secondary products, e.g. by increate of urban wastes or many indus-
trial processes. Dioxins have no common use. PCDD/F even in low levels can cause serious 
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problems to humans and other organisms because of their high toxicity [12, 13]. Various stud-
ies have clarified the implications of their presence at ultra-trace levels like that in Seveso, 
Italy (1976), Belgian PCB/dioxin incident (1999), etc [14, 15]. 

5. Chlorobenzenes, chlorophenols, and other derivatives 

Derivatives with chlorine of benzene, phenol, aniline, nitrobenzene, benzoic acid, phenyl acetic�
acid, and many other similar compounds are usually produced as raw materials for many syn-
theses in the pharmaceutical industry, plastic production, pesticide production, and many other 
synthetic compounds. Some of them were used as pesticides, for example, tecnazene (tetrachlo-
ronitrobenzene), Kvintozen (pentachloraniline), etc. Chlorinated derivatives can be impure in 
many synthetic products. They can be obtained by degradation processes of large chlorinated 
molecules. They were reported as part of the metabolism of large chlorine molecules in dif-
ferent organisms. Most of them are harmful to the environment and living organisms. Their 
toxicity is different depending on the number and position of chlorine in the molecules.�

6. Legislation on organochlorine compounds 

Many studies have shown that chlorine compounds have harmful health effects not only for�
exposed persons but also for the entire population, it was necessary to regulate the equivalence�
of international legislation on limitations on the production and use of toxic substances. So sev-
eral agreements were reached, but the most important is the Stockholm Convention (2001) on 
Persistent Organic Pollutants (POPs). This convention, adopted by most countries, aimed at the 
elimination or reduction and use of many OCs including OCPs, PCBs, and dioxins. It provided 
several phases and guidelines for the immediate prohibition of use, production, and reduction 
of those substances called POPs. Although in most countries this convention became effective�
soon, OC presence was reported in certain areas as a result of waste disposal, equipment acci-
dents, or their use under false trademark. Their high persistence is an important factor. Control 
of the OC should be continuous in environmental and food samples due to their wide spread. 

7. Organochlorine distribution, stability, and degradation 

Although they have been banned many years ago, levels of OC were reported frequently in 
different studies. They are widespread in both applied environments and in areas far away 
from their application sites. This is due to high stability, high bioaccumulation capacity, 
biomagnification, and the ability to spread out of the application site. Generally, these com-
pounds are difficult to degrade. In the soil or sediment environment, the speed of degradation 
is much smaller. Different degradation mechanisms are known, such as photochemical deg-
radation, thermal degradation, biological degradation, and chemical degradation [7]. Their 
degradation products are derivatives which in most cases also contain chlorine and exhibit 
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certain toxicity. The study of degradation mechanisms will affect the speeding up of their 
elimination processes under practical conditions. 

8. Analytical techniques on determination of organochlorines 

The levels of chlorine compounds in both environmental and food samples were found in very 
low (trace or ultra-trace) levels from ppm to ppt. For their qualitative and quantitative deter-
mination, it is necessary to use different techniques of extraction such as Soxhlet, ultrasonic 
extraction, SPE, ASE, etc. The samples of clean-up procedures generally were realized in SPE 
columns with adsorbents that have different polarities. Analytical determinations of organo-
chlorines were recommended to be achieved by gas chromatography techniques especially 
coupled with mass spectrometry (GC/MS). GC/MS/MS and LC/MS/MS are recommended in 
many methods for OC analysis in environmental and food samples [16, 17]. In many standard 
methods (EN, ASTM, etc.), techniques of simultaneous determination of organochlorine com-
pounds for the same type or different types due to their similarity are described.�

9. Preface on organochlorine chapters 

This compact book has some data on organochlorine compounds and their degradation prod-
ucts. Clarification of degradation processes for OC is important for polluted ecosystems. Reviews�
on legislations for organochlorine compounds especially on persistent and toxic OC were shown 
also in this book. Analytical procedures (extraction techniques, clean-up procedures, equipment,�
etc.) and experimental data for OC analysis are mentioned briefly on book chapters.�

Chapter I, “Service Sector-Based Dioxin and Furan Emissions and Management Techniques,” 
describes PCDD/F as one of the important classes of organochlorine contaminants. This chap-
ter presents the importance of study dioxins because they cause people’s health problems. 
Through various studies that authors have used, this review is focused mainly on emission 
sources and monitoring of these contaminants in some countries in order to conclude to the 
situation in Ethiopia. PCDD/Fs are part of the POPs because of their persistence and toxicity. 
Also, in this chapter, are given data on other chlorinated compounds, classified as POPs, such 
as organochlorine pesticides, PCB, PBB, etc. The connection between PCDD/F and other POPs 
could have been clearly demonstrated. 

Chapter II, “Mechanistic Considerations on the Hydrodechlorination Process of Polychlo-
roarenes,” is a review of different hydrodechlorination mechanisms for organochlorine pol-
lutants such as PCDD/F and PCB.�These pollutants are persistent for many years because of 
their structure. Their presence could be for many years not only in environment but also in 
food chain because of bioaccumulation processes. Authors have considered different studies 
of hydrodechlorination mechanisms based on different redox mechanisms. These mecha-
nisms of hydrodechlorination are important processes because degradation products usually 
are organic compounds with lower toxicity. Understanding these reaction mechanisms can 
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lead to their efficient use in practice. The use of these reactions in incinerator filters and con-
taminated areas can bring a reduction of PCDD/PCDF and PCB pollution.�

Chapter III, “Application of Heterogeneous Catalysts in Dechlorination of Chlorophenols,” is 
a review on heterogeneous catalysts for dechlorination of chlorophenols. These compounds 
are widely distributed especially in waste and surface waters because of household products, 
urban wastes and other chlorinated compounds such as pesticides. Heterogeneous catalyst 
can replace the homogeneous catalyst to solve the catalyst recycling problem, especially for 
the precious metal catalysts. The heterogeneous catalyst costs are more reduced than homo-
geneous catalyst. Dechlorination of chlorophenols using heterogeneous catalyst could be use-
ful for dechlorination of other chlorinated compounds. 
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Abstract 

Many changes like increment of the population and demanded services, expansion of 
industries, increasing of transportation demand, etc., have increased the emission of 
dioxin and furan. There was no indicative research conducted on the quantification and 
management practices of the unintentionally produced persistent organic pollutants like 
dioxin and Furan. A UNEP model for dioxin- and furan-related POPs management was 
commonly used to assess the main anthropogenic sources of dioxin and furan. In this 
book chapter, UNEP toolkit that was developed in 2013 is used to identify and quantify 
the sector-based emission of dioxin and furan. About nine main groups of anthropogenic 
POPs sources such as waste incineration, open burning process, ferrous and nonferrous 
metal production, etc., explicitly discussed in the report were identified. The case study 
in Addis Ababa showed that all organizations have no awareness about the dioxin and 
furan emission issues and follow very weak management styles. Finally, the book chap-
ter suggests the reformulation of the national legal management framework, adaptation 
of best available technology with less POPs footprint, increasing public and stakeholder’s 
awareness and participation and capacitating the concerned government organization. 

Keywords: persistence, polychlorinated dibenzo dioxin, polychlorinated dibenzo 
furans, Stockholm Convention 

1. Introduction 

POPs are organic compounds that resist chemical, biological, and photolytic degradation due 
to their inherent characteristics. Their low water solubility and high lipid solubility facilitate 
their bioaccumulation in fatty tissues of living organisms. Many are also semi-volatile, which 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, 
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8 Organochlorine 

enable them to be transported long distances through the atmosphere. Due to its persistence 
behavior, POPs are today present all over the world, found in every major climatic zone and 
geographic sector, including deserts, the Arctic, and the Antarctic were no major local POPs 
sources exist [1]. 

There exist several different forms of POPs, natural as well as anthropogenic. Those noted for 
their persistence and ability to bioaccumulate include many of the first-generation organo-
chlorine insecticides, e.g., Dieldrin and DDT, as well as industrial products or by-products 
such as PCBs and dioxins. Due to their persistence and ability to accumulate and biomagnifies 
in living tissues, they can cause harm in the environment for an extensive amount of time [1]. 

In May 2001, the Stockholm Convention on Persistence Organic pollutant is one of a global, 
legally binding instrument, aimed at protecting human health and environment across the 
world from the harmful impact of persistent organic pollutant. According to the Stockholm 
Convention, this convention perhaps best understood as having five essential aims, such as 
eliminating dangerous pops by starting from the 12 worst, supporting the transition to safer 
alternatives, targeting additional POPs for action, cleaning up old stockpiles and equipment 
containing pops, and working together for POPs free nature. 

Regarding the convention, Ethiopia has been proclaimed the ratification of this convention on�
2nd day July 2002, Proclamation No. 279/2002, which is the Stockholm Convention on Persistence 
Organic Pollutant. There are articles that stated in the convention for the management of persis-
tent organic pollutant. Article 5 of the convention deals with the unintentionally produced POPs. 
It requires each party to take measures to reduce the total releases derived from anthropogenic 
sources of Annex C chemicals, i.e., HCB, PCBs, dioxins, and furans. 

Developing an action plan to identify, characterize, and address the unintentional release of 
these chemicals is the major obligation of each party. The action plan should evaluate current 
and projected releases, develop source inventories, and release estimates. It should also evalu-
ate the efficacy of laws and policies relating to the management of such releases. In addition to�
the action plan, each party is required to (i) promote feasible, practical measures that can expe-
ditiously achieve a significant on reduction of these releases; (ii) promote and/or require use�
of substitute materials or processes to prevent the formation of these chemicals; (iii) promote�
and implement, in accordance with the action plan, the use of best available techniques and 
best environmental practices for existing and any newly identified sources of the chemicals.�

The main sources of unintentionally produced POPs cover a wide range of economic activities 
including industrial processes, such as ferrous and nonferrous metals production, cement 
and other minerals production, and production and use of chemicals and consumer goods, 
such as manufacture of pulp and paper, chemicals, petroleum, textiles, and leather products. 
The other categories include waste incineration, power generation and other fuel burning, 
transport; uncontrolled combustion processes such as agricultural and forest fires, drying of 
biomass, crematoria, dry cleaning, and tobacco smoking are also considered as having the 
potential for formation and release of these chemicals to the environment [2]. 

This book chapter evaluates the sources and management practice of the unintentionally pro-
duced persistence organic pollutants such as dioxin and furan especially in the service sectors. 
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Potentially available literatures covering the concept of persistence organic pollutant, the 
birth of the Stockholm Convention, identification, and quantification of unintentionally pro-
duced persistent organic pollutant, environmental and health impact of persistent organic 
pollutant, and policy and regulation framework of pops management were discussed. The 
global experience and practices of POPs are also discussed. 

2. Methodology 

This chapter was organized by reviewing of related literatures, collecting primary information, 
and compiling secondary from various sources. Related peer reviewed articles were compiled 
online from reputable journals, and secondary data were collected from relevant government 
offices.�

A sector source-based cross-sectional study was carried out to generate quantitative information 
of UPOPs amount and evaluate sectoral offices management practices specific to dioxin and furan�
in the city. A UNEP model for POPs management was used to assess the main anthropogenic 
sources of dioxin and furan. The quantity of dioxin and furan released from the identified source�
groups was quantified by using UNEP toolkit default emission factor. Open- and close-ended�
questionnaires, FGD, and key informant interview were used to collect primary information. 

Secondary data were collected from various organizations such as trade and industry birroue, 
Addis Ababa Environmental Protection authority, Ministry of Environment, Forestry and 
Climate Change, Addis Ababa city municipality, and other unmentioned source category orga-
nizations. The data collected from such kind offices were analyzed and presented in the form�
of supplementary information for the analysis. Relevant peer reviewed research articles, inter-
national and national legislations, and related literature were collected online and reviewed 
systematically at informative manner. The articles and standard literatures were read critically 
to synthesize the information. 

3. Environmental and health impacts of dioxine and furan 

PCDD/F and PCB are considered dioxin- and furan-like compounds under Stockholm Con-
vention. PCDDs and PCDFs are unintentional by-products of incomplete combustion process 
of chlorinated products and known to be widespread and persistent in the environment [3]. 
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) has been known to be the most toxic congener of 
all PCDDs and was classified as a carcinogenic 24 substance by WHO’s International Agency 
for Research on Cancer in 1997 [4]. Infants are more sensitive to the exposure of dioxins and 
dioxin-like compounds such as PCBs. Studies indicated that dioxins and dioxin-like com-
pounds may interfere with thyroid hormone levels, increase risk of growth retardation, delay 
in developmental landmarks, cause neurocognitive deficits, and lead to reproductive impair-
ments [5–8]. With short-term and high exposure level, TCDD can cause chloracne, a severe 
skin disease with acne-like lesions on the face and neck, which may also extend to the upper 

http://dx.doi.org/10.5772/intechopen.80011


  
 

 

 

 
 
 
 

 
  

  

10 Organochlorine 

Figure 1. Overview of the human exposure pathways to POPs. 

body in human [4]. With acute (14�days or less) oral exposure or intermediate (15–364�days) 
and chronic (365�days or more) exposure to PCDDs, liver’s metabolism, biochemical, and 
weight change [4]. In Taiwan, several studies were done to determine the effect on children of 
Yu-Cheng women, who were transplacentally exposed to the pollutants. The results showed 
that prenatal exposure to PCBs and PCDFs could potentially result in reduced neurocognitive 
development, hyperpigmented skin and nails, and increased the risk of growth retardation 
[8]. Furthermore, Guo et al. [5] found that prenatal exposure possibly causes deterioration in 
semen quality, increases the percentage of abnormal sperm, and reduces daily sperm produc-
tion in sexually matured men who experience in utero exposure. 

In recent years, increasing concern has been given to polybrominated congeners of dibenzo-
p-dioxins/furan. Brominated dioxins exert their toxic effects through the same mechanism as�
their chlorinated congeners, of which TCDD and its brominated congener 2,3,7,8-tetrabromod-
ibenzo-p-dioxin (TBDD) presented almost identical potencies for the immune toxic effects on�
mice [9]. According to the Environmental Health Criteria 205, PBDD/Fs exhibits similar health 
effects to the animal as their chlorinated congener PCDD/Fs. With the oral exposure of TBDD,�
spermatogenic activity decreases and thyroid hormones changes in the Westar rate while�
growing retardation and histopathological changes in liver and thymus detects in the Sprague-
Dawley rats. However, data on human exposure of PBDD/F are scarce. As it was shown in 
Figure 1, exposure ways of dioxine and furan are diverse. Only limited studies were done on 
these emerging pollutants, and most of them are concentrated on occupational exposure [4]. 

4. The birth of the Stockholm Convention 

The issue of POPs begun to be addressed in the 1980s; Canada has brought it onto the inter-
national agenda [10–12]. In Canada, research found out and heightened the sensitivity of 
concerns of its northern indigenous populations. It was in the 1983, when the international 
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organizations like UNEP and WHO asked Canada to turn down Canada effort to seek inter-
national actions to reduce these chemical actions. During this time, the government of Canada 
has entered into force the convention of management of long-range transboundary air pol-
lution [12]. Although its implementation was regional rather than global, the fact that the 
convention covered most of the northern hemisphere made it a feasible forum. Ultimately, the 
convention integrated POPs into its agenda, it created POPs agreement that covered many of 
the initial “dirty dozen” of these chemicals in the country. 

Then, the issue once addressed at an international scale in the form of soft law by the 1992 
Rio UN Conference on Environment and Development and Agenda 21. By 1995, the UNEP 
Governing Council initiated an assessment process regarding a list of 12 POPs subject to 
future regulation [13]. An Ad Hoc Working Group on POPs was established to develop a 
plan for assessing information on the chemistry, environmental dispersion, toxicity, sources, 
and socioeconomic impacts of a list of 12 chemicals called the “dirty dozen” [13]. By 1996, the 
working group concluded the need for global action to include the establishment of a global, 
legally binding instrument. Consecutive meetings that were held from 1998 to 2001 have suc-
ceeded to produce signatory document for countries. In 2001, in the conference that was held 
in Stockholm, Sweden, about 91 countries and the EU signed the Convention. 

5. Identification and quantification of release of dioxin and furan 
unintentional persistence organic pollutant 

One of the major goals of the Stockholm Convention on Persistent Organic Pollutants (POPs) 
is the continuing minimization and, where feasible, ultimate elimination of unintentionally 
produced POPs. Parties are required to identify, characterize, quantify, and prioritize sources 
of releases of unintentionally produced POPs and develop strategies with concrete measures, 
timelines, and goals to minimize or eliminate these releases. Toward this end, parties must 
develop action plans as part of their National Implementation Plans (NIP) to identify, char-
acterize, and address the releases of unintentional POPs Listed in Annex C of Stockholm 
Convention. Action plans to be developed according to Article 5 of the Convention shall 
include evaluations of current and projected releases that are derived through the develop-
ment and maintenance of source inventories and release estimates, taking into consideration 
the source categories listed in Annex C of the convention tool. 

According to UNEP [14], toolkit has been assembled for the purpose of assisting each coun-
try in identifying and quantifying sources of unintentional POPs that are located within the 
country’s borders and estimating releases from those sources. Sources of POPs releases are of 
four general types, three of which are active, ongoing processes and one is a legacy of historic 
activities: 

• Chemical production processes, e.g., facilities or production units that produce chlorinated 
phenols or in which certain other chlorinated chemicals are manufactured or that produce 
pulp and paper using elemental chlorine for chemical bleaching;�

• Thermal and combustion processes, e.g., waste incineration, combustion of solid, and liq-
uid fuels, or production of metals in thermal processes;�
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12 Organochlorine 

• Biogenic processes in which PCDD/PCDF may be formed from precursors-manufactured 
chemicals such as pentachlorophenol that is structurally closely related precursors of 
PCDD/PCDF. 

• Reservoir sources such as historic dumps containing PCDD/PCDF and other POPs con-
taminated wastes and soils and sediments in which POPs have accumulated over time. 

Some additional source categories and a strategy for identifying new source categories are 
presented in the toolkit (Annex C). It describes a step-by-step process to estimate PCDD/ 
PCDF releases from each source category to the following environmental media: 

• Air, 

• Water (surface and ground water, including marine and estuarine water),�

• Land (surface soils) and to these process outputs: products (such as chemical formulations, 
including pesticides or consumer goods such as paper, textiles, etc.) and residues (includ-
ing certain liquid wastes, sludge, and solid residues, which are handled and disposed of as 
waste or may be recycled). 

6. World experiences in POPs monitoring and management 

In recent years, the potential risks of POPs were considered seriously throughout the world. 
As such, regulatory control and measures were proposed to protect human health, the eco-
system, and the environment. According to report of Porta et al. [15], few countries includ-
ing USA, Germany, and Arctic had established nationwide surveillance programs of human 
concentrations of POPs, while other countries have conducted population-wide studies on 
the distribution and concentrations of POPs. 

6.1. United States 

The United States has taken several actions to control and reduce the emission of POPs. 
Environmental Protection Agency (US EPA) controls and manages the release of dioxins and 
furans to air, water, and soil by the Clean Air Act and the Clean Water Act. According to the�
1990 Clean Air Act, the US EPA identifies the major industrial sources of toxic air emission�
and sets regulations using a technology-based or performance-based approach to reduce toxic 
emissions. Industries must be scaled up to achieve the maximum control of hazardous air pol-
lutants, including dioxins and furans [16]. In addition, the act demanded EPA to analyze the 
remaining risks and decide whether control measures have to be tightened. Apart dioxins man-
agement using clean air act, the Clean Water Act controls and manages the release of dioxins�
to water through a combination of risk-based and technology-based tools [17]. Moreover, EPA 
Superfund and Resource Conservation and Recovery Act Corrective Action programs were also 
helping to clean up the dioxin-contaminated land [18]. Several conventions and commissions 
were established on a regional basis to control and address regional environmental concerns. 

Various activities have been performed by different sectoral offices to reduce the pollution and�
its effect on human health. The CDC [19] indicated that National Report on Human Exposure to 
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Environmental Chemicals (NRHEEC) in the United States has given an opportunity for ongo-
ing assessment of the POPs exposure level of the U.S. population. This assessment program 
has linked POPs to the National Health Nutrition Survey (NHANES) and determined the con-
centration of some POPs in the blood and urine of the general population from 50 states. The 
program assessed POPs increased from 27�in 2001 to 148 by 2005. POPs that were assessed in�
the program included the pesticide POPs (aldrin, chlordane, DDD, DDE, DDT, dieldrin, endrin, 
heptachlor, mirex, toxaphene, etc), brominated compounds (PBDEs, polybrominated biphenyls 
(PBBs), etc), and other additional chemicals in 2005. Furthermore, fluorinated POPs, such as�
PFOA, PFOS, and its salts, were also found under the candidate chemicals in priority groups [19]. 
Ecotoxicology database (ECOTOX) program was also setup by the United States Environmental 
Protection Agency (US EPA) to study the human exposure. The aim of the program was to 
consolidate all toxicity data for aquatic and terrestrial organisms from peer-reviewed literature 
[20]. Currently, it is funded and being managed by the U.S. Department of Defense’s Strategic 
Environmental Research and Development Programme (SERDP) and the U.S.�EPA’s Office�
of Research and Development (ORD) and the National Health and Environmental Effects�
Research Laboratory’s (NHEERL’s) Mid-Continent Ecology Division [20]. The US EPA finally�
made the database to be publicly available by the Toxics Release Inventory (TRI) program to 
track the emission levels and trends for toxic chemicals, including dioxins and furans, from 
major industries, point sources, stationary sources, and mobile sources [16]. 

6.2. Germany 

In Germany, Environmental Survey (GerES) of POPs officially started in 1985. Serious four 
GerESs were conducted in the period of 1985–1986 (GerES I), 1990–1992 (GerES II), 1998 
(GerES III), and 2003–2006 (GerES IV), respectively [21]. Blood and urine from the general 
population of ages between 25 and 69 were analyzed. In GerES II and GerES IV reports, 
addition subsamples were done for children aged between 6 and 14�years and another aged 
between 3 and 14�years [22]. 

6.3. Arctic 

In Arctic, the human monitoring on POPs was done by the Arctic Monitoring and Assessment 
Programme (AMAP) in 1994 and 2002 to assess the contaminant levels in the blood (AMAP, 
2000; AMAP, 2002). Blood samples from human living in the Arctic regions of the eight 
circumpolar countries, including Canada, Denmark/Greenland, Finland, Iceland, Norway, 
Russia, Sweden, and the United States, were collected and analyzed for POPs in order to 
evaluate the regional and spatial trends of pollution, to determine the sources and its path-
ways, and to determine human impact, including chronic effect, posed by POPs in this region. 
They have drawn spatial trends by evaluating the POPs level detected in the blood samples 
of human from different regions. 

6.4. Canada 

In Canada, pesticides-related POPs are managed under the Pest Control product Act (PCPA). 
For management of these pollutants, all import, used, and sold activities of pesticides must be 
registered at the Pest Management Regulatory Agency [23]. Under the Protocols on Persistent 
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14 Organochlorine 

Organic Pollutants, the production and use of aldrin, chlordane, chlordecone, dieldrin, endrin, 
hexabromobiphenyl, mirex, and toxaphene are banned. Also, the use of DDT, HCH (includ-
ing lindane), and PCBs is restricted. The Toxic Substances Management Policy (TSMP) of 
the country is a preventive and precautionary approach to virtually eliminate all POPs listed 
under the Stockholm Convention and to minimize the release of such chemicals to the environ-
ment [24]. Furthermore, Canada has adopted a new program called Chemicals Management 
Plan to evaluate the negatively impacting chemicals by risk assessment approaches for deter-
mining whether a chemical usage restriction or ban [25]. Also, the National Pollutant Release 
Inventory (NPRI) of Environment Canada, in its Environmental Protection Act, 1999, neces-
sitates all company or facility which has approximately 10 or more full-time employees and 
uses one or more of the listed hazardous substances to register and report the total amount of 
each of the hazardous substances used during the year [25]. 

6.5. The European Union 

In the European Union (EU), REACH, a new legislation which deals with Registration, 
Evaluation, Authorization, and Restriction of Chemical substances, entered into force on June 
1, 2007 [26]. Currently, around 30,000 marketed chemicals, new or existing, required to register 
under REACH, in which 1500 of the chemicals are subjected to permission before their use and 
their introducing to the market. Chemicals which require the authorizations are those which 
are classified as carcinogenic, mutagenic, or toxic to reproduction compounds; persistent, bio-
accumulative, and toxic compounds. The authorization will only valid for a limited period of 
time. Under REACH, industries are responsible for assessing and to manage the risks posed by 
their chemical substances [26]. Furthermore, for chemicals that are imported or manufactured 
more than 1 ton per year per company, manufacturers and importers are responsible for gath-
ering information on the properties of their chemical substances to ensure safe handling of such 
chemicals and to register such information in a central database run by European Chemicals 
Agency (ECHA). Chemicals that are imported or manufactured more than 10 tons per year 
per company have no chemical safety report which contains the chemical safety assessment, 
information on the persistent nature, bioaccumulative, and toxicity behavior of the chemicals 
and the human health and environmental risk assessment [27]. In addition to the chemical 
database, the European Community and 23 Member States will implement the publicly acces-
sible database, European Pollutant Release, and Transfer Register (E-PRTR), succeeding the 
European Pollutant Emission Register (EPER). E-PRTR covers the releases of pollutants to air, 
water, land, and off-site transfers of waste releases from diffuse sources such as road traffic and�
domestic heating. Facilities which emission exceeded the limited set under the regulation are 
obligated to report to their member states. This report will be published annually [26]. 

7. Management practice of persistence organic pollutant in Ethiopia 

According to NIP (2006), the management practice of persistence organic pollutant is weak 
after the convention ratified by the country. Even though there are some activities regarding 
the management of this persistence organic pollutant, there are several legislations which are 
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applicable to POPs in one way or another. Environmental Pollution Control Proclamation 
No. 300/2002 and Pesticide Registration and Control Council of State Special Decree No. 
20/1990 are among the most important legislations for regulating POP chemicals in Ethiopia. 
However, analysis of the relevant legislations and their enforcement indicates that the legal 
system that relates to the management and use of chemicals in general and POPs in particular 
in Ethiopia is far from well developed. Lack of comprehensive approach and coverage is one 
of the major shortcomings of the legal framework. The other major gap and limitation in the 
area are a lack of legislations and standards in the following areas: 

• Lack of rules that expressly ban the production, import and use of POPs pesticides 

• Lack of legislation that directly and comprehensively regulates industrial chemicals, 
including PCBs;�

• Lack of proper regulatory mechanism for the use of DDT;�

• Lack of enabling legislations and standards to regulate releases of unintentionally pro-
duced POPs from different source categories;�

• Lack of proper regulatory mechanism for the management of POPs stockpiles and wastes;�

• Lack of proper regulatory framework on information gathering and exchange;�

• Lack of regulatory framework on public awareness and participation 

8. Main anthropogenic based dioxin and furan source categories 

Contrast to natural phenomena, anthropogenic source is potential or potent for emission of per-
sistence organic pollutant such as polychlorinated dibenzodioxin and polychlorinated diben-
zofuran (PCDD and PCDF). Unintentional persistence organic pollutants (PCDD and PCDF) 
are produced from four general types of anthropogenic activities found in a given country and 
city ([2]). 

• Chemical production process, e.g., facilities or production units that produce chlorinated 
phenol 

• Thermal and combustion process, e.g., waste incineration, combustion of solid and liquid 
fuel, or production of metals in thermal processes: 

• Biogenic process in which PCDD/PCDF may be formed from precursors-manufactured 
chemicals such as pentachlorophenol that are structurally closely related precursor of 
PCDD/PCDF 

• Reservoir source such as historic dumps containing PCDD/PCDF and other pops contami-
nated waste and soil and sediments in which POPs have accumulated over time 

However, it is impossible to found out these source categories in all countries, as well as cities 
at the same level. It has variations on the economic activities of the countries or cities. The 
detail source groups are discussed below. 
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16 Organochlorine 

8.1. Source group 1—waste incineration 

Waste incineration is the predominant anthropogenic activity that contributes to the emis-
sions of unintentional persistence organic pollutants such as dioxin and furan. Under waste 
incineration, five sub-categories are identified and listed such as municipal solid waste incin-
eration, hazardous waste incineration, medical waste incineration, light fraction shredder 
incineration, sewage sled incineration, and animal carcass incineration [2]. 

8.2. Source group 2—ferrous and nonferrous metal production 

Under this source groups eleven source categories were identified and listed. These source 
categories are iron ore sintering, coke production, iron and steel metal production, foundries, 
hot-dip galvanizing plants, copper production, aluminum production, lead production, zinc 
production, brass and bronze production, and magnesium production. Nonferrous metal 
production (e.g., Ni) like shredders and thermal wire reclamation and e-waste recycling are 
commonly found in Addis Ababa [2]. 

8.3. Source group 3—heat and power generation 

There are five categories that are identified under this source group of heat and power gen-
eration. These are fossil fuel power plant, Biomass power plant, landfill biogas combustion, 
Household heating, and Cooking–Biomass and Domestic heating–Fossil fuel [2]. 

8.4. Source group 4—production of mineral products 

Under this production of mineral product, there are six source categories activities respon-
sible for the emission of dioxin and furan. These are cement kiln, lime production, ceramic 
production, brick production, glass production, asphalt mixing, and oil shale processing [2]. 

8.5. Source group 5—transport 

Transport is one of source group that releases dioxin and furan organic pollutant due to 
the incomplete combustion of an engine. Under this source group, 4 stroke engine, 2 stroke 
engine, diesel engine, and heavy oil engine vehicles categories are responsible for emission of 
unintentional persistence organic pollutant [2]. 

8.6. Source group 6—open burning process 

Due to the incomplete combustion of biomass, emission of PCDD/PCDF toward the environ-
ment Medias such as air, water, land and products will be occurred. Thus, under the group of 
open burning process only two categories were identified such as biomass burning (forest fire�
sugar cane etc.) and waste burning and accidental fires(accidental fire on vehicle and house) [2]. 

8.7. Source group 7—production and use of chemicals and consumer goods 

According to UNEP toolkit [2], production and use of chemical and consumer goods are one 
of the anthropogenic activities for emission of persistence organic pollutants which have 
been classified under the source group of unintentional persistence organic pollutants. This 
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source group also classified into various categories such as pulp and paper mills, chlorinated 
inorganic chemicals, chlorinated aliphatic chemicals, chlorinated aromatic chemicals (per ton 
product), other chlorinated and nonchlorinated chemical (per ton product) petroleum refin-
ing, textile plants (per ton textile), and leather plants. 

8.8. Source group 8—miscellaneous 

This source group has classified�into five categories. The source categories listed on toolkit 
guide are: drying of biomass, crematoria, smokehouses, dry cleaning, and tobacco smoking. 

8.9. Source group 9—disposal 

Waste disposal is an anthropogenic activity which contributes to the emission of the uninten-
tional persistence organic pollutant so-called polychlorinated dibenzodioxins and polychlo-
rinated dibenzofuran (PCCD/PCDF). Under this source group, landfills, waste dumps and�
landfill mining, sewage/sewage treatment, open water dumping composting, and waste oil dis-
posal are source categories which have major contribution for emission of dioxin and furan [2]. 

9. Quantifications of dioxin and furan emission from different 
source group and categories 

Inventory of PCDD/PCDF release has been conducted after identification of all source group 
and source categories. According to UNEP toolkit [2], the annual release of Dioxin and furan 
can be determined based on the computation of emission factor and activity data. 

9.1. Emission factor for PCDD/PCDF 

The default emission factors presented in the toolkit are driven from a variety of data sources 
from laboratory experiments, peer-reviewed, and literature dedicated experiment project to 
governmental or institutional report. The emission factors for each class are the best estimate 
based. Data on technology, process characteristics, and operating practices were taken from 
well-documented sources of sector offices. An expert judgment was also used.�

9.2. Activities rate for PCDD/PCDF 

Activity rate data are very significant data for quantification of the annual release of PCDD/PCDF�
in the study area, in which activity rates are value in unit per year of product manufactured (e.g., 
steel) or feed processed (e.g., municipal waste hazardous, coal, diesel fuel etc.), annual quantities 
of material released (e.g., M3 of free gas, liter of kilogram or ton of sled generated etc.) [2]. 

10. Management practices of dioxin and furan 

Based on the Stockholm Convention on persistence organic pollutants, countries who signed 
the treaty toward the management of persistent organic pollutant have to design management 
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system like BAT and BEP (best available technology and best environmental practice) to 
reduce and eliminate dioxin and furan organic pollutants. This agreement is not easily appli-
cable in a developing country like Ethiopia, where the economy is still in progress and it has 
a major related impact during the developmental activities. 

11. Case study: Ethiopia 

11.1. Emissions and management practices 

11.1.1. Medical waste incineration 

About 50% the health care institutions in Addis Ababa have no furnace during medi-
cal waste incineration. Moreover, 100% of the currently using incinerator does not have 
an air pollution control system, and their medical waste incineration activity was not 
environmental sound and the organizations do not have disposal site to dispose the bot-
tom ash. Therefore, the overall management practice of PCDD/PCDF from medical waste 
incineration is very weak. 

11.1.2. Iron and steel production 

The respondent of iron and steel factories was used the furnace for heating and melting pur-
pose of the dirty and cleaned raw materials. During the production activities, all organiza-
tions do not have air pollution control system. The management practices of PCDD/PCDF 
emissions from iron and steel industries are very weak. The field visit to some factories con-
firmed that they produce their material by melting into furnaces without installing the air 
pollution control system and temperature control system. 

11.1.3. Heat and power generation 

The Dioxin and Furan is also easily emitted from household heating and cooking with biomass.�
The city residents commonly uses the three pit stoves, charcoal stove, and others stoves that do 
not have combustion control system. This emits the PCDD/PCDF from its open burning process. 

11.1.4. Glass production 

Glass factories that have a furnace to produce their products do not have dust control abate-
ment and PCDD/PCDF is easily emitted to the environmental media.�

11.1.5. Transport 

Vehicles in the city have no emission reduction catalyst. The management of the unintentional 
persistent organic pollutant emitted from the vehicle through the incomplete combustion 
does not be managed properly. 
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11.1.6. Open burning process 

The household heating and cooking with biomass is also one of the major contributors of 
dioxine and furan. 

11.1.7. Textile production 

Studies indicated that about 75% of the textile wastes from the industries were simply dis-
charged to the sewerage line rather than treating and releasing into the water bodies, whereas 
25% of textile wastes react to emission control [28]. This implies that majority of the industries 
have improper management of waste water released from their industries. 

11.1.8. Leather refining�

Regarding the emissions reduction management of PCDD/PCDF from leather refining indus-
tries, 7 or 99% of leather refining industry respondents revealed that their organizations have 
treated the wastewater via treatment plant. The rest 1% of industries do not have treatment 
plant but they are simply discharge into sewerage line, so that the PCDD/PCDF reduction was 
properly managed at leather refining industry.�

11.1.9. Dry cleaning 

The management practices of PCDD/PCDF from source category of dry cleaning have no opti-
mum management practices for emission control. About 86.7% of respondent of dry cleaning 
industries revealed that their organization utilized chemical for dry cleaning and disposed 
the by-product through sewerage line, so that they easily generated and emit PCDD/PCDF 
without control. 

11.1.10. Tobacco smoking 

There are no management practices of PCDD/PCDF emission from tobacco smoking activities 
in the city. 

11.1.11. Waste disposal 

In the city of Addis Ababa, there is no management practices of leachate or seepage liquids 
disposed from solid waste. This implies that PCDD/PCDF can be easily emitted from these 
anthropogenic activities. Also, there is no adequate treatment of sewage that can control emis-
sion of dioxin and furan from sewage treatment. 

11.2. Institutional policy and regulatory framework 

Regarding the policies and legal framework for persistent organic pollutant, the researcher 
conducted an interview with higher expert working in Ministry of the environment, forest 
and climate in compliance and Monitoring directorate, and then some question were raised 
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about the policy and regulatory framework of persistence organic pollutant. Expert from the 
FDRE Ministry of Environment, Forestry and Climate Change has explained that Ethiopian 
has designed various policy and regulatory frameworks to govern the environment, e.g., envi-
ronmental policy approved by the minister council, and this policy has regulatory framework 
these are, environmental Protection Organs establishment, environmental pollution control 
proclamation (300/2002) environmental Impact Assessment Proclamation (299/2002) and etc. 
However, all regulatory frameworks directly or indirectly influence or contribute for the man-
agement of persistence organic pollutants, but it is impossible to say that this is good enough 
for emission reduction of POPs. Therefore, these can be put as the gap and weakness on the 
existing legislative system for the management of POP chemical in Ethiopia, as well as in Addis 
Ababa city. In addition, the respondent described that at present there is no legislation that 
specifically deals with POPs chemicals other than pesticides. The only particular legislations�
are those which control and regulate pesticides. Therefore from the point views of the inter-
view, it is implied that the management practices of the emission reduction of the persistence 
organic pollutants through legislative and regulatory framework have not been formulated. 

12. Conclusion 

The major anthropogenic sources of emission of dioxin and furan (PCDD/PCDF) have gen-
eralized as 9 source groups, 15 source categories, and 25 classes. To quantify the release of 
PCDD/PCDF, an activity rate data and emission factor of each source category is required. 
The default model of emission factor prepared by UNEP to convert the annual activity rate 
data into annual release OF PCDD/PCDF in g TQE for different environment media is mostly 
used if there is no experimentally proved emission factor data found. 

Most of the service sectors in developing countries have no control system for emission of 
dioxin and furan. Also, the regulatory issue of dioxin and furan is risen in various stages of 
the environment policy and strategies; however, there is no separate guidelines and stan-
dards prepared for it. The management practice of dioxin and furan in developing countries 
is not satisfactory, so that it needs consideration technology, capacity building, and regula-
tory empowerment options. 

12.1. Technology options 

• Constructing a standard medical waste incinerator station with all facilities at a specific 
station from collecting, hauling, and transporting the medical waste from all the health care 
institution to the incinerator station. These flows of management highly reduce the emis-
sion of PCDD/PCDF from the uncontrolled medical waste incineration which undertaking 
at different health care institution in the city.�

• Adoption of best available technology and best environmental practices in leather, tex-
tile, and minerals production processes to reduce or eliminate releases of PCDD/PCDF 
through detailed assessment of individual industries for BEP options for UPOPs reduction 
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and need and introduce and effectively implement guidelines on BAT and BEP to release 
sources of UPOPs (existing and new industry) 

• Removal of barrier of introduction of technologies that minimize UPOPs through environ-
mentally sound management practices 

12.2. Capacity building option 

• Conduct awareness raising and establishing network for information exchange through 
sensitizing the public and stakeholders on environmental and health impact of dioxin and 
furan 

• Develop education and awareness materials on health and environmental effects of UPOPs,�

• Establish free access Web and database on dioxin and furan.�

12.3. Regulatory framework option 

• To control and reduce the release of dioxin and furan through various environmental 
media, the countries need to work collaboratively in stakeholders with the regulatory for-
mulating bodies. 
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Abstract

Defunctionalization of organochlorines through reductive dechlorination (also known as 
hydrodechlorination—replacement of chlorine atoms by hydrogen—is one of the main 
methodologies used in the detoxification of these harmful compounds. Most of the pub-
lished papers on this particular matter focused on specific reagents, reaction conditions, 
and mainly result efficiency. Some of the authors were also concerned with reaction path-
ways (e.g., the order in which chlorine atoms were removed from a polychlorinated aro-
matic substrate—polychlorinated biphenyls, PCBs; polychlorinated dibenzo-p-dioxins, 
PCDDs; or polychlorinated dibenzofurans, PCDFs). However, the papers that dealt with 
the investigation of reaction mechanism were rather scarce. This chapter presents the 
advances made by researchers in understanding, from a mechanistic point of view, the 
hydrodechlorination process, along with our own assumptions. In doing so, it would be 
easier to predict the behavior of such compounds in a specific environment, showing 
more clearly the scope and limitations of each process, depending on the reaction condi-
tions and reagents.

Keywords: hydrodechlorination, reaction mechanism, metal/hydrogen donor

1. Introduction

Most chlorinated and especially polychlorinated arenes (such as polychloro-dibenzo-p-diox-
ins 1, polychloro-dibenzofurans 2, or polychlorobiphenyls 3) are persistent organic pollutants 
(POPs) that are harmful to both man and the environment [1–5].
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distribution, and reproduction in any medium, provided the original work is properly cited.
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As a result, numerous techniques and procedures were implemented for their destruction/�
degradation [6–11]. Initially, these procedures focused on the separation/extraction of poly-
chlorinated compounds and subsequent treatment. Nowadays, researchers value the in situ 
procedures the most, with the advantage of time and the economic aspects [7, 12–14]. Indeed, 
such compounds are stable molecules, which are resistant to hydrolysis, oxidation, and tem-
perature changes, thus being difficult to degrade and showing long half-life times in the envi-
ronment [15]. For example, dioxins could have atmospheric half-lives of 10–20�years, while, in 
soils, they can reach staggering values of up to 150�years.�

This means that it might be an impossible task to deliver a dioxin-free Earth for future genera-
tions, but it lies on the present generation of scientists and engineers to try to do so. In that 
spirit, early attempts appealed to mankind’s most powerful discovery of destructive technol-
ogy—fire [16]. In the early 1990s, most of the processes were thermal. But as it was soon 
discovered, these procedures were in fact a source for a de novo polychlorinated compound 
synthesis, the process by which dioxins are re-formed being investigated in the recent years 
[17–19]. Therefore, greater attention was focused on more chemical-based processes [6, 10, 
20-23], along with microbial ones [24].�

In particular, attention was focused on those procedures that were based on the combina-
tion of a metal and a hydrogen donor, processes that allowed the hydrodechlorination of the 
polychlorinated aromatic substrate to less toxic hydrocarbons [6–9, 14, 21–23]. Since these 
are among the most studied procedures in the past few years, we turned our attention to the 
particular reaction mechanism of the hydrodechlorination reaction. Indeed, understanding 
the reaction mechanism of a particular process is important in view of understanding the role 
played by each reagent but also in view of the predictive modeling of similar processes or the 
same process applied to various other substrates [25].�

2. Proposed hydrodechlorination mechanisms–Literature survey 

From an historical perspective, the formation of polychlorinated arenes (PCDDs, PCDFs, 
and PCBs) were first investigated [23, 26–34] and soon the catalytic role of various metals 
was understood [35–41]. If metals can do, they can also undo: indeed, they can effectively 
intervene in numerous defunctionalization processes, including hydrodechlorination [22, 42]. 
Since the process implies a reductive approach, researchers naturally oriented themselves 
toward reduction catalysts, such as Ru, Rh, Pd, or Pt. One remark must be made for the pio-
neering efforts of Ukisu and coworkers [43–46], who used a hydrogen donor (isopropanol), 
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NaOH, and Pd/C or Ru/C.�Ukisu also provided the first insights on the possible reaction 
mechanism of the hydrodechlorination process, apprehending the intervention of atomic (or 
nascent) hydrogen:�

Later on, Ukisu also tried to explain the intervention of the catalyst. Based on much earlier 
studies, Ukisu stated that the dehydrogenation of 2-propanol to acetone on rhodium com-
plexes implied the elimination of a hydride ion [47]—Ukisu assumed that the α-hydrogen of 
isopropanol transfers to PCDD/F in the form of hydride, on the catalyst’s surface [45, 46], the 
reaction resembling to an aromatic nucleophilic substitution (Figure 1):�

The trail of reduction catalysts is still a heavily investigated one. Ayame’s team started from�
the premise that, in the catalytic hydrodechlorination of monochlorobenzene, the hydride ion�
formed on the Pd surface spills over the alumina carrier surface and attacks the electron-defi-
cient carbon of a monochlorobenzene adsorbed on Lewis acid sites of the alumina to produce 
a benzene molecule and a chloride ion. The chloride ion, which coordinated to a Lewis acid�
site, would be converted to hydrogen chloride in the reaction with H+ spilled over from the Pd�
surface [48]. However, most scientists were at that point more interested in the various path-
ways with regard to the reactivity of the differently positioned chlorine atoms [49–54]. Based on�
density functional theory calculations, rules of thumb for assessing the reductive dechlorination�
pathways of PCDDs were proposed [55]. These included “(1) the chlorine atoms in the longi-
tudinal (1,4,6,9) positions are removed in preference to the chlorine atoms on lateral (2,3,7,8)�
positions; (2) the chlorine atom that has more neighboring chlorine atoms at ortho-, meta- and�
para-positions is to be eliminated; (3) reductive dechlorination prefers to take place on the�
benzene ring having more chlorine substitutions; and (4) a chlorine atom on the side of the�
longitudinal symmetry axis containing more chlorine atoms is preferentially eliminated” [55].�

Anyway, one important aspect resulted from these studies, and that is, that adsorption phe-
nomenon on the catalyst’s surface certainly play a role in the process [49, 56, 57]. Nevertheless, 
there was no consensus on the hydride transfer mechanism. If such transfer seems plausible 
when an alcohol is used as hydrogen donor [43–46, 54], and even if the formation of hydride 

Figure 1. Ukisu’s hydrodechlorination mechanism proposal [45, 46].�
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Figure 2. Tentative mechanism of the hydrodechlorination of aromatic chlorides [58].�

is postulated when molecular hydrogen is involved (through a heterolytic dissociation of 
H2) [48], for Hirota and coworkers, the reaction mechanism involves a single-electron trans-
fer (SET) step [58]. This team used triethylamine (instead of NaOH) for HCl trapping, its 
role being also an activator of the Pd/C-catalyzed hydrodechlorination process. Upon addi-
tion to the hydrodechlorination reaction mixture of small amounts of tetracyanoethylene or 
7,7,8,8-tetractanoquinodimethane, which are well-known electron scavengers, the reaction 
was suppressed, suggesting thus a single-electron transfer (SET) mechanism (Figure 2).�

The SET�mechanism was reprised in several other papers in which the reaction conditions 
were more suitable for such a process: either photochemical [59, 60] or electrochemical [61]. 
The radicalic mechanism was also the center of hydrodechlorination processes, involving 
more active metals such as Na or K [62, 63], the main argument being the recorded formation 
of compounds such as quarterphenyls (as results of Fittig-Wurtz-type coupling). Another tes-
timony for the single-electron transfer mechanism came from the study of a dual depolluting 
process for industrial wastewaters simultaneously polluted with chlorinated compounds and 
nitrites/nitrates. The authors observed a competition for electrons between reductive dechlo-
rination and denitrification—NO3 is reduced to NH4 

+ retarding the dechlorination due to the 
competition for electrons [64].�

Nevertheless, the use of metals in the palette of hydrodechlorination processes took a new 
turn with used metals such as iron, zinc, magnesium, or calcium [65, 66]. Again, for these tech-
niques, the electron transfer from the metal, with subsequent formation of nascent hydrogen 
through reaction with a proton donor prevailed, the process being summarized as:�

Among the metals tested, iron occupies a place of choice, used either alone [66–68] or in 
combination with other metals, especially Pd or Pt [57, 66, 69–74]. Three mechanisms were 
proposed to explain the observed dechlorination process [66]: one that involves direct elec-
tron transfer from Fe to the adsorbed alkyl halide (Fe0�+�RX�+�H+�→ Fe2+�+ RH�+�X−) and other 
two that involve corrosion of Fe in water under anaerobic conditions (Fe0�+�2H2O+�→ Fe2+�+ 
H2 +�2OH−). The idea of using a bimetallic system, Pd along with Fe, made the process much 
more effective (Figure 3):�
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Figure 3. Proposed surface reaction of PCBs with Fe/Pd nanoparticles [74].�

An interesting twist to the method is represented by the replacement of Fe with Mg in Fe/Pd 
[75–78], which is based on the following reasons: Mg has a relatively high oxidation potential 
(2.37�V; Fe has just 0.44�V), providing thus a greater thermodynamic force, and, while Fe tends 
to rather rapidly corrode, Mg can form a protective magnesium oxide shell (Figure 4).�

Figure 4. Proposed mechanism for the dechlorination of PCBs over Mg/Pd [76].�
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A comparison of the hydrodechlorination effectiveness of Pd-deposed metals (Mg, Al, Mn, 
Zn, Fe, Sn, and Cu) was made by Yang et�al. [79], who found that, in acidic aqueous solution, 
Mg/Pd present the highest reactivity, while at the other end are Sn and Cu that showed little 
to none dechlorination capability.�

An important breakthrough in understanding the reaction mechanism of palladized mag-
nesium-mediated hydrodechlorination was made by the Geiger team [80–83]. By working�
in pure methanol, the source of H2 is the reaction between Mg and the alcohol (Mg0�+�2CH3 

OH�→ Mg(CH3O)2 + H2). The reaction exhibits pseudo-first-order kinetics, and the order of�
dechlorination rates of chlorine atoms in 100% methanol is ortho->para->meta-positions,�
which differ from that in water/methanol (9:1�v/v) or 100% water (para->meta->ortho-).�
But, more importantly, the possible reaction mechanisms were discussed. This team pro-
posed either an SRN1 mechanism or an SRN1 type of mechanism, in which a nucleophilic�
substitution, involving a radical intermediate, occurs. One major difference from classical�

1 mechanism though is that the initiation step is the homolytic rupture of the C-Cl�SRN�

bond by either atomic hydrogen or hydride ion, with subsequent formation of aryl radical�
and HCl. In the more classical SRN1 mechanism, an aryl radical anion is formed due to�
hydride formed on bulk Pd. Basically, the three proposed mechanisms differ by the nature�
of the hydrogen involved: simple radicalic H (or atomic/nascent H), atomic H with an�
enhanced negative charge (a radical-anion H with a fractional negative charge – Hδ−), or a�
hydride ion (H−) (Figure 5).�

Figure 5. Proposed mechanism for the dechlorination of PCBs by Mg/Pd in methanol by scheme A/B atomic hydrogen or 
“hydride-like” radicals, and scheme C hydride (H− denotes both hydrogen and “hydride-like” species) [82].�
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An interesting assumption for the hydride mechanism is that the latter act as a nucleophile, 
which can transfer an electron to the aromatic chlorinated substrate, which will cause the 
elimination of a chlorine atom, leaving an aryl radical. This aromatic radical can quickly react 
with another H−. The charged biphenyl species can than transfer an electron to another PCB 
substrate, so that process can continue to propagate.�

Among the reasons given for the possibility that all three mechanisms could occur are the 
fact that both atomic hydrogen and hydride species can be formed on Pd from molecular 
hydrogen and the lack of dimerization products (quarterphenyls) or additional chlorinated 
by-products. These mechanisms�require initial adsorption of the PCBs onto the surface of 
the bimetallic system, then reaction at the interface of the palladium and graphite, limiting 
thus considerably the mobility of the aryl radical. This limited mobility and the abundance 
of atomic hydrogen, hydride-like radicals, and hydrides on the surface of the catalyst almost 
certainly allow for the reaction of the aryl radical and second nucleophilic hydrogen rather 
than two separate aryl radicals coming into contact [82].�

For similar reasons, Ca was used instead of Mg [84–91]: not only does Ca have an even higher 
thermodynamic driving force when compared to Fe or Mg (0.44�V—Fe, 2.37—Mg, 2.87—Ca) 
but also CaCO3 coating both protect metallic Ca surface and is easily removed, allowing this 
procedure to be applied both ex situ and in situ (Figure 6).�

Two potential mechanisms were proposed over the years: one purely radicalic, that involves 
nascent hydrogen, and one radicalic but which implies a pseudo-nucleophilic substitution 
mechanism in which the addition of electrons from calcium (Ca�→ Ca2+�+ 2e−) transforms the 
aromatic ring into a radical-anion that rapidly expels chlorine atoms. The hydrogen atom on 
the hydroxyl group of the alcohol is then added to the radical anion yielding a hydrodechlo-
rinated substrate and an alkoxide (Figure 7).�

Upon working with deuterated methanol (CH3OD), the authors observed both the forma-
tion of deuterodechlorination products and aryl dimers, suggesting the intermediacy of the 
radicalic aryl species [84].�

Recent results based on zeta potential determinations and hydrodechlorination reactor’s internal�
pressure monitorization suggested that the radicalic process could be favored. Indeed, no pres-
sure rise is a hint that molecular H2 is not formed in the reaction Ca0 + 2CH3OH�→ Ca(CH3O)2 + H2 

Figure 6. Possible dechlorination pathway [88].�
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Figure 7. Hydrodechlorination mechanism following a pseudo-nucleophilic aromatic substitution [87].�

but instead nascent hydrogen is generated: Ca0�+�2CH3OH�→ Ca(CH3O)2 +�2[H]. Thus, the�
authors assumed that during the hydrodechlorination process of chloroanisole, the only pro-
ton source is the alcoholic (protic) hydrogen, the mechanism being most probably radicalic�
(the recorded formation of biphenyls as coupling products is an indication for this). Even at�
lower H2 pressures, the hydrodechlorination of chloroanisole to anisole was achieved in at least�
95% or even higher yields. The reaction efficiency implies that the transfer of atomic hydro-
gen (formed in calcium reaction with methanol) to catalyst surface (such as Pd/C) proceeded�
directly, without the formation of molecular hydrogen in solution. The surface of the catalyst�
showed differential conditions electrostatically, depending on the concentration of calcium as�
electron source (Figure 8).�

Along with metallic Ca, other Ca compounds were tested in a hydrodechlorination process: 
Ca(OH)2 [92], CaO [93–95] or CaSiO3 [95]. Although most of these studies favored a radicalic 
mechanism, Gao and coworkers [95] discussed alternative pathways that involved either an 
electron transfer (with subsequent formation of a radical-anion that expels the chlorine anion 
and form the aryl radical) or a direct hydrogen transfer (in an SRN1-type mechanism). Based on 
calculations of the adiabatic electron affinities of PCDFs, the chloride ion dissociation yielding 
aryl radicals is considered the major pathway of chlorine abstraction [96]. Moreover, when 
traces of Cu are present, Ullman-type coupling products can be formed.�

Figure 8. Proposed reaction pathway and deuterium route from H3C-OD to deuterodechlorination product [84].�
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Similar mechanistic observations were made by different teams that used metals other than 
Fe, Mg, or Ca. For example, for a zero-valent Zn hydrodechlorination of tetrachlorophenol, 
the intermediate in the reaction mechanism is again the aryl radical formed by expelling the 
chlorine anion from the initial radical-anion [97]. The latter is considered to be formed by 
the aromatic ring quenching of an electron from zero-valent Zn (1/2Zn0�→ 1/2Zn2+  +  1  e−) 
(Figure 9).�

Analogous conclusions were drawn for bimetallic systems such as Fe/Ni [98], Mg/Zn [99], or 
Ni/Mo [100].�

Another approach was taken by Lim and coworkers when comparing the performances of Pd/�
Fe nanoparticles with other bimetallic systems such as Pt/Fe, Ni/Fe, Cu/Fe, and Co/Fe nanopar-
ticles during the hydrodechlorination of trichlorophenol [72], since the process was studied in�
an aqueous environment. Starting from the premise that chlorinated organic compound treat-
ment in water were reduced according to three different mechanisms—(1) direct reduction�
on fresh zero-valent iron (ZVI) surface, (2) reduction by ferrous iron, and (3) reduction by H2 

through catalysis [101]—the authors assumed that the bimetal/water system, having a stronger�
reductive ability, allowed more easily the formation of an activated reducing species, atomic�
hydrogen (H*) (Figure 10).�

Figure 9. Hydrodechlorination of tetrachlorophenol with zero-valent Zn [97].�

Figure 10. Schematic of proposed catalytic hydrodechlorination mechanism of chlorophenols over nanoscale Pd/Fe (a) 
production of atomic hydrogen and (b) surface-mediated hydrodechlorination of chlorophenols on Pd surface [72].�
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The production of H* may follow two routes: catalyzed decomposition of H2 gas to H* and 
electron abstraction by H+. For this particular process, the authors considered more plausible 
electrophilic addition, followed by subsequent elimination of HCl through a dehydrodechlo-
rination process.�

But when considering that the degradation process occurs in water or even in supercritical�
water, true aromatic nucleophilic substitution of the chlorine atoms (and their replacement by −�
OH moieties) could be considered [102, 103]. In just supercritical water and under oxidative con-
ditions, the hydroxylated PCB only accounted for less than 10% of the reaction mass, while for�
alkaline, non-oxidative conditions the formation of hydroxylated PCBs could nearly close the�
mass balance in the early stage of PCB degradation [102]. The authors concluded that the forma-
tion of comparable amounts of PCDFs (requiring two oxygen substitution steps under preserva-
tion of both aromatic systems) in the experiments under oxidative and non-oxidative, alkaline�
conditions indicated that under both treatments, an oxygen substitution under preservation�
of the aromatic rings is the major initial step. On the other hand, hydroxylated PCBs are less�
susceptible to nucleophilic substitution compared to PCBs due to the electron-donating effect of�
the –OH group. Therefore, under the alkaline, non-oxidative conditions, the initial degradation�
products (hydroxylated PCBs) are less reactive toward further degradation compared to the�
starting compounds (PCBs). But when the treatment occurs in the presence of Co3O4, the reac-
tion pathway, involving the formation of chlorophenolate and dichlorophenolate, is similar to�
the Mars Van Krevelen mechanism [104]. Nucleophilic substitution of the chlorine atom occurs�
through attack of the lattice oxygen atoms (O2 

−) and a Co-Cl bond is formed, yielding chloro-
phenolate and dichlorophenolate as partial oxidation products. Similar reaction routes have�
been reported for the formation of phenolates during the degradation of HCB over Al2O3 [105] 
and the degradation of chlorobenzene over iron and titanium oxide catalysts [106] (Figure 11).�

An even more suggestive hint of a nucleophilic substitution of chlorine atoms was repre-
sented for the catalytic degradation of PCBs with Ni complexes [107]. A simplified model 
of the successive reactions was presented, clearly suggesting in steps 3 and 4 a nucleophilic 
attack of a hydride ion upon the aromatic chlorinated substrate:�

Ivr4321�

1. Ligand displacement:�

NiL4 → NiL3 + L�

Figure 11. Oxidative attack mechanism for 1,2,4-trichlorobenzene degradation over cabbage-like Co3O4 [103].�
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2. Oxidative addition:�

Cl10�+�NiL3 Cl9NiL2Cl�+�L�C12 → C12 

3. Reductive elimination:�

Cl9NiL2Cl�+�H−�+�L�→ C12Cl9H�+�Cl−�+�NiL3C12 

4. Partial dechlorination:�

+�nH−�→ C12 H�+�nCl−C12Cl10� Cl10-n� n 

5. Complete dechlorination�

+�10H−�→ C12 +�10Cl−C12Cl10� H10�

A study of polychlorinated biphenyls’ reactivity in nucleophilic versus electrophilic substitu-
tions demonstrated that SN reactions are of the hard acid-hard base type [108], having a lesser 
probability to occur.�

Meanwhile, several other procedures seem to favor the radicalic hypothesis: for example, 
PCBs are more rapidly hydrodechlorinated when in the presence of a mixture of persulfate 
and quinines, a system known to generate free radicals [109]. Ultrasonication of a polychlori-
nated biphenyls also seem to lead to a radicalic mechanism, since the first step is presented as 
a homolytic cleavage of the C-Cl bond [110].�

Special attention must also be given to a new entry in panoply of degradation procedures: 
the mechanochemical approach in the hydrodechlorination/destruction of polychlorinated 
arenes [11]. The mechanochemical reactions imply activation of the chemical bonds through 
deformation under mechanical stress, leading to their rupture and subsequent reformation 
[111]. Even if most mechanochemical processes applied to polychlorinated aromatic com-
pounds implied radical intermediates, it was not uncommon to consider the formation of 
ionic species. For example, Birke et�al. suggested one reductive dechlorination process with 
alkali metals in the presence of hydrogen donors—the formation in the first step of a radical 
anion [112] (Figure 12):�

Generally, the activation of the substrate takes place on the solid reagent, one of the most used 
being CaO [113–117]. After the cleavage of CaO crystals and the exposure of new surfaces, the 

Figure 12. Reductive dechlorination of chlorinated aromatics (arylchlorides, Ar-Cl) by alkali metals in solution in the 
presence of hydrogen donors (R-H) like ethers or alcohols [112].�
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Figure 13. Dehalogenation mechanism with CaO [11].�

Figure 14. Degradation ways of 2,4,6-trichlorophenol in the mechanochemical reaction [117].�

oxide ions are induced by mechanical activation to transfer an electron to pollutant’s carbon 
atoms, thus generating an anion radical [11] (Figure 13).�

The process does not even need the presence of a H donor, ultimate products being either 
oxidation one (e.g. CO2) or of a graphitic nature – through carbonization processes [117] 
(Figure 14).�

The addition to the reaction mixture of a good radical generator, such as SiO2, accelerates 
the carbonization process [115, 118, 119]. The presence of zero-valent metals in the ball-mill 
device may induce the formation of organometallic compounds of a Grignard type [120, 121].�

3. Concluding remarks 

Understanding the mechanism of a hydrodechlorination process is important only if the deg-
radation products are organic compounds of lesser toxicity. If the destruction is complete, 
yielding CO2 and various carbonaceous structures, the mechanism is less important.�

Upon the main two hydrodechlorination paths (radicalic versus ionic), it can be observed 
that both may be encountered, but there seem to be more evidence for the first, although in 
many cases the first step is the formation of radical anion through single-electron transfer. 
The type of activation (chemical, photochemical, thermal, cavitational, or mechanochemical) 
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is instrumental in the type of reaction mechanism. Reaction conditions as well as reagents are 
also decisive in the type of mechanism the process will adopt. But through a better under-
standing of these aspects, a grasp on the reaction mechanism could be taken, and thus it 
could be possible to not only anticipate the advantages but also the limitations of a particular 
process. For example, when treating polluted soils with a mixture of Al and CaO, according 
to this type of mechanism, the presence of a hydrogen donor, namely soil moisture, is neces-
sary [122]. Thus, it could be predicted that a soil too dry would be impracticable for treat-
ment. On the other hand, many metallic systems can be effective even in the presence of large 
quantities of water [123], and even in aqueous media [124]. At the same time, the importance 
of the chemisorptions of hydrogen ions or nascent hydrogen on metallic surfaces has been 
understood, and the process can somehow be improved by the addition of stabilizers such as 
polyvinylpyrrolidone [125] or even biochar [126].�

Thus, it will become easier to predict the successful outcome of a certain treatment process for 
a certain contaminated matrix (fly ash, soil, groundwater or wastewater) by considering the 
metallic system chosen, the moisture content (or the addition of any other potential hydrogen 
donor, in the form of an organic solvent—mainly alcohols), and the presence of a sorption 
substrate for the different forms of hydrogen transfer involved (even if it is only fly ash).�
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Abstract 

Chlorophenols (CPs) is a very important kind of basic organic chemical intermediates 
such as sanitizers, germicides, insecticides and so on; but CPs also constitutes a particu-
lar group of priority pollutants that widely distribute in wastewater and the polluted 
groundwater. Because of their acute toxicity, persistence and low biodegradability, their 
emissions have been progressively restricted by strong legal regulations. In this chapter, 
we focused on methods for degrading of CPs recent years, especially by using new het-
erogeneous catalytic hydrogenation methods to the dechlorination of CPs. The purpose 
is to introduce scientific research workers and companies to waste water treatments in 
order to inspire and further better protect the environment.�

Keywords: heterogeneous catalysts, dechlorination, chlorophenol, core-shell, 
environment 

1. Introduction 

The global water storage is up to 1.45 billion cubic kilometers (Figure 1), but the number 
of water storage can be produced and used directly by people is very less. Water is widely 
used in industries, agriculture, homes and so on, but keeping water quality becomes a major 
challenge for the coming decades. There are many factors that cause water damage. Industrial 
wastewater, agricultural wastewater, and domestic wastewater may be the main pollution 
sources (Figure 2). 
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Figure 1. Beautiful earth. 

Figure 2. Chemical pollution is the largest source of pollution. 

The development of chemical technology growing changed our lives. More and more food, 
medicine, cars, and appliance made by industries come to our lives. However, pollution prob-
lems were generating while we are enjoying our lives. Not only polluting the water and the 
air, but also seriously polluting the people’s physical and health. Solving and treating the 
toxic organic compounds in wastewater are becoming an important project and research in 
recent years. It is becoming an important things for the government, companies, and aca-
demic research [1]. 

Chlorophenols (CPs) constitute a series of common organic compounds and intermedi-
ate involved in industrial processes such as fungicides, insecticides and dye precursors [2]. 
Chlorophenols (CPs) are also used in preservatives, papermaking and cosmetics industries. 
But because of acute toxicity, persistence and low biodegradability, chlorophenols especially 
such as chlorophenol, 2-chlorophenol, 2,4-dichlorophenol, 2,4,6-trichlorophenol, and 5-chlo-
rophenol are highly toxic substances [3]. Their emissions have been progressively restricted 
by strong legal regulations. (Most chlorophenol compounds can interfere with endocrine, 
may cause cancer, cell mutations or teratogenesis, are almost non-biodegradable and difficult�
to remove from the environment. Therefore, they are a list of priority control pollutants by the 
US Environmental Protection Agency (EPA) and China Environmental Monitoring Center.) 

In fact, chlorophenols and their derivatives may be produced by the chlorination of phenols. 
The phenol reacts with chlorination in the presence of high concentrations of chlorine and the 
toxicity of chlorophenols increases with its degree of chlorination and usually are difficult to 
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degrade. These chlorophenols released into the natural environment can cause serious pollu-
tion, especially causing water pollution. 

Conventional wastewater treatment based primarily on biological processes are not very effi-
cient for the treatment of toxic or non-biodegradable and high-concentration wastewaters. 
Therefore, in order to protect our environment, it is necessary to develop efficient technolo-
gies for treating organic wastewater containing chlorine. 

2. Application of heterogeneous catalysts in dechlorination 

Recent years, the scientific community and the engineering technical community have begun�
to pay more attention to the CPs degradation or removal. In order to achieve this goal, large�
numbers of methods have been employed, such as oxidation (Fenton, O3 and so on), aerobic/ 
anaerobic biodegradation [4, 5], photocatalytic degradation [6], thermal combustion, catalytic 
reaction based on polymer membrane [7] and reduction dechlorination. In the chapter of this 
book, we classified these methods into two major categories: oxidation and reduction reactions in�
Table 1. In order to give the readers a clear understanding of the processing methods of the entire 
CPs treatments, we generally explain each method briefly. Because of heterogeneous catalysis is�
a cost-effective method for CPs treatments. We will give a detailed explanation and summary.�

2.1. Photo-catalytic oxidation 

Photocatalytic method [8, 9] is an advanced oxidation process (AOP). In common, semicon-
ductor photocatalysts were needed to the oxidation reaction. Using higher than the semicon-
ductor energy band gap light. For example, anatase which band gap is about 3.2 eV. Thus only 
ultraviolet light (wavelength <388�nm) can be effectively applied for electricity to be inspired 
to the conduction band from electronic valence band to generating a pair of holes and elec-
trons in Figure 3. The hole–electron pair may be not stable enough. If they are not to combine 
together immediately, the two species (hole–electron pair) respectively may react with oxy-
gen or water to generate oxidizing species, such as hydroxyl radicals, hydrogen oxygen free 
radical, superoxide free radicals and so on, hydroxyl radicals directly attack the phenol. The 

Oxidation method Reduction method 

Photo-catalytic Ultrasonic Fenton O3/CWAO Oxidation Hydrodechlorination 
oxidation [8, 9] reaction 

Under light Ultrasonic wave Fe2+ and H2O2 •OH to degradation of Via halogen atoms elimination 
conditions, catalyst can greatly for generating organochlorine. with hydrogen. 
surface generate promote the hydroxyl radical 
hole and electronics, AOP. (•OH). 
then water reacts 
with oxygen free 
radicals. 

Table 1. The classification of dechlorination reaction.�
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Figure 3. Theory of photocatalytic method. 

proposed mechanism for the photocatalytic degradation of 4-chlorophenol by photocatalysts 
(GR-Eu2O3/TiO2) was described by Mallanaicker Myilsamy in Figure 4 [10]:�

Figure 4. Proposed mechanism for the photocatalytic degradation of 4-chlorophenol [10]. 

There are several influence factors of this AOP.�

The first: Photocatalysis: catalyst which determines the type of the light and speed of the 
reaction is a key factor we need to consider. Due to its high catalytic activity, low cost, chemi-
cal stability, non-toxicity, TiO2 was usually applied as the most efficient photocatalyst in this 
AOP [11, 12]. Based on the photocatalytic mechanism of electron–hole, some metal nanopar-
ticles were also used to prevent the combination of hole and electron pair [13, 14]. 

Other factors such as the amount of catalyst added, illumination angle, solvent, reaction tem-
perature and so on will also affect the whole reaction efficiency [9]. 
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Recent research directions focused on the development and synthesis of improved photocatalytic 
materials (such as core-shell nanoparticles, bimetals catalyst and so on), with two major lines aim-
ing at (i) better charge separation and better charge migration (ii) visible-light driven photocataly-
sis. Claude Descorme has summed up most of the catalyst types in his review [9]. 

2.2. Sonocatalysis (ultrasonic reaction method) 

Ultrasonic reaction (sonocatalysis) is also considered as an advanced oxidation process (AOP). 
It is well known that ultrasonic wave can greatly promote heat movement of molecules in the 
reaction, accelerating the reaction process, thus lots of scientists like to choose ultrasonic reac-
tion method to the low reaction activities reagents, the entire process reaction temperature 
is not too high. The chemical processes of the sonocatalysis may involve two parts (I) free 
radical process and (II) pyrolysis process under ultrasonic wave. Recent research directions 
focused on the development of the more efficient reactor, for example (Figure 5), and catalyst 
which can be applied to decrease the frequencies [15, 16]. 

2.3. Fenton method 

Fenton method [17] is also a AOP method which uses ferrous or cuprous salts (Fe2+ +Cu2+) and 
hydrogen peroxide (H2O2) for generating powerful oxidant, i.e., hydroxyl radicals produced 
in situ Figure 6. 

For the Fenton method to the dechlorination of Chlorophenols, the important parameter is 
probably the operating pH, In the presence of a homogeneous catalyst, an optimum is generally 
observed around pH 3. In fact, when pH < 2.5, the Fe(II) (H2O)2+ will generate while the pH 
higher than 4, free iron and reduced concentration of hydroxyl precipitation of iron oxide. The 
pH can also affect the stability of the heterogeneous catalyst, now most research has focused on�
the development of more stable and regeneration or be used in a wide pH range catalyst [18]. 

2.4. O3 oxidation 

Ozone oxidation is also a kind of VOP, both ozone oxidation and Fenton oxidation also produce 
free radicals such as •OH to degradation of organochlorine, especially for the organochlorine 

Figure 5. Scheme of the self-excited ultrasonic irradiation device. 
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Figure 6. The mechanism of Fenton method. 

pollution which contain multiple bonds such as C〓N, C〓C has a better effect; while some 
limitations still exist in terms of the O3 oxidation, chlorophenol concentrations, catalyst costs 
and its recovery and so on. 

2.5. Hydrodechlorination 

Heterogeneous catalyst replaced the homogeneous catalyst because of solving the catalyst 
recycling problem, especially for the precious metal catalysts, the catalyst costs were reduced. 
Heterogeneous catalyst have some advantages (Figure 7) compared with homogeneous 
catalyst, e.g., (I) Large surface area, especially for the porous heterogeneous catalyst, it may 
increase the reactant transmission rate in the catalyst. For gas phase reaction, surface adsorp-
tion effect will greatly increase the rate of the reaction. (II) The activity site will be discrete 
well in order to prevent its aggregation. (III) Diversified structure monomers to build diversi-
fied structure, morphology and functional catalyst. Wang Wei et�al. [19], detailed introduced 
the nanocatalyst materials development which can be divided into three categories: inorganic 
materials, organic materials, and hybrid materials (Figure 8) and depicts some representative 
examples ranging from 0D discrete materials to 3D extended structures, from inorganic to 
pure organic components, from disordered to regular arrangements, and from non-porous to 
porous nature. In recent years, covalent organic frameworks attract more and more people’s 
attention because of its large surface area and regular structure [20–22]. 

Figure 7. Heterogeneous catalysts applied in HDC. 
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Figure 8. The classification of heterogeneous catalyst carrier and its development [19]. 

Figure 9. Hydrogenated dechlorination (HDC). 

From 0D to 3D nanomaterials, all of them may be likely to be good candidates as the hetero-
geneous catalyst. Organic chlorides, especially of 4-chloride-phenol is a kind of highly toxic 
compound. Hydrogenated dechlorination (HDC) is an efficient method for toxic compound 
treating. Although this method does not lead to complete degradation of the organic chlo-
rides pollutant but generates a less toxic (biodegradable) compound or a chemical of pos-
sible commercial important product via halogen atoms elimination with hydrogen (Figure 9) 
hydrochloric acid was produced in HDC reaction process in stoichiometric amount and the 
catalyst deactivation in this acid conditions is an important issue. 

Recently most research focused on the development of more stable and efficient catalyst�
designed. According to the type and number of the metal, catalyst can be divided into single and 
bimetals center catalyst activity. Hence, a rapid, efficient, and green approach to the fabrication�
of effective catalyst Al2O3 shows a highly mechanical resistance with high catalytic activity and 
the potential applications the HDC of 4-CP has significant meaning for environmental protec-
tion. Pd0 as the most effective metal active center for the HDC reaction usually applied with�
other metal cooperate to improve the catalytic efficiency and stability, like Pd-Bi [23, 24], Pd–Tl 
[25], Pd-Fe [26], and Ni@Pd [27] also have been extensively researched, in addition, the catalyst 
carrier has become the important role in improving the activity and stability of catalytic, such 
as Pd/Al2O3, Pd/zeolites, Pd/activated carbon (AC), SiO2 supported Pd nanocatalysts. 
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As we know, for organic chloride, with chlorine content is higher, the toxicity become stronger 
at the same time, to be more difficult to removal chlorine from the organic chloride compound. 
Bimetal catalyst was reported to solve this issue by Anwar [28]. The pentachlorophenol (PCP, 
10–20 mg min−1) through the bimetal catalyst Ag0/Fe0 loaded on the heating column (25 × 1 cm) 
in scCO2(supercritical carbon dioxide) was removed. After the reaction was operated for 1 h 
at 450°C, organically-bound chlorine was liberated, virtually quantitatively, from a 20% (w/v) 
feedstock stream (0.1 ml min−1 merged with 4 ml min−1 scCO2). In extended operations, about 
70°C, the reactor to 14 h of continuous running, no obvious activity loss if the chloride ion 
was washed every 3 h. In fact, catalytic activity was also related with the reaction temperature, 
pressure, solvent, and so on. The production of the pentachlorophenol (PCP) was a series of 
methylated phenols or methylated benzenes (Figure 10). 

Jovanovic studied the dechlorination of p-chlorophenol in a microreactor with bimetallic Pd/Fe 
catalysts [29]. The bimetallic catalyst Pd/Fe was prepared by electroless deposition of Pd on the 
reactor plate surfaces. The chemistry of the dechlorination of p-chlorophenol on Pd/Fe catalysts 
involves three sets of chemical reactions (Figure 11) namely surface reactions, solution reactions, 
and actual dechlorination reactions. These reactions are found to be dependent on several param-
eters, including the pH, the Pd/Fe interface area, the extent of palladization, the ratio of the Pd/ 
Fe interfacial area to the amount of chlorine to be removed, and the amount of dissolved oxygen. 

Figure 10. Pentachlorophenol treated by Ag0/Fe0 catalyst [28]. 

Figure 11. Dechlorination of p-chlorophenol on Pd/Fe catalysts. 
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2.5.1. How to design and synthesize catalyst of the HDC 

• Catalyst carrier with large surface area to increase the adsorption quantity of H2 in order to 
increase the speed of the reaction rate while could reduce the pressure. 

• Improve the recovery efficiency of nanocatalyst.�

• Prevent the by-products hydrochloric acid damage to the catalyst. 

2.5.2. Core-shell catalyst 

Nanometer catalysts because of their nanosize effect may be an efficient heterogeneous catalyst�
model which are widely used in many different catalytic reaction, such as, catalysis, biological�

Figure 12. The advantages of core-shell nanoparticles. 
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Figure 13. STEM micrograph of Pd/Al2O3 catalyst (a) and TEM micrographs of Pd/AC (b) and Rh/AC catalysts(c). 

T (°C) Kinetic constant (L/kg h)cat Pd/Al2O3 Pd/AC Rh/AC 

k r2 k r2 k r2 

20 k1 146 ± 5 0.995 179 ± 36 0.991 44 ± 5 0.992 

k2 10 ± 5 0 18 ± 5 

k3 9 ± 3 10 ± 4 7 ± 5 

30 k1 201 ± 11 0.976 460 ± 37 0.976 96 ± 8 0.986 

k2 29 ± 10 0 41 ± 8 

k3 20 ± 5 22 ± 7 13 ± 8 

k4 — — 8 ± 4 

40 k1 478 ± 16 0.994 713 ± 36 0.992 172 ± 13 0.982 

k2 66 ± 12 113 ± 19 65 ± 12 

k3 45 ± 4 10 ± 3 11 ± 6 

k4 — — 10 ± 4 

Table 2. The kinetics of hydrodechlorination of 4-chlorophenol on Pd/Al2  Pd/AC, Rh/AC.O3, 

medicine, material chemistry, sensors and so on [30]. As a nanomaterials, core-shell structure 
catalyst materials can be synthesized through the grafting reaction method step by step. 

Because of the advantages that core-shell nanomaterials own (Figure 12) precious metals 
(Pd, Rh, Au…) can be loaded on core-shell nanoparticles by stronger chemical bonds, such as 
coordination bond or covalent bonds. 

Elena Diaz et al. [31] studied the kinetics of hydrodechlorination of 4-chlorophenol on 
alumina and activated carbon supported Pd and Rh catalysts. The hydrodechlorination of 
4-chlorophenols based on Pd and Rh on γ-alumina and activated carbon was investigated 
in continuously stirred basket reactors (20–40°C and 1 bar). For 4-chlorophenol, the reaction 
rate shows a first-order dependence. All catalysts are effective in removing 4-chlorophenol. 
Phenol, cyclohexanone and cyclohexanol were identified as reaction products (Figure 13). 
The hydrogenation of 4-chlorophenol to phenol was in the range of 146–478 L/kgcat h for 
Pd/Al2O3, 179–713 L/kgcat h for Pd/AC, and 44–172 L/kgcat h for Rh/AC. In all cases, the kl 



 

 
 

  

  

  

Application of Heterogeneous Catalysts in Dechlorination of Chlorophenols 57 
http://dx.doi.org/10.5772/intechopen.79134 

constant shows a much larger value than k2, indicating that the formation of phenol is supe-
rior to cyclohexanone as the first reaction step (Table 2). 

Wu et al. [32] designed and synthesized Fe3O4@SiO2@Pd-Au catalyst (Figure 14). Fe3O4@SiO2@ 
Pd-Au was synthesized with the reduction of Pd2+ and Au3+. The amine-modified silica is 
coated on the outer layer of magnetic Fe3O4 nanoparticles to be a carrier for Pd-Au nanopar-
ticles, where in the amine acts as a bridge connecting the Pd-Au nanoparticles to the sup-
port, making it highly dispersible, the magnetic properties of Fe3O4. allows the catalyst to be 
recycled. The performance of the catalyst was evaluated by hydrodechlorination of 4-chloro-
phenol (25°C, atmospheric pressure, a certain amount of 4-CP, 0.05 g NaOH, 0.5 g catalyst). 
The results showed that Pd nanoparticles have higher activity in HDC of 4-CP then the Au 

Figure 14. Synthesis procedure of Fe3O4@SiO2@Pd-Au catalyst. 

Figure 15. 4-CP HDC conversions on different catalysts.�

http://dx.doi.org/10.5772/intechopen.79134


  

  

  

  

58 Organochlorine 

Figure 16. Design and synthesize the Pd/Fe3O4 @C catalyst. 

Figure 17. Controllable design of tunable nanostructures inside metal–organic frameworks. 

nanoparticle, the Pd-Au alloy increases the conversion significantly and achieves a complete 
conversion of HDC within 20 min, much faster than the Pd metal catalyst (Figure 15). 

Li et al. [33]., studies a high efficient Pd nanocatalysts (Pd/Fe3O4@C) applied in HDC. Pd 
nanoparticles in magnetic carbon shell can effectively improve the catalytic activity, separa-
tion and reusable. Catalyst was synthesized by Fe3O4 nanoparticles as a core, and then a layer 
of carbon layer on the outside package, finally by APTES modified carbon layer improving Pd 
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Figure 18. MPC utilized as a catalyst support to fabricate Au and Pd NP-based nanocatalysts. 

loaded (Figure 16). Pd/Fe3O4@C can be recycled at least five times without obvious loss activ-
ity. Pd/Fe3O4@C is not only used in the aqueous solution of 4-chlorophenol hydrogenation 
dechlorination but also be used for reduction of 4-nitrophenol. 

Porous materials are widely used in catalysis, gas adsorption, separation and other fields 
because of their large surface area and structure controllable. Metal organic frameworks 
(MOFs) materials are a kind of regular porous material formed by DCC chemistry by metal 
and organic ligand [34]. Controllable design of adjustable nanostructures in metal-organic 
frameworks is in Figure 17. 

Noble metal nanoparticles (NMNPs) have attracted attention as the activity center. But 
NMNPs were easy blocking pores of active carbon, and leaching from carbon nanotubes, and 
graphene faces in the process of catalytic. In order to solve these problems, Dong used metal 
organic framework (MOF) to synthesize the porous carbon (MPC) which can provides a large 
surface area and pore (Figure 18) not only can make the active center (Pd NPs) scattered on it 
well, but also has paramagnetic behavior that the catalyst can be easily recycled [35]. 

3. Conclusion and outlook 

Hydrogenated dechlorination degradation is an important method for the organochlorine 
degradation. Catalyst activity and its lifetime are two key points for the HCP, especially for the 
noble metal catalyst. In order to solve the recycling or reunion problems of noble metal catalyst, 

http://dx.doi.org/10.5772/intechopen.79134
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designing a suitable catalyst support becomes more important, core-shell type, organic porous 
materials, especially organic crystal type of porous materials, which is developing rapidly in recent 
years, such as MOF (metal organic frameworks) and COFs (covalent organic frameworks) materi-
als because of the rules of uniform structure and large specific surface area that can bring some�
advantages to metal catalyst loading, design and synthesis coordination bond or other stronger 
bond to combine the metal and carrier is one of the important measure to prevent the catalyst loss. 
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Organochlorines (OC) are organic molecules with chlorine in their structure. Tere is a 
large number of organochlorine compounds known. Large amounts of chlorinated organic 
compounds are produced for industrial, agricultural, pharmaceutical, household purposes, 
etc. In many studies, the main focus is on OC that have been evaluated as environmental 

contaminants with toxic efects on humans. Diferent types of organochlorines have been 
produced throughout the world. Some of the most popular classes are organochlorine 

pesticides (OCPs), polychlorinated biphenyls (PCBs), dioxins, chlorobenzenes, 
chlorophenols, chlorinated alkanes, etc. Organochlorine compounds are very stable. 

Generally, they are molecules of moderate polarity (low solubility in water). Tis makes OCs 
easily soluble in fats. Tey are found in almost all environments: air, water, soil, sediments 

and biota samples. Tey can spread out easily in diferent geographic altitudes and latitudes. 
Volatile and semi-volatile OCs have the ability to travel far distances from the place where 

they were used. Some studies have reported some organochlorines in the North Pole at 
the same levels as the areas where they were produced or applied. Tey have the ability to 
bioaccumulate easily in biota. Passing through the food chain levels, they increase their 
concentrations (biomagnifying). Te main access pathways for OCs to the human body 

are through foods and exposures. Generally, they display their efects afer a relatively long 
period of exposure. Tis is the main reason why they were produced and used for a long 

time before their production and use was banned. Te most important health efects that 
organochlorines can cause are: mutagenic, endocrine-disruptor, carcinogenic and central 

nervous or peripheral disorders. Afer identifcation of the consequences, production of OCs 
and use was banned in many countries but their efects are still being seen many years later. 
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