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Abstract 
The sintering processes in integral cycle steel plants are the primary source of polychlorinated 

dibenzodioxins and polychlorinated dibenzofurans (PCDD/Fs). Iron sintering is a high temperature 

agglomeration process that was developed to obtain a product suitable for blast furnace feedstock. This 

process has undergone several evaluations to define under which conditions dioxins and furans are 
generated. These assessments are extremely important both for the reduction of atmospheric emissions 

and for understanding the type of compounds emitted which are important from a toxicological point of 

view. This paper provides a review of technical information on the formation and reduction of 

dioxins/furans emissions from iron sintering plant of Taranto (Southern Italy) including a discussion on 
the sintering process, the dioxins/furans formation, emission control and pollution prevention 

techniques. The processes by which dioxins/furans are formed are not completely understood. 

According to heterogeneous mechanisms, PCDD/Fs are formed through the two pathways: (a) de novo 

synthesis, starting from macro-molecular carbon or polycyclic aromatic hydrocarbons (PAH) and (b) 
condensation reactions starting from molecular rearrangement of precursor compounds, such as 

chlorinated phenols. Both paths proceed on the surface of carbonaceous particles in the presence of 

chlorine compounds and metal catalysts. Various technologies have been tested in recent years for the 

reduction of emissions, such as for example injection of coal dust upstream of the electro filters or 
addition of amines (eg urea) in the agglomeration mixture. The evaluation of PCDD/Fs congeners 

fingerprint indicates a greater presence of chlorinated furans compared to dioxins. The examination of 

these fingerprints is an important point to evaluate the influence of emission sources on environmental 

contamination, even if diffusion and transport processes can alter the distribution of congeners in the 
various matrices. 
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1. Introduction 

 

Polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans 

(PCDFs) are widely considered the most dangerous pollutants in the environment. The 

Stockholm Convention signed on May 22, 2001 (entered into force on May 17, 2004) 

proposed the reduction of these persistent organic pollutants (Stockholm Convention, 2001; 

Fiedler, 2007). One of the most important resolutions resulting from the Convention has been 

an obligation to the minimization of the release of PCDD/Fs. However, the reduction of 

emissions oh these contaminants requires accurate knowledge both of the mechanisms of 

formation and the technologies for emission reduction. According to the final results 

obtained from the European Dioxin Air Emission Inventory, iron ore sintering was 

considered as the most important source of dioxin emissions, followed by municipal waste 

incineration (Quass et al., 2004). In the last few years, extensive research has been performer 

in order to understand the mechanism of PCDD/Fs formation, in order to develop techniques 

to reduce emissions from the process of iron ore sintering and steel making (Altarawneh et 

al., 2009; Cavaliere, 2016; Chen et al., 2016; Drage et al., 2014). Qian et al. (2018) provided 

an overview of the synthesis mechanism and discussed various measures to reduce the 

formation during the sintering process. According to Quass et al. (2004) estimates, the 

Taranto iron and steel plant contributed to about 8.8 % of total European emission in air of 

PCDD/Fs. The Taranto steel plant, currently managed by Arcelor Mittal, is the largest full-

cycle steel plant in Europe. The plant was opened in the Apulia Region (Italy) in 1965. The 

first environmental and health problems were highlighted from 1990, becoming more evident 

from the mid-2000s. From investigations conducted in 2008, high levels of dioxins were 

found in food samples of animal origin collected from farms located in the immediate 

vicinity of the industrial area (Diletti et al., 2009). As a consequence of these investigations, 

already in December 2008, a regional regulation imposed stricter limits on dioxin emissions 

for the steel center (Apulia Region, 2008). Since 2007 the Regional Environment Protection 

Agency (Arpa Puglia) started to carry out  monitoring campaigns on the emissions of the 

sinter plant of the iron and steel center of Taranto (Arpa Puglia, 2007; Esposito et al., 2012, 

2014, 2019; Liberti, 2014; Primerano et al., 2007). From the results of conducted 

investigations, it immediately became clear that the major source of chlorinated compounds, 

including dioxins and furans, was the iron ore sintering plant. 

This paper illustrates and summarizes the main characteristics of the Taranto sintering 

plant and discusses the hypotheses on the mechanisms of formation of dioxins and furans. 

An overview is shown, moreover, about technologies adopted to reduce emissions into the 

atmosphere; moreover, the distribution of the various chlorinated congeners (fingerprint) is 

discussed for an assessment of the environmental impact of the atmospheric emissions. 

 

2. Characteristics of sintering plant 

 

In an integrated industrial plant, like that of Taranto, the production of steel involves a 

series of processes whereby iron is extracted from ores and converted to steel. Preliminary, 

iron ores are prepared as a material suitable for the blast furnace by the sintering process. 

Sintering is an agglomeration process in which blends of iron ore, fuel in the form of coke 

and other recycled materials from other processes such as dusts and grits are fused together 

to produce a clinker-like material suitable as feed to the blast furnace (ILVA, 2008a).  

The heart of the plant is a slowly moving, horizontal belt that supports the feed during 

drying, preheating, ignition, and ore sintering (Fig. 1). In the sintering process, the well-

mixed blend is laid upon the slowly moving continuous grate under an ignition hood 

containing a series of gas burners that ignite the coke in the feed layer on top. As the feed 
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proceeds with the belt, air is aspired downwards through the charge, so that the combustion 

and sintering zone slowly descend through the layer until breakthrough, signaling the end of 

the process. The heat generated causes partial fusion of the iron ore resulting in the formation 

of large pieces of sinter product. The resulting sinter is then cooled and calibrated; the off 

specification fractions are recycled. The waste gases exit the bottom of the bed and are 

drawn through wind boxes situated beneath the strand, then via a series of wind legs into the 

waste gas main. The off-gases are generally led through a first system of a multiple-field 

electrostatic precipitator (ESP) for cleaning before passing through a second system of a 

Moving Electrode Electrostatic Precipitator (MEEP). The off-gas is discharged via a tall 

stack 210 m long with an external diameter of 13 m (named E 312). 
 

 
 

Fig. 1. Schematic diagram of the iron sinter plant 

 

3. PCDD/Fs formation in the iron sintering 

 

In the iron sintering, the processes by which dioxins/furans are formed are not 

completely understood yet. Most information about formation during combustion processes 

has been obtained from laboratory experiments, pilot-scale systems, and municipal waste 

incinerators. However, any thermal process that proceeds in the presence of carbon, chlorine, 

oxygen and metal catalyst has the potential to generate dioxins. During well-controlled 

combustion processes, the homogeneous high temperature pathways (500-800°C) produce 

much lower amounts of dioxins than the subsequent low temperature heterogeneous 

pathways (200-400°C) (Stanmore, 2004). The mechanism of formation may be due to 

condensation reactions, substitution reactions, radical reactions, “de novo” synthesis. The 

condensation reaction is one of the best known formation mechanisms. The process derives 

from the thermal breakdown and molecular rearrangement of precursor compounds, such as 

chlorinated benzenes, chlorinated phenols (e.g. pentachlorophenol). Dioxins appear to form 

after the precursor has been adsorbed to the surface of particles, such as fly ash. These 

reactions are catalyzed by inorganic compounds (e.g. copper chloride). The process takes 
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place within the temperature range, 250-450°C, so most of the dioxin formation occurs away 

from high temperature areas. 

According to some studies, the condensation of two pentachlorophenol molecules 

would initially lead to the formation of octachlor dibenzodioxin; the other less chlorinated 

dioxins would derive from the dechlorination of the more chlorinated isomers. Copper 

chloride promotes the condensation reactions on fly ash through the Ullman reaction 

(Addink and Olie, 1995; Born et al., 1993).  

The “de novo” synthesis takes place at a temperature of 300 - 450 °C forming dioxins 

and furans from non-chlorinated materials, in the presence of chlorine and carbon (Wikstrom 

et al., 2003; Zhang and Buekens, 2016; Zhang et al., 2017). Coal oxidation occurs at 550 °C 

but in the presence of CuCl2, this temperature is reduced to 300-350 °C. The de novo 

synthesis gives rise to numerous classes of products, which in order of importance are (Eq. 

1)(Huang and Buekens, 1995; Ooi and Lu, 2011): 

 

CBz > CP > PCDFs > PCDDs > dl-PCBs (1) 

 

French and Japanese research indicate that “de novo” synthesis is the primary 

formation mechanism for the iron sintering process. Furans dominate in the waste gas from 

sinter plants with a PCDFs/PCDDs ratio > 1, suggesting that precursors with a phenyl ring 

structure are less important that the formation of furans from solid carbon structures and 

inorganic chloride. Copper is a strong catalyst and iron a weaker one. Condensation starts in 

the 125-60 °C range with the higher chlorinated dioxins formation and increases very rapidly 

as the temperature drops. The lower chlorinated furans are the last to condense, which 

explains why the tetra- and penta-furans constitute the majority of the congeners observed in 

iron sintering tests. The composition of the feed mixture appears to have an impact on the 

formation of dioxins/furans.  

Three furan congeners, 2378-T4CDF, 23478-T5CDF, and 123478-T6CDF, 

consistently accounted for 77 to 83 percent of the dioxins/furans I-TEQ concentration in the 

Canadian iron sintering plants emission tests (Canadian Council, 2003). Similar results have 

been reported in the European emission tests. These results are comparable to the theoretical 

condensation calculations for dioxins/furans since these congeners would be among the last 

to condense as the gas temperature decreases. Over 90% of the chlorine in the sintering 

process is released as hydrochloric acid (HCl) in the flue gas. HCl cannot act directly as a 

chlorinating agent in reactions with aromatic species and must first be oxidized to chlorine 

gas (Cl2) (Procaccini et al., 2003). The conversion of HCl to Cl2 is believed to proceed 

through the Deacon process (Hisham and Benson, 1995), which is a two-stage mechanism 

catalyzed by copper compounds. Many other metals and metal oxides can act as catalysts 

(iron, aluminum, nickel, lead, zinc and chromium) although with significantly lower catalytic 

efficiency than copper. 

 

4. Results and discussion 

 

In relation to the important pollution phenomena in the Taranto area, the regulation of 

the Apulia Region (Apulia Region, 2008, 2009) imposed stricter limits for dioxin emissions 

from the Taranto steel plant. The new limits were set at 2.5 ng I-TE / Nm3 starting from July 

1, 2009 and 0.4 ng I-TE / Nm3 starting from January 1, 2011. To respect these limits, it was 

necessary to adopt new technologies to reduce the formation and reduction of dioxins and 

furans emitted into the atmosphere (ILVA, 2008b). The techniques adopted for the reduction 

of emissions can be divided into integrated process techniques and “end of pipe” techniques 
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(Aries et al., 2006; Wielgosiński, 2011). A first measure adopted in 2008 was the addition of 

urea (0.05%) in the agglomeration mixture.  

The emission reduction effect with the use of urea (or other amines) is explained by 

the reducing power of urea and its ability to form stable complexes with metals thus reducing 

the catalytic, oxygenating and chlorinating power (Lechtańska and Wielgosiński, 2014; 

Xhrouet et al., 2002). Furthermore, the alkaline nature of urea tends to neutralize the acidity 

of Cl2 and HCl which are responsible for the chlorination reactions of dioxins and furans. In 

summary, the use of urea allowed an average reduction of emissions from the Taranto 

sintering plant, of approximately 52%, with a variation in the average concentration of 

PCDD/Fs from 6.91 ng I-TE/Nm3 (without urea) at 3.32 ng I-TE/Nm3 (with urea) (Arpa 

Puglia, 2008). Starting from January 2011, the urea technique was replaced with the injection 

of activated carbon powder upstream of the electro filters for an adsorbing action of dioxins 

and furans (Ooi et al., 2011). The coal dust, together with the dust from the fumes from the 

agglomeration process, were then removed in the electro filter, bringing PCDD/Fs emissions 

into the atmosphere in 2012 to an average value of 0.35 ng I-TE / Nm3 (Esposito et al., 2014). 

Sintering in a steel plant is obviously a combustion process of various minerals; 

therefore the profile of PCDD/Fs congeners has the characteristics of combustion patterns in 

incineration processes (Buekens et al., 2000; Rotatori et al., 2006; Wang et al., 2003). The 

simple ratio of dioxins/furans is a diagnostic element and presents a prevalence of furans 

especially when combustion is not carried out in conditions of efficiency. The characteristics 

of the congeners profile is a result of the composition of the sintering mixture, the 

temperature and the duration of the process. 

However, in general, highly chlorinated congeners have much higher concentrations 

than the others. By multiplying the concentrations by the Equivalent Toxicity Factors (TEF), 

the profiles of the congeners change, with the prevalence of penta PCDF over all others. By 

way of example, this paper reports the characteristics of the emission profiles of PCDD/Fs 

(fingerprint) of the Taranto sintering plant, emitted by the E312 stack, determined in eight 

analysis campaigns in 2011 relating to investigations by the Taranto judicial authority (Sanna 

et al., 2012).  

 

 
 

Fig. 2. PCDD/Fs distribution in the emissions of the Taranto sintering plant 
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From the average values of the determined concentrations it is found that the total 

emissions of PCCD/Fs were 13.12 ng/Nm3. Furans made up about 88% of the total, dioxins 

about 12%. The characteristic profile was characterized by 1,2,3,7,8 PeCDF and OCDF. The 

PCDF/PCDD ratio > 1 confirmed for these compounds the possibility of a “de novo” 

synthesis on coal particles. In Fig. 2 the distribution of the various congeners is shown, 

reporting the concentrations as ng I-TEQ Nm3. As can be seen from the toxicological point 

of view, the chlorinated penta and hexa furans represented the greatest statistical weight. 

 

5. Concluding remarks 

 

From the investigations carried out, it is clear that the sintering process of the Taranto 

steel plant is the major source of chlorinated compounds whose distribution depends on the 

composition of the minerals used in the mixture and the conditions of the process 

(temperature, time, presence of catalysts). The adoption of particular techniques such as 

adsorption on active carbon significantly reduces emissions mainly characterized by 

chlorinated furans. The long-distance transport of the emitted compounds can modify and 

alter the profiles of the various congeners in relation to various chemical-physical and/or 

biological factors. These factors can often make it difficult to compare the profiles of 

primary sources with those found in the various environmental sectors. 
 

References 

 
Addink R., Olie K., (1995), Mechanisms of formation and destruction of Polychlorinated Dibenzo-p-

dioxins and Dibenzofurans in heterogeneous systems, Environmental Science & Technology, 29, 

1425-1435.  

Altarawneh M., Dlugogorski B.Z., Kennedy E.M., Mackie J.C., (2009), Mechanisms for formation, 
chlorination, dechlorination and destruction of polychlorinated dibenzo-p-dioxins and 

dibenzofurans (PCDD/Fs), Progress in Energy and Combustion Science, 35, 245-274. 

Apulia Region, (2008), Regional Law n. 44 del 19-12-2008, Rules for the protection of health, the 

environment and the territory: limits to atmospheric emissions of polychlorinated dibenzodioxins 
and polychlorinated dibenzofurans, Bollettino Ufficiale della Regione Puglia, n. 200, 23-12-2008. 

Apulia Region, (2009), Regional Law n. 8, 30-03-2009, Amendment to the Regional Law 19 December 

2008, n. 44, Rules for the protection of health, the environment and the territory: limits to 

atmospheric emissions of polychlorinated dibenzodioxins and polychlorinated dibenzofurans, 
Bollettino Ufficiale della Regione Puglia, n. 51, 3-4-2009. 

Aries E., Anderson D.R., Fisher R., Trevor A.T., Fray B, Hemfrey D., (2006), PCDD/F and ‘‘Dioxin-

like’’ PCB emissions from iron ore sintering plants in the UK, Chemosphere, 65, 1470-1480. 

Arpa Puglia, (2007), PCDD/Fs and PCBs “dioxin-like” in the emission of E 312 stack at AGL/2 sinter 
section of ILVA plant in Taranto, 1st Monitoring campaign, June, 1-34. 

Arpa Puglia, (2008), PCDD/Fs and PCBs “dioxin-like” in the emission of E 312 stack at AGL/2 sinter 

section of ILVA plant in Taranto, Monitoring campaign, 1-13. 

Born J.G.P., Louw R., Mulder P., (1993), Fly ash mediated (oxy) chlorination of phenol and its role in 
PCDD/F formation, Chemosphere, 26, 2087-2095. 

Buekens A., Cornelis E., Huang H., Dewettinck T., (2000), Fingerprints of dioxin from thermal 

industrial  processes, Chemosphere, 40, 1021-1024. 

Canadian Council of Ministers of the Environment, (2003), Report Research on Technical Pollution 
Prevention Options for Iron Sintering, November 27, 1-12. 

Cavaliere P., (2016), Dioxin Emission Reduction in Electric Arc Furnaces for Steel Production, In: 

Iron making and Steel making Processes: Greenhouse Emissions, Control, and Reduction, 

Cavaliere P. (Ed.), Springer International Publishing, 215-222. 
Chen Y.C., Kuo Y.C., Chen M.R., Wang Y.F., Chen C.H., Lin M.Y., Yoon C., Tsai P.-J., (2016), 

Reducing polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/F) emissions from a real-

scale iron ore sinter plant by adjusting its sinter raw mix, Journal of Cleaner Production, 112, 
1184-1189. 

https://www.sciencedirect.com/science/article/pii/S0959652615008938#!
https://www.sciencedirect.com/science/article/pii/S0959652615008938#!


 

Atmospheric emission of dioxins and related compounds from iron ore sintering processes 

 

67 

 

Diletti G., Ceci R., Scortichini G., Migliorati G., (2009), Dioxin levels in livestock and grassland near a 

large industrial area in Taranto (Italy), Organohalogen Compounds, 38, 2359-2363. 

Drage D.S., Aries E., Harrad S., (2014), Studies into the formation of PBDEs and PBDD/Fs in the iron 
ore sintering process, Science of the Total Environment, 485-486, 497-507.  

Esposito V., Maffei A., Ficocelli S., Spartera M., Giua R., Assennato G., (2012), Dioxins from 

industrial emission to the environment. The Taranto case study, Italian Journal of Occupational 

and Environmental Hygiene, 3, 42-48. 
Esposito V., Maffei A., Bruno D., Varvaglione B., Ficocelli S., Capoccia C., Spartera M., Giua R., 

Blonda M., Assennato G., (2014), POP emissions from a large sinter plant in Taranto (Italy) over a 

five-year period following enforcement of new legislation, Science of the Total Environment, 491-

492, 118-122. 
Esposito V., Bruno D., Maffei A., Giua R., Capoccia C., Nicosia A., Ficocelli S., (2019), Long-term 

emission sampling validation for PCDD/Fs control of compliance to permitted Emission Limit 

Values at a large sinter plant, Chemosphere, 233, 44-48. 

Fiedler H., (2007), National PCDD/PCDF release inventories under the Stockholm Convention on 
Persistent Organic Pollutants, Chemosphere, 67, 96-108. 

Hisham M.W.M., Benson S.W., (1995), Thermochemistry of the Deacon process, Journal of Physical 

Chemistry, 99, 6194-6198. 

Huang H., Buekens A., (1995), On the mechanisms of dioxin formation in combustion processes, 
Chemosphere, 31, 4099-4117. 

ILVA, (2008a), Report AGL / 2 agglomeration plant - Taranto, 76 p. 

ILVA, (2008b), Feasibility study of the PCDD/F (integrated) abatement plant: AGL/2 agglomeration 

plant, 54 p. 
Lechtańska P., Wielgosiński G., (2014), The use of ammonium sulfate as an inhibitor of dioxin 

synthesis in iron ore sintering process, Ecological Chemistry and Engineering, 21, 59-70. 

Liberti L., (2014), Dioxin and PCB contamination around a heavy industrial area: A case history, 

International Journal of Innovation and Scientific Research, 9, 175-189. 
Ooi T.C., Thompson D., Anderson D.R., Fisher R., Fray T., Zandi M., (2011), The effect of charcoal 

combustion on iron-ore sintering performance and emission of persistent organic pollutants, 

Combustion and Flame, 158, 979-987.  

Ooi T.C., Lu L., (2011), Formation and mitigation of PCDD/Fs in iron ore sintering, Chemosphere, 85, 
291-299. 

Primerano R., Esposito V., Angioli L., Ficocelli S., Giua R., Menegotto M., Nocioni A., Valenzano B., 

Biasceglia A., Assennato G., (2007), Dioxin emission monitoring program for a large sinter plant, 

Organohalogen Compounds, 69, 966-969. 
Procaccini C., Bozzelli J.W., Longwell J.P., Sarofim A.F., Smith K.A., (2003), Formation of 

chlorinated aromatics by reactions of Cl•, Cl2, and HCl with benzene in the cool-down zone of a 

combustor, Environmental Science & Technology, 37, 1684-1689. 

Qian L., Chun T., Long H., Li J., Di Z., Meng Q., Wang P., (2018), Emission reduction research and 
development of PCDD/Fs in the iron ore sintering, Process Safety and Environmental Protection, 

117, 82-91. 

Quass U., Fermann M., Bröker G., (2004), The european dioxin air emission inventory project, final 

results, Chemosphere, 54, 1319-1327.  
Rotatori M., Guerriero E., Bianchini M., Gigliucci P.F., Guarnieri A., Lutri A., Mosca S., Rossetti G., 

Vardè M., (2006), PCDD/F profiles of an iron ore sintering plant, Organohalogen Compounds, 68, 

2248-2251. 

Sanna M., Monguzzi R., Santilli N., Felici R., (2012), Court of Taranto, preliminary investigations 
judge, Chemical Expertise Conclusions, 514-554. 

Stanmore B.R., (2004), The formation of dioxins in combustion systems, Combustion and Flame, 136, 

398-427. 

Stockholm Convention, (2001), Stockholm Convention on Persistent Organic Pollutants, Conference of 
Plenipotentiaries on 22 May 2001, Stockholm, Sweden.  

Wang T., Anderson D.R., Thompson D., Clench M., Fisher R., (2003), Studies into the formation of 

dioxins in the sintering process used in the iron and steel industry, Characterization of isomer 

profiles in particulate and gaseous emissions, Chemosphere, 51, 585-94.   



 

Cardellicchio/Procedia Environmental Science, Engineering and Management, 7, 2020, 1, 61-68 

 

68 

 

Wielgosiński G., (2011), The reduction of dioxin emissions from the processes of heat and power 

generation, Journal of the Air & Waste Management Association, 61, 511-526. 

Wikstrom E., Ryan S., Touati A., Gullett B.K., (2003), Key parameters for de novo formation of 
polychlorinated  dibenzo-p-dioxins and dibenzofurans, Environmental Science & Technology, 37, 

1962-1970. 

Xhrouet C., Nadin C., De Pauw E., (2002), Amines compounds as inhibitors of PCDD/Fs de novo 

formation on sintering process fly ash, Environmental Science & Technology, 36, 2760-2765. 
Zhang M., Buekens A., (2016), De novo synthesis in iron ore sintering, International Journal of 

Environment and Pollution, 60, 63-110. 

Zhang M., Buekens A., Li X., (2017), Dioxins from biomass combustion: An overview, Waste Biomass 

Valor, 8, 1-20. 

 


