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Abstract

We report results on PCDD/F formation over iron (III) oxides catalysts for a mixture of 2-

monochlorophenol (2-MCP) and 1,2-dichlorobenzene (1,2-DCBz) for both oxidation and 

pyrolysis. Competitive adsorption between chlorinated benzenes and chlorinated phenols affects 

the transformation of these precursors and plays a crucial role in the PCDD/F formation in mixed 

MCP/1,2-DCBz-feed streams. Comparing the integrated PCDD and PCDF yields, it becomes 

apparent that with decreasing 2-MCP content in the feed stream the PCDF yield first rises and then 

levels off, at ~0.4% for pyrolytic and at ~0.6% for oxidative conditions. Present results further 

confirm that the PCDD/PCDF-ratio cannot be used to validate the de novo pathway nor can it be 

used as an indicator of de novo synthesis in incinerators. In fact, the PCDD/PCDF-ratio is strongly 

dependent on the relative concentration of these two precursors in the reacting stream, i.e., 

chlorinated benzenes vs. chlorinated phenols.
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1 Introduction

Emission of polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans 

(PCDD/F) from thermal and combustion processes constitutes a major toxic component of 

environmental pollutants (Environmental Protection Agency, 2001; Brzuzy and Hites, 1996; 

Fiedler, 1998; Thomas and Spiro, 1996). It has been well established that transition metal-

mediated reactions account for the majority of PCDD/F formation in combustion systems 

(Huang and Buekens, 1995; Olie et al., 1998, Altwicker et al., 1990). In particular, probably 

both the copper and iron in combustion generated particulate matter (Cains et al., 1997) are 

active in catalysing PCDD/F formation from most combustion sources (Stieglitz, 1991; Ismo 

et al., 1997). Furthermore, it has been noted that typically transition metal-mediated 

reactions occur in the low temperature post-combustion zone and the air pollution control 

devices (Dickson et al., 1989; Ghorishi and Altwicker, 1995). The catalytic role of those 
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metals is strongly associated with two different reaction schemes: the de novo formation 

pathway, or else precursor routes. There is still wide debate between scientists on which 

model better represents the observed PCDD/F emissions: the de novo or the precursor 

model. Notably, numerous studies have been reported in regard to surface-mediated 

processes of PCDD/F formation via de novo synthesis (Stieglitz et al., 1989; Wikström et al., 

2003a; Stieglitz, 1998) and transition metal-mediated process from reactions of aromatic 

precursors (Addink and Olie, 1995; Milligan and Altwicker, 1996; Evans and Dellinger, 

2005). Generally, propagated is the view that the PCDD to PCDF ratio indicates which 

mechanism is dominating these emissions, where PCDD/PCDF < 1 is supposedly an 

attribute of de novo synthesis (Xiao et al., 2014; Karademir and Korucu, 2013; Vermeulen et 

al., 2014). This stems from the fact that most experimental studies involving precursors 

perceived PCDD/PCDF-ratios bigger than one. However, recent studies have indicated that 

the type of the PCDD/F precursor and/or the speciation of the active metal are a critical 

factor in determining the PCDD/PCDF-ratio (Nganai et al., 2014, 2012, 2011). In fact, 

chlorinated benzenes (CBz) have been suggested to be precursors of (mostly) PCDF and the 

PCDD/PCDF-ratio observed in the exhaust of thermal sources is dependent on the relative 

concentration of chlorinated benzenes vs. chlorinated phenols (CPh) in the gas phase. Also, 

some researchers specified that the presence of other combustion by-products (present in 

large excess, compared to these two typical PCDD/F precursors) is critical in the formation 

of PCDD/F: by their in-situ transformation to such precursors they further increase the 

PCDD/F output (De Jong et al., 2004; Cieplik et al., 2006). However, such conversions 

require the presence of active metals, as pure silica or aluminas do not yield a significant 

conversion of precursors (Mosallanejad et al., 2016, 2015, 2014).

It has been clearly demonstrated that CPh are intermediates in essentially all pathways of 

PCDD/F formation (Dickson et al., 1992; Altwicker and Milligan, 1993; Karasek and 

Dickson, 1987). Similarly, CBz have been experimentally established as potent precursors 

forming PCDD/F (Addink and Olie, 1995; Stanmore, 2004) and are also among the most 

abundant aromatic compounds in incinerator flue gas (Zimmermann et al., 2001). In 

addition, much of previous research on PCDD/F formation via the precursor pathway was 

using either single CPh or mixtures of CPh (Sidhu et al., 1995; Born et al., 1993; Ryu et al., 

2005). However, virtually no studies have been reported to demonstrate the potential 

contribution and subsequent influence on PCDD/F emissions from a mixture of CPh and 

CBz in varying molar concentrations. According to the precursor model, surface catalysed 

PCDD/F formation proceeds according to two different schemes: the Langmuir-

Hinshelwood (L-H) mechanism that involves the reaction of two adsorbed surface species 

and the Eley-Rideal (E-R) mechanism in which a gas phase species reacts with another 

surface-bound adsorbed species. For reactions of molecular precursors we have previously 

demonstrated that PCDF are formed in accord to the L-H mechanism, whereas the formation 

of PCDD proceeds through an E-R mechanism (Lomnicki and Dellinger, 2003a, 2003b). 

Both are initiated by chemisorption of substituted aromatic species to metal oxide or 

hydroxide surface sites, forming phenoxyl-type surface radicals that subsequently undergo 

self-condensation to form dioxins and other reaction products (Lomnicki et al., 2008; 

Dellinger et al., 2007).
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Our present studies strengthen the thesis that the ratio of CBz to CPh determines the PCDD/

PCDF ratio. In here, we report the results of a PCDD/F formation over iron (III) oxides 

starting from of a mixture of 2-MCP and 1,2-DCBz, with a varying relative gas phase 

composition and a constant total concentration, in both pyrolytic and oxygen rich conditions. 

These studies provide an important insight on the possible origin of PCDD/F formation and 

emission and question the validity of de novo contribution to PCDD/F emissions.

2 Experimental

The surface-mediated reactions of a mixture of 2-MCP and 1,2-DCBz in a molar ratio of 

1:10, 1:1 and 10:1 and a total concentration of 50 ppm were studied over Fe2O3/silica 

surfaces using the System of Thermal Diagnostic Studies (STDS), described elsewhere 

(Rubey and Grant, 1988). Briefly, this system is composed of a thermal reactor placed in a 

high-temperature furnace featuring precise temperature control as well as easy sample 

introduction. A computer-interface control module is used to set and monitor all 

experimental parameters. A high resolution GC-MS inline with the outlet of the thermal 

reactor ensures the chemical analysis of the reaction effluent.

The method of incipient wetness was used to prepare the catalytic material serving as 

surrogate for spontaneously combustion-generated iron-rich fly-ash. Silica gel powder 

(Aldrich, grade 923 100–200 mesh size) was introduced into an aqueous solution of iron 

(III) nitrate (Aldrich) in an amount for incipient wetness to occur and a proportion to 

produce 5% by weight of Fe2O3 in silica. The sample aged for 24 h at room temperature and 

dried then at 120°C for 12 h before its calcination in air for 5 h. at 450°C. The samples were 

ground and sieved to a size of 100–120 mesh, or a particle size of 120–150 µm and a surface 

area of 450 m2/g.

50 mg of catalytic material was placed between two quartz wool plugs situated in a 3 mm 

i.d. fused silica reactor placed in the STDS. All transfer lines were maintained at a constant 

temperature of 180°C to avoid the condensation of the reaction products. Prior to each 

experiment, the catalytic material was oxidised in situ at 450°C for 1 h at an air flow-rate of 

5 cc/min, to activate the surface of the sample. The three mixture samples of 2-MCP 

(Aldrich) and 1,2-DCBz (Aldrich) were introduced separately into the flow stream using a 

digital syringe pump (KD Scientific, Model-100) through a vaporiser maintained at 180 °C. 

Nitrogen was used as a carrier gas, and the rate of injection was selected so as to maintain a 

constant concentration of 50 ppm of (2-MCP + 1,2-DCBz) at temperatures ranging from 200 

to 550°C. The overall flow rate of the reaction gas stream was maintained at 5 cc/min. The 

residence time in the catalytic bed was 0.02 s, the reaction time 1 h, with constant feed 

throughout. Oxygen inlet concentration was either 0 or 20%, for pyrolysis and oxidation 

conditions, respectively.

The reaction products were analysed using an inline Agilent 6890 GC-MSD system. a 30 m, 

0.25 mm i.d., 0.25 µm film thickness column was used (Restek RTS 5MX) with a 

temperature hold at −60°C for the reaction period, followed by a temperature program from 

−60 to 300°C at 10°C /min. Detection and quantification of the products were obtained 

using an Agilent 5973 mass spectrometer operated in the full-scan mode from 15–350 amu 
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for the duration of the GC run. Products were identified based on mass spectra of the 

standards, comparisons to the NIST mass spectra library when available, and gas-

chromatographic retention times.

The product yields were calculated by the following expression:

Yield = 2[product]/2 − MCP + 1, 2 − DCBz]o) × 100,

where [product] is the specific product concentration formed (in moles) and [2-MCP + 1,2-

DCBz]o the initial concentration of 2-MCP + 1,2-DCBz mixtures (in moles) injected into 

the reactor. Each experimental data point is an average result of three experimental runs. 

Quantitative standards were used to calibrate the MS response for all products. The reactor 

was periodically cleaned by heating in air at 800°C and blank runs were routinely performed 

to assure the absence of deposits or carryover of reaction products from run to run. Presented 

data does not include analysis of catalytic material for the content of adsorbed products as 

we focused entirely on the gas phase products.

3 Results and discussion

The catalytic reaction on the surface of fly ash typically occurs within the cooling zone of 

the incinerator, at temperatures between 150–500°C, in which the yield of PCDD/F is the 

highest. Upstream of this cooling zone, poor mixing and large catalytic surfaces can result in 

local oxygen deficiency causing pyrolytic pockets, where reactions occur in oxygen-starved 

conditions. This is particularly important for the formation of PCDD/F, as oxygen 

concentration affects both the PCDD/F yield and the PCDD/PCDF ratio (Altarawneh et al., 

2009). The catalytic conversion of PCDD/F precursors such as CBz and CPh can also be 

affected by oxygen concentration, as precursor oxidation is the main pathway of reaction 

and as lattice oxygen of CuO or Fe2O3 catalytic surfaces drives the oxidation of precursors, 

proceeding according to a Mars-van Krevelen mechanism (Nganai et al., 2012).

Similar trends were observed in the case of 2-MCP and 1,2-DCBz mixtures, the subject of 

current studies. The decomposition profiles of 1,2-DCBz show a very similar behaviour for 

both pyrolytic and oxygen-rich conditions [cf., Figure 1(a) and Figure 1(c), respectively], 

without any dramatic changes between both reaction conditions. However, the introduction 

of oxygen surges the degradation yield of 1,2-DCBz, with the biggest increase observed for 

the experiments with a 2-MCP/1,2-DCBz ratio of 0.1, corresponding with a 10-fold excess 

of 1,2-DCBz. In the case of 2-MCP, the presence of oxygen improves the degradation yield 

[cf., Figure 1(b) and Figure 1(d)] of this PCDD/F precursor, and the difference is moderate.

These data again confirm earlier findings, that lattice oxygen is the active species involved in 

the reaction. The rise of the degradation yield upon the introduction of oxygen can be 

attributed to surface replenishment with oxygen. The yield increase with reaction 

temperature, on the other hand, results from the activation of active centres (or surface 

oxygen species) with higher activation barrier.

Nganai and Lomnicki Page 4

Int J Environ Pollut. Author manuscript; available in PMC 2018 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Reaction of two different compounds on the catalytic surface is often subject to competitive 

adsorption. In fact, the present data indicate strong competition between CPh and CBz. For 

both pyrolytic and oxygen-rich conditions and a 2-MCP/1,2-DCBz ratio of 0.1, the 2-MCP 

conversion exceeds that of 1,2-dichlorobenzenes over almost the entire temperature range. 

Pure 1,2-DCBz pyrolysis over the same catalytic surface shows a larger destruction of 1,2-

DCBz over the entire temperature range, compared to precursor experiments with 10% 

addition of 2-MCP (2-MCP / 1,2-DCBz = 0.1) [Figure 1(a)]; previously reported conversion 

data of 2-MCP over iron oxide/silica surrogate samples have shown similar 2-MCP 

conversion to the ones observed for mixtures (Nganai et al., 2012). In oxygen-rich 

conditions, the degradation profile of 1,2-DCBz is not affected by a small addition of 2-

MCP to the stream (2-MCP/1,2-DCBz of 0–0.1 – cf. Figure 1(c). These observations 

strongly support the earlier hypothesis that competitive adsorption between CBz and CPh 

may play a crucial role in the mechanism of PCDD/F formation in mixed streams. In the 

case of pyrolytic conditions, the number of available surface sites is limited, owing to the 

consumption of surface oxygen during the reaction and the competition for the sites between 

2-MCP and 1,2-DCBz results in a decreasing 1,2-DCBz conversion. Once sufficient 

amounts of gas phase oxygen are present to regenerate reacted sites, this competition effect 

becomes less important.

As seen in Figure 1, the decomposition profiles of 2-MCP shift towards lower temperatures, 

when compared to 1,2-DCBz, since 2-MCP has two potential pathways of breakdown (water 

vs. HCl elimination) whereas 1,2-DCBz always chemisorbs through HCl elimination 

(scheme 1); this results from a difference between the energetics of H2O elimination vs. HCl 

elimination. the observed results lead to the conclusion that the energetics of the surface 

reaction of these competing processes requires larger net energy inputs for the reaction 

through C-Cl bond dissociation compared to the rupturing of the C-OH bond, when assisted 

by the active surface of iron oxide.

The different reactivity of the two precursors over the surface of iron oxide is also reflected 

in the yield of PCDD and PCDF. Figures 2 and 3 present the PCDD/F formation profiles as a 

function of both temperature and the relative concentration of 2-MCP in 2-MCP/1,2-DCBz 

mixtures (100% corresponds to pure 2-MCP feed and 0% to pure 1,2-DCBz feed) in 

pyrolytic and oxygen-rich conditions, respectively.

The simple condensation products of both 1,2-DCBz and 2-MCP are non-chlorinated 

dibenzo-p-dioxin (DD), 1-monochloropdibenzo-p-dioxin (MCDD) and 4,6-

dichlorodibenzofuran (DCDF) (Nganai et al., 2011, 2012). Within these studies, non-

chlorinated PCDD/F products are considered as a representative group of PCDD/F formed 

by a condensation process, accompanied by the elimination of 2-chlorine atoms. Since 2-

MCP and 1,2-DCBz are used in these test reactions, the 2-chlorine elimination process 

results in the formation of non-chlorinated products, while higher chlorinated precursors will 

yield the corresponding chlorinated dioxins and furans, still with decreased number of 

chlorine atoms. In both pyrolytic and oxygen-rich conditions the formation of PCDD 

congeners is a function of the content of 2-MCP in the feed stream. For pyrolysis the highest 

yields of PCDD congeners were formed in a stream composed of 90% 2-MCP and 10% 1,2-
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DCBz. The only exception observed was for the 50% 2-MCP stream, where DD formation 

was the highest.

This trend was even more prominent for oxygen-rich conditions, where the maximum PCDD 

formation was significantly higher compared to the PCDF yields (Figure 3). However the 

formation window of PCDD is very narrow. Also in this case, with increasing 1,2-DCBz 

content, PCDF yields were increasing, with the highest yields between 90%–50% 2-MCP in 

stream.

It is difficult to compare the yields of specific congeners, when their formation window is 

very narrow and does not coincide. In such cases the maximum formation yield might be 

deceiving, as the effective congener output from combustion sources would correspond to 

the formation within the whole cooling zone. It is thus much more relevant to compare the 

average formation yields within the whole temperature range, where the average is defined 

as integrated yield divided by the number of integrations (or temperature points):

YINT =
∫ T1

Tn Y

n

Figure 4 presents distribution of all four observed congeners for each precursor mixture for 

both pyrolytic and oxygen rich conditions. For both pyrolytic and oxygen rich conditions the 

trends of congener distribution are generally the same. In general, with increasing content of 

1,2-DCBz, the chlorination degree of PCDD/Fs is increasing. This increase is generally a 

result of increased formation of DCDF. Interestingly, we did not see formation of higher 

chlorinated PCDD/Fs on iron oxide, indicating that primarily the PCDD/Fs were formed due 

to the precursor condensation without the surface assisted chlorination.

Figure 5 presents the integrated average yields of PCDD/F for the mixtures of 2-MCP and 

1,2-DCBz and, for comparison, data published before for PCDD/F formation over CuO 

surfaces, determined at the same experimental conditions (Nganai et al., 2014). Based on 

Figure 5, it is apparent that with decreasing 2-MCP content in the feed stream, the PCDF 

formation yield is increasing and the plateau at the level of ~0.4% for pyrolytic and ~0.6% 

for oxidative conditions. A pure 1,2-DCBz feed results in overall lower yields, as 1,2-DCBz 

is oxidised efficiently due to the lack of competitive adsorbent. PCDD, on the other hand, 

are formed with the highest yield at a 90% 2-MCP content in the feed stream, and decrease 

to non-detects for a pure 1,2-DCBz stream. It needs to be emphasised, however, that the 

presented yields are quite arbitrary for the specific reaction conditions (total of 50 ppm of 

chlorinated aromatics), and with changing total concentrations of reactants the yields may be 

different. However, we have confirmed a strong trend correlating the relative change in the 

yield of PCDD and PCDF with the changing composition of feedstock – excess of CPh 

increase the yield of PCDD, while CBz control the yields of PCDF. Indeed we have 

observed this behaviour for the two most prominent metal oxides responsible for the 

formation of PCDD/F in the cool zone of incinerators, copper and iron oxides.
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4 Study implications – precursor vs. de novo

As stated in the introduction it is commonly assumed that low PCDD/PCDF ratios indicate 

the prominence of de novo PCDD/F formation. A significant shortcoming of the de novo 

model is the assumption of the incorporation within the carbonaceous matrix of dioxin-like 

structures, ready to be expelled to the gas phase upon the thermal dissociation of the many 

C-C bonds that hold the structure within the matrix. Most de novo researchers attribute this 

process to active metal chlorides acting as catalysts in the process (cf., Figure 6). Indeed 

studies have shown that oxygen concentration has no effect on the PCDD/F formation 

during de novo synthesis, confirming the thermal nature of the C-C bond scission (Wikström 

et al., 2003a).1 On the other hand, studies have also shown that the presence of chlorine only 

results in the formation of C1-C4 chlorinated species (Taylor and Dellinger, 1999). The 

presence of metal oxide/chlorides is thus necessary for the PCDD/F formation within the de 

novo model (Wikström et al., 2003b).

Interestingly, studies of de novo formation of PCDD/F indicated the formation of CBz and 

CPh, with yields of CBz a ~100 fold higher compared to CPh (Hell et al., 2001) and ~100 

fold higher than the amount of formed PCDD/F. The same proportions of CBz, CPh and 

PCDD/F were detected during experiments using 1,2-DCBz as a precursor over copper and 

iron oxide systems (Nganai et al., 2014, 2012). This leads to the following assumption: is it 

possible that de novo formation as described in Figure 6 pays no contribution to the overall 

PCDD/F emission? Instead, do the thermal and catalytic oxidation reactions of carbonaceous 

materials produce dioxin precursor molecules, which undergo the surface condensation 

reaction according to the precursor model? (cf., Figure 7).

The present results confirm that the PCDD/PCDF-ratio cannot be used to validate the de 
novo pathway nor can it be used as an indicator of the de novo reaction in incinerators. In 

fact, the PCDD/PCDF-ratio is strongly dependent on the relative concentrations of precursor 

groups in the reaction stream – CBz vs. CPh. Figure 8 illustrates this dependence for iron 

oxide systems, and a similar correlation was presented before for copper oxide.

The model presented here is based on experimental data of a simple, specific system 

designed to mimic reactions on real fly ash. In fact, real fly ash samples at the boiler section 

of combustors and incinerators contain a very complex mix of matrix materials and many 

metals speciated as oxides, chlorides, sulphates, sulphides, etc. Some of these are formed 

during cooling and de-sublimation, or else after reporting to boiler deposits. They also 

contain occluded polyaromatic materials, as well as some adsorbed precursors. So, the 

presented data cannot span the entire range of possible fly ash systems, yet this contribution 

hopes to contribute to opening the discussion on relative roles for precursors and de novo.

To conclude, the contribution of de novo PCDD/F formation should be revisited and 

laboratory experiments need to be designed very precisely to establish the role of the pure de 

novo reaction and distinguish it from the secondary precursor pathway resulting from 

precursors emitted during the oxidation of carbonaceous fractions. This should also include 

1These tests are in disagreement with careful work from both Stieglitz and Addink. Wikström used an experimental design to study 20 
variables in 10 experiments!
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the role of other organic components in the gas stream as they may result in the formation of 

CPh and benzenes precursors through surface assisted reactions.
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Figure 1. 
Degradation profile of the precursors at oxygen rich (A,B) and pyrolytic (C,D) conditions 

over iron(III) oxide systems
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Figure 2. 
PCDD/F yields from the pyrolysis reaction of 2-MCP and 1,2-DCBZ mixtures over iron 

oxide (see online version for colours)
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Figure 3. 
PCDD/Fs yield form the oxidation of 2-MCP and 1,2-DCBz mixtures over an iron oxide 

catalytic system (see online version for colours)
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Figure 4. 
Congener distribution for the integrated PCDD/Fs yields over iron oxide sample (see online 

version for colours)
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Figure 5. 
Integrated yields of total PCDDs and total PCDFs for (a) pyrolysis (b) oxidation conditions 

and varying 2-MCP/1.2-DCBz composition of feed gases, in the presence of either iron 

(green/brown bars) or copper oxides (blue/red bars) (see online version for colours)
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Figure 6. 
General view of the de novo formation of PCDD/Fs
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Figure 7. 
Unified PCDD/F formation model as proposed by Dellinger and Lomnicki (see online 

version for colours)
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Figure 8. 
PCDD/PCDF-ratio as a function of the 2-MCP content in the 2-MCP/1,2-DiCBz reaction 

stream (see online version for colours)
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