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A B S T R A C T   

The control of polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) from the flue gas in hazardous 
waste incinerators (HWIs) is an intractable problem. To figure out the formation mechanism of PCDD/Fs and 
reduce the emission, a field study was carried out in a full-scale HWI. Ca(OH)2 & (NH4)H2PO4 or CH4N2S & 
(NH4)H2PO4 were injected into the quench tower, and the detailed inhibition effect on PCDD/Fs formation by the 
inhibitors coupled with quench tower was studied. Gas and ash samples were collected to analyze PCDD/Fs. XPS, 
EDS characterization and Principal component analysis were adopted to further analyze the de novo and pre-
cursors synthesis. The PCDD/Fs emissions reduced from 0.135 ng I-TEQ/Nm3 to 0.062 or 0.025 ng I-TEQ/Nm3 

after the injection of Ca(OH)2 & (NH4)H2PO4 or CH4N2S & (NH4)H2PO4, respectively. The quench tower was 
found mainly hindering de novo synthesis by reducing reaction time. CP-route was the dominant formation 
pathway of PCDD/Fs in quench tower ash. Ca(OH)2 & (NH4)H2PO4 effectively inhibit precursors synthesis and 
reduce proportions of organic chlorine from 4.11% to 2.86%. CH4N2S & (NH4)H2PO4 show good control effects 
on both de novo and precursors synthesis by reducing chlorine content and inhibiting metal-catalysts. Sulfur- 
containing inhibitors can cooperate well with the quench tower to inhibit PCDD/Fs formation and will be 
effective to reduce dioxins formation in high chlorine flue gas. The results pave the way for further industrial 
application of inhibition to reduce PCDD/Fs emissions in the HWIs flue gas.   

1. Introduction 

The rapid development of China has resulted in a dramatic rise in the 
production of hazardous waste. 80.74 million tons of hazardous waste 
were disposed in 2020 in China (Yearbook, 2021). Incineration tech-
nology has been widely applied to dispose hazardous waste. However, 
the incineration process will also result in the generation of various 
pollutants, especially polychlorinated dibenzo-p-dioxins and poly-
chlorinated dibenzofurans (PCDD/Fs). PCDD/Fs are highly concerned 
due to the long biological half-life and extreme toxicity, and exposure to 
PCDD/Fs may cause headache, infertility and cancer (Bo et al., 2022). 
The main formation mechanisms of PCDD/Fs can be divided into: (1) de 
novo synthesis, (Kuzuhara and Kasai, 2003; Xu et al., 2018; Zhang and 
Buekens, 2016); (2) precursors synthesis, (Lomnicki and Dellinger, 
2003; Sidhu et al., 1995). And the chlorination of DD/DF can also 
participate in the formation of PCDD/Fs (Tuppurainen et al., 2003). 

Unlike municipal solid wastes with basic material components 
(fabrics, plastics, paper, kitchen residues, metal, glass), hazardous 

wastes are identified due to their harm to the environment. Thus the 
phase, elemental composition and incineration characteristics of various 
hazardous wastes could be completely different in China, especially 
heavy metals and chlorine contents (Wang et al., 2019). The incinera-
tion of hazardous waste with high chlorine content can lead to great 
pressures on PCDD/Fs emission control. To meet the challenge of 
PCDD/Fs emissions in HWIs, quench tower is required (China, 2005), in 
which water was injected for rapid cooling from 500 ◦C to 200 ◦C within 
1 s to reduce the reaction time for PCDD/Fs formation. Air pollution 
control devices such as quench tower and activated carbon injection 
coupled with baghouse filter are installed to reduce the emission of di-
oxins (Ma et al., 2011). 

However, PCDD/Fs emissions of HWIs could still exceed the stan-
dard, which is 0.5 ng I-TEQ/Nm3 in China and 0.1 ng I-TEQ/Nm3 in 
Europe (China, 2020). Wang et al. studied the PCDD/Fs emission levels 
of 12 HWIs and found that the PCDD/Fs emission in stack gas was as 
high as 0.902 ng I-TEQ/Nm3 due to the high chlorine content in haz-
ardous waste, and only PCDD/Fs emissions of 4 HWIs were lower than 
0.1 ng I-TEQ/Nm3 (Wang et al., 2014). Gao et al. focused on the 
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PCDD/Fs emissions of 14 HWIs and also found a large variation (from 
0.08 to 31.6 ng I-TEQ/Nm3) (Gao et al., 2009). Moreover, PCDD/Fs 
emissions in HWIs during startup and shutdown were significantly 
higher than normal conditions (Li et al., 2017). Existing investigations 
show that HWIs in China struggled to control PCDD/Fs emissions, and 
most of them failed to achieve the strict standards of Europe (0.1 ng 
I-TEQ/Nm3). All of these call for more measures to effectively control 
PCDD/Fs emissions in HWIs. 

Chemical inhibition technology is an effective method to reduce 
PCDD/Fs formation, which has been widely studied in laboratory and 
adopted in municipal solid waste incinerators (MSWIs) (Moreno et al., 
2019; Ren et al., 2021a; Xing et al., 2019). Some former studies adopted 
inhibitors in field MSWIs, and the inhibition efficiencies were about 
40%–70% (Chen et al., 2019; Ren et al., 2021a). Three categories of 
inhibitors have been developed so far: sulfur-containing compounds 
(Chen et al., 2019; Shao et al., 2010), nitrogen-containing compounds 
(Ren et al., 2021b; Wang et al., 2020) and hydroxides/oxides of alkali 
metals (Qian et al., 2005; Zhang et al., 2020). Sulfur- and 
nitrogen-containing inhibitors can hinder PCDD/Fs formations by 
inhibiting catalyst metal and chlorination, and oxides/hydroxides of 
alkali metals show good inhibition effects on chlorine source (Ma et al., 
2018). Phosphorus-containing compounds are considered as inhibitors 
due to the reactions with heavy metals to form complexes (Lu et al., 
2021; Ma et al., 2019). While inhibition effects and mechanisms of in-
hibitors in HWIs can be different from that in MSWIs due to differences 
in incineration materials and operating conditions, flue gas composition, 
temperature distribution and flue humidity. 

Previous studies on HWIs only reported and analyzed PCDD/Fs 
emission in the stack gas and fly ash, ignoring the formation and 
migration mechanism. Specially, effects of quench tower on PCDD/Fs 
formation need to be further figured out. In addition, most of these in-
hibition studies focus on laboratory experiments, and the full-scale in-
hibition experiment focusing on the incineration of hazardous waste is 
lacking (Isabel et al., 2019; Soler et al., 2018). In this study, two 
chemical inhibitors were chosen to cooperate with quench tower for 
further PCDD/Fs inhibition in HWIs, and the inhibition mechanism was 
studied. Rather than simply clarify formation mechanisms by stack gas 

samples, this study analyzed two main mechanisms (de novo and pre-
cursors synthesis) in full-scale HWIs. This study figured out the inhibi-
tion of PCDD/Fs by the quench tower coupled with inhibitors injection 
for low PCDD/Fs emission in HWIs, which is helpful for industrial 
application of further emission control of PCDD/Fs in HWIs. 

2. Materials and methods 

2.1. HWI systems and characteristics of hazardous waste 

This study was carried out in a full-scale HWI with a capacity of 80 t/ 
d located in Shandong Province, China. The systemic diagram and 
sampling sites of the HWI are shown in Fig. 1. The hazardous waste in 
the waste pool and hazardous waste in SMP (Shredding, Mixing and 
Pumping) system were fed into the rotary kiln with an average rate of 50 
t/d and 30 t/d, respectively. The HWI system was operated under the 
principle of “3T+E”: high combustion Temperature, long residence 
Time, high Reynolds number of Turbulence and Excess oxygen (McKay, 
2002). After the secondary combustion chamber, flue gas was cooled 
from 1100 ◦C to 500 ◦C in cooling tower. In the quench tower, weakly 
alkaline wet deacidification wastewater was directly injected into flue 
gas, leading to the rapid cooling of flue gas from 500 ◦C to 200 ◦C. Then 
dry deacidification, activated carbon injection coupled with baghouse 
filtration (ACI+BF) and wet deacidification scrubber are applied before 
the emission of stack gas. The discharging rates of fly ash and quench 
tower ash are 6000 kg/d and 200 kg/d respectively. The characteristics 
of hazardous waste are shown in Table S1. It can be seen that there is a 
high content of chlorine (up to 10 wt%) in hazardous waste raw mate-
rials, which provides a probability for large-scale synthesis of PCDD/Fs 
in flue gas at low temperature. Operation conditions and emissions of 
conventional pollutants (including oxygen) are shown in Fig. S1 and 
Fig. S2. And the concentrations of metals in ash are shown in Table S4. 

2.2. Experimental design 

Carbon source, chlorine source, metal catalyst, temperature and re-
action time are the main factors of PCDD/Fs formation, while the 
quench tower can only hinder PCDD/Fs formation by reducing reaction 
time (Stanmore, 2004). To further inhibit dioxin emission, the inhibitors 
were adopted and injected into the flue gas to cooperate with the quench 
tower. As shown in Fig. 1, four sampling points were adopted for this 
field study: flue gas at quench tower outlet, quench tower ash, bag filter 
fly ash and stack gas. In blank test A, four points were sampled without 
inhibitors injection. In test B and test C, mixtures of Ca(OH)2/(NH4) 
H2PO4 and CH4N2S/(NH4)H2PO4 were adopted as inhibitors respec-
tively. Inhibitors with a rate of 15 kg/h (weight ratio of 0.45% of 80 t/d 
hazardous waste materials) were added. About 4 m3 of wastewater was 
sprayed into the quench tower every hour. The details about inhibition 
conditions are shown in Fig. S3. And the experimental operation con-
ditions are shown in Table S2. 

2.3. Sampling, analyzing and QA/QC 

To collect PCDD/Fs samples in the flue gas and stack gas, the iso-
kinetic samplers (model KNJ23, KNJ, Korea) were adopted following 
EPA Method 23a (Agency, 2017). 

Before the sampling process, PCDD/Fs surrogate standards were 
added to the XAD-2 resin. For pretreatment, dioxins were firstly Soxhlet 
extracted with toluene for 24h. Prior to extraction, samples were spiked 
with 13C labeled compound solution of PCDD/Fs. The extracts were then 
purified with a series of clean-up procedures to remove the heavy metals 
and other impurities. The solutions were concentrated by a purified 
nitrogen flow to 30 μl and spiked with 13C recovery standard solutions. 
The sampling and pretreatment processes were described in detail in 
supplement information, and in our previous research (Chen et al., 
2008). The purified samples were analyzed by high-resolution gas 

Nomenclature 

PCDD/Fs Polychlorinated dibenzo-p-dioxins and polychlorinated 
dibenzofurans 

HWIs Hazardous waste incinerators 
MSWIs Municipal solid waste incinerators 
APCDs Air pollution control devices 
SEM Scanning electron microscopy 
EDS Energy dispersive spectroscopy 
XPS X-ray photoelectron spectroscopy 
QT Quench tower 
I-TEQ International toxic equivalents 
DD Dibenzo-p-dioxins 
DF Dibenzofurans 
CP Chlorophenol 
PCA Principal component analysis 
CR Correlation coefficient 
TCDD/Fs Tetrachlorinated dibenzo-p-dioxins and dibenzofurans 
PeCDD/Fs Pentachlorinated dibenzo-p-dioxins and 

dibenzofurans 
HxCDD/Fs Hexachlorinated dibenzo-p-dioxins and 

dibenzofurans 
HpCDD/Fs Heptachlorinated dibenzo-p-dioxins and 

dibenzofurans 
OCDD/Fs Octachlorinated dibenzo-p-dioxins and dibenzofurans  
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chromatography coupled with high-resolution mass spectrometry 
(HRGC/HRMS) (JMS-800D, JEOL, Japan). 

In the quality assurance and quality control (QA/QC) testing, the 
recoveries of all PCDD/Fs standards in gas samples and ash samples 
range from 47.6% to 125.9%, which were in accordance with the 
required recovery standard of 25%–130%. The stability of hazardous 
waste feeding and operation conditions was verified in Fig. S1, Fig. S2 
and Table S4. Between each group of experiments, a half-hour interval 
was reserved for the buffer time of the next experiment. Inhibitors were 
added into the tank, as shown in Fig. S3. To ensure that there is no 
interference between different test groups, the liquid tank was emptied 
every 4 h, and filled up before the next experiment group. Three parallel 
samples were collected in each test and the average as the final result. 
The detailed description was shown in supplement information. 

2.4. Statistical analysis 

In this study, 136 tetra-to octa-PCDD/Fs congeners were separated 
and analyzed, The mass concentrations were converted to values under 
the standard condition of 1 atm and 0 ◦C and corrected referring to an 
11% oxygen content, according to: 

C=
21 − 11
21 − OA

× CA 

C, the PCDD/F mass concentration under the standard condition (ng/ 
Nm3); OA, the action oxygen content (%); CA, the actual PCDD/F mass 
concentration in the flue gas (ng/m3). 

For the 17 toxic 2,3,7,8-substituted congeners, international toxic 
equivalents (I-TEQ) were obtained according to the toxic equivalency 
factors (VandenBerg et al., 1998), and the total TEQ of the 17 toxic 
PCDD/F congeners was calculated: 

CTEQ =
∑

Ci × TEQi 

Ci, the concentration of each PCDD/Fs congener; TEQi, the TEQ 
values of each PCDD/Fs congener;CTEQ, the overall TEQ values of each 
sample. 

The inhibition efficiency of inhibitors and chlorination degree were 
calculated as follows: 

Inhibition efficiency=
CN − CI

CN 

CN, the concentration of PCDD/Fs congeners in normal conditions; 
CI, the concentration of PCDD/Fs congeners in inhibition conditions. 

Chlorination degree=
∑

Ci × ni

C 

Ci, the concentration of each PCDD/Fs congener; ni, the number of 
substituted chlorines in each PCDD/Fs congener;C, the overall concen-

tration of PCDD/Fs congeners. 
In order to further analyze the formation and inhibition pathways in 

this HWI, principal component analysis (PCA) and correlation analysis 
were applied using SPSS 24 software based on the congeners 
distributions. 

Moreover, to better study the characteristics of ash and analyze the 
de novo synthesis comprehensively, scanning electron microscopy 
(SEM, Sigma300, ZEISS, Germany), energy dispersive spectroscopy 
(EDS, Sigma300, ZEISS, Germany) and X-ray photoelectron spectros-
copy (XPS, K-Alpha, Thermo Scientific, America) were adopted to 
analyze element distribution, surface morphology, surface element 
content, and surface element chemical states of ash, respectively. 

3. Results and discussion 

3.1. PCDD/Fs concentrations under different conditions 

The PCDD/Fs concentrations from three sampling points (flue gas, 
stack gas, fly ash) under different conditions are shown in Fig. 2. In test A 
without inhibition, the PCDD/Fs concentration in stack gas was 6.64 ng/ 
Nm3 (0.135 ng I-TEQ/Nm3). The emission levels in test A achieved the 
emission standard in China (0.5 ng I-TEQ/Nm3) (China, 2020), but 
exceeded the EU emission standard (0.1 ng I-TEQ/Nm3). The total 
concentration of PCDD/Fs at the quench tower outlet was 8.83 ng/Nm3 

(0.173 ng I-TEQ/Nm3), and the PCDD/Fs concentration in fly ash was 
3.86 ng/g (0.074 ng I-TEQ/g). For test B, the PCDD/Fs concentration in 
stack gas decreased to 4.84 ng/Nm3 (0.062 ng I-TEQ/Nm3). While the 
PCDD/Fs concentration at the quench tower outlet was 13.2 ng/Nm3 

(0.248 ng I-TEQ/Nm3), and the PCDD/Fs concentration in fly ash was 
8.03 ng/g (0.168 ng I-TEQ/g). The increase of PCDD/Fs concentration in 
quench tower outlet in test B was resulted from the increase of PCDFs 
due to the bad control effect on oxidation process despite the good 
control on chlorine source, which will be discussed later and shown in 
Fig. 5 and Fig. 7. Oxidation process could result in the release of CO, CO2 
and few PCDD/Fs at the same time. A laboratory research also found 
that the alkali metal oxide/hydroxide could promote carbon gasification 
(Wang et al., 2022). 

Inhibitor C showed a better effect and markedly reduced the emis-
sion of PCDD/Fs. Compared with normal condition, the PCDD/Fs con-
centration in stack gas has been reduced to 2.69 ng/Nm3 (0.025 ng I- 
TEQ/Nm3) with an inhibition efficiency of 59.4% (81.7% for I-TEQ) in 
test C. The PCDD/Fs concentrations in flue gas and fly ash decreased to 
1.91 ng/Nm3 (0.049 ng I-TEQ/Nm3) and 2.24 ng/g (0.025 ng I-TEQ/g) 
respectively. Sulfur-containing inhibitors show a good potential on 
cooperating with quench tower to control PCDD/Fs emission during 
hazardous waste incineration. 

The previous study on 12 HWIs has found that the emissions of 
PCDD/Fs in HWIs ranged from 0.031 ng I-TEQ/Nm3 to 0.902 ng I-TEQ/ 
Nm3 (Wang et al., 2014). And the emission levels of the three 

Fig. 1. Systemic diagram and sampling sites of the HWI.  
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experimental groups in this work were within the scope. The concen-
trations of 17 toxic PCDD/Fs congeners in flue gas and ash were shown 
in Fig. 2c and d. PCDD/Fs in quench tower ash was dominated by high 
chlorinated PCDDs. Similarly, the injection of inhibitor C caused an 
obvious decrease of toxic PCDD/Fs congeners, and inhibitor B had a 
good inhibition effect on PCDD congeners in flue gas. The percentage 
distributions of all PCDF and PCDD congeners in flue gas and ash are 
shown in Fig. S4 and Fig. S5, which will be discussed in section 3.3.2. 

3.2. PCDD/Fs congener distribution and chlorination degree in flue gas 
and ash 

In the post-combustion zone PCDD/Fs are mainly formed in low- 
temperature (500–200 ◦C) through heterogeneous reactions, which 
can be divided into: (1) de novo synthesis, PCDD/Fs formed by simul-
taneous chlorination and oxidation from carbonaceous matrix, (2) pre-
cursors synthesis, PCDD/Fs formed from structurally similar 
compounds, through catalytic coupling of precursor molecules or radi-
cals (Babushok and Tsang, 2003; Gullett et al., 1994; Stanmore, 2004). 
Importantly, PCDDs is mainly formed by precursors synthesis such as 
CP-route, and de novo synthesis from carbon matrix prefers to form 
PCDFs (Huang and Buekens, 1995; Stanmore, 2004; Weber and 
Hagenmaier, 1999). Thus, the PCDD/PCDF ratio is generally lower than 
1 when de novo synthesis dominates, while the ratio is higher than 1 if 
precursors synthesis is the major formation pathway (Tuppurainen 

et al., 1998; Zhang et al., 2012). 
The previous studies found the proportional advantage of PCDF over 

PCDD in stack gas in HWIs, and regarded de novo synthesis as the main 
formation mechanism (Wang et al., 2019; Wang et al., 2014). While the 
distribution of PCDD/Fs congeners could remarkably change after a 
series of air pollution control devices. As shown in Fig. 3, most 
PCDD/PCDF ratios in fly ash were lower than 1, indicating that de novo 
synthesis was the main formation mechanism in HWI systems. While in 
test A the PCDD/PCDF ratios of flue gas at quench tower outlet and 
quench tower ash were 1.04 and 4.58. The proportional advantage of 
PCDD over PCDF in both flue gas and quench tower ash indicates that 
the precursors synthesis is the main formation pathway in quench tower 
section. Similar result of PCDD/PCDF ratios in flue gas at quench tower 
outlet has been observed in another study on HWI system (Wang et al., 
2019). 

In many MSWIs, de novo synthesis was considered to be main for-
mation mechanism because of the higher proportions of PCDFs over 
PCDDs in flue gas or stack gas (Guo et al., 2020). The ratio differences 
between MSWIs and HWI could be resulted from the effect of quench 
tower and abundance of chlorine. In previous studies, the reaction rate 
of de novo synthesis is considered in the order of seconds, and the rate of 
de novo synthesis is much lower compared with that of precursor syn-
thesis (Altwicker and Milligan, 1993; Milligan and Altwicker, 1995; 
Stanmore, 2004). Thus the quench tower would mainly suppress the de 
novo mechanism because of the reduction of reaction time (within 1 s) in 

Fig. 2. (a)Total PCDD/Fs concentrations under different conditions (b) PCDD/Fs concentrations (I-TEQ) (c) Concentration of toxic PCDD/Fs congeners in flue gas (d) 
Concentration of toxic PCDD/Fs congeners in fly ash and quench tower ash. 
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the section of 500–200 ◦C. There would be a huge potential for PCDF 
formation by de novo synthesis if the quench tower does not work well. 
While the precursors synthesis was not greatly affected by the quench 
tower because by precursors synthesis PCDD/Fs can be formed rapidly 
(Pulido et al., 2016). In test B, the ratios of PCDD/PCDF in flue gas and 
fly ash decrease to 0.31 and 0.42 compared with test A. For test C, in-
hibitor C better inhibits PCDD than PCDF in flue gas and better inhibits 
PCDF in fly ash. Detailed discussion for inhibition efficiency is displayed 
in section 3.3.1. 

The chlorination degree of PCDD/Fs is an important factor to study 
the influence of chlorine source in PCDD/Fs formation. As shown in 
Fig. 3, inhibitor B and inhibitor C effectively reduced the chlorination 
degree of PCDD/Fs in flue gas from 6.84 to 6.41 and to 6.57, respec-
tively. Compared with inhibitor C, inhibitor B shows a better effect on 
the reduction of chlorination degree of fly ash, which could be attributed 
to the alkali metal hydroxide in inhibitor B (Ma et al., 2018). It is worth 
mentioning that the chlorination degree of PCDD/Fs in quench tower 
ash was the highest among all samples, reaching 7.15. Due to the better 
adsorption of higher chlorinated PCDD/Fs with lower vapor pressure, 
the chlorination degree values in fly ash are higher than the values in 
quench tower flue gas (Ryan et al., 2005). And the chlorination degrees 
of PCDDs were higher than those of PCDFs. Compared with the studies 
on full scale MSWI systems, the chlorination degree of PCDD/Fs in the 
HWI is higher, which indicates the abundance of chlorine source (Chen 
et al., 2019; Ma et al., 2021). 

2,3,7,8- substituted congeners are the most concerned toxic PCDD/Fs 
among all the congeners, and Fig. 3 shows the percentage distribution of 
toxic PCDD/Fs congeners. For flue gas and fly ash, the major toxic 
PCDD/Fs congeners are 1,2,3,4,6,7,8-HpCDD, OCDD, 1,2,3,4,6,7,8- 
HpCDF and OCDF. In test B, the proportion of low chlorinated PCDD/ 

Fs increases obviously for flue gas and fly ash. For quench tower ash, 
more than 80% of PCDD/Fswas high chlorinated except 2,3,7,8-TCDD. 
The dominance of OCDD congener indicated the excessive chlorina-
tion conditions in HWIs due to the high chlorine content in hazardous 
waste. 

3.3. Formation and inhibition mechanisms of PCDD/Fs in HWI 

3.3.1. Inhibition efficiency in flue gas and fly ash 
Fig. 4 shows the inhibition efficiency of PCDD/Fs in flue gas and fly 

ash. Two inhibitors showed distinct inhibition effect due to the differ-
ence of inhibition mechanism. For inhibitor B, the inhibition efficiencies 
in flue gas increased with the increase of chlorination degree. The va-
riety of inhibition efficiencies indicates the good control on chlorine 
source by Ca(OH)2, which is consistent with the former study (Gullett 
et al., 1994). The injection of inhibitor B caused the decrease of PCDD 
and total toxic PCDD/Fs in flue gas by 58.3% and 10.4%, and finally 
reduced the PCDD/Fs emission at stack. But the PCDF in flue gas and 
PCDD/Fs in fly ash increased. 

The increase of PCDD/Fs in fly ash in test B could be attributed to two 
reasons: (1) memory effect in APCDs cause the increase of PCDD/Fs 
concentration, then activated carbon adsorbs PCDD/Fs into bag filter fly 
ash (Zimmermann et al., 2001); (2) the injection of inhibitor B weakens 
the effect of quench tower due to the exothermic reaction with the 
chlorine source, resulting in the abundance of PCDF by de novo syn-
thesis. The discussion about de novo synthesis and PCDF is displayed in 
section 3.3.3. A field study on HWIs also found an obvious increase of 
PCDD/Fs concentration in quench tower outlet mainly due to the 
abundance of PCDF (Wang et al., 2019). 

Inhibitor C showed a better and more stable inhibition effect 
compared with inhibitor B. The PCDD/Fs inhibition effect in flue gas 
samples (80.0%) is better than that in fly ash samples (59.3%). This 
phenomenon was consistent with an S-, P-, and N-containing inhibition 
study on MSWIs (Guo et al., 2020). The differences in inhibition effects 
were induced by that the inhibitors reacted more readily with chlorine 
in flue gas than catalytic metals in fly ash. In addition, the migration of 
PCDD/Fs, which tends to adsorb on the surface of the fly ash, impaired 
the inhibition efficiency. 

Catalyst metal plays an important role in deacon reaction, de novo 
synthesis and precursors synthesis (Olie et al., 1998). The overall good 
inhibition efficiencies for PCDDs and PCDFs indicated that inhibitor C 
can poison catalyst metal. The sulfur-containing substances could play 
the key role. Laboratory studies show that sulfur can convert copper 
chloride (CuCl2) into copper sulfate (CuSO4) with weak catalytic activ-
ity, thus inhibiting de novo synthesis and precursors synthesis (Fujimori 
et al., 2016; Raghunathan and Gullett, 1996). 

3.3.2. Precursors synthesis and chlorination process 
Fig. 5 shows the formation mechanisms of precursor synthesis. One 

of the representative mechanisms of precursors synthesis is CP-route 
synthesis, and PCDD/Fs can be formed by condensation of rearrange-
ment of three kinds of CPs (2,4,6-, 2,3,4,6- and 2,3,4,5,6- Chlorophenol) 
(Ballschmiter et al., 1988). Phenoxy radicals are important in-
termediates in CP-route pathway (Yang et al., 2017). These CPs can 
directly form 1,3,6,8-, 1,3,7,9-TCDD and 2,4,6,8-, 1,2,3,8-TCDF, which 
are considered to be the representatives of CP-route (Wiater et al., 2000; 
Yang et al., 2017). 1,2,4,7,9-, 1,2,3,6,8-, 1,2,3,7,9-PeCDD and 1,2,3,4,6, 
8-HxCDD are also considered as the CP-route representatives due to 
their highly correlation with 1,3,6,8-, 1,3,7,9-TCDD (Tuppurainen et al., 
2003; Zhang et al., 2017). The relative importance of CP-route repre-
sentatives compared with their own homologues and total PCDD/Fs was 
shown in Table 1. For quench tower ash, the CP-route representatives 
were dominant in their own homologue groups at PCDD side, and the 
overall proportion of CP-route congeners in the total PCDD/Fs concen-
tration reached 76.5%. Combined with the former discussion of 
PCDD/PCDF ratios, these results indicated that the main formation 

Fig. 3. Distribution and chlorination degree of toxic PCDD/Fs.  
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mechanism in quench tower section was precursors synthesis, especially 
CP-route pathway. Compared with test A, the proportion of CP-route 
representatives decreased from 22.94% to 25.20%–13.73% and 
16.21% respectively in test B. This indicated that inhibitor B has a better 
inhibition effect on CP-route synthesis. For test C, the proportion of 
CP-route representatives slightly decrease in flue gas, and increase in fly 
ash. 

The PCDD/Fs congeners were also analyzed by PCA and correlation 
coefficients based on the distributions in both inhibition and normal 
conditions. Table S5 shows the correlation coefficients (CR) between 
1,3,7,9-TCDD (1,3,6,8-TCDD) and the other PCDDs congeners based on 
the distribution data. Six CP-route representatives (1,3,6,8-, 1,3,7,9- 
TCDD, 1,2,4,7,9-, 1,2,3,6,8-, 1,2,3,7,9-PeCDD and 1,2,3,4,6,8-HxCDD) 
mentioned above appear CRs higher than 0.92 with 1,3,7,9-TCDD, 
which clearly indicates the pathways of CP-route. Results of CRs 

obtained in this HWI are consistent with the studies in laboratory and 
MSWIs (Wang, P.Y. et al., 2020; Zhang et al., 2017). Interestingly, 1,2,3, 
4,7-PeCDD and 1,2,3,6,7,9-HxCDD also show a correlation with two 
TCDDs, which may be originated from the further reactions of 1,3,7, 
9-TCDD. This phenomenon was also observed in the PCA results. 

Fig. 6 shows the PCA loading plot of all PCDD/Fs congeners and 
individual groups. Two factors explained 82.2% of the total variance for 
total PCDD/Fs congeners (96.6% for TCDDs, 88.5% for PeCDDs, 85.6% 
for HxCDD and 93.2% for PCDFs). In Fig. 6a, The CP-route representa-
tives (red-marked) were closely distributed in the lower left quadrant 
due to high correlations. Consistent with the previous research, sepa-
rations of CP-route congeners from other congeners were observed in 
Fig. 6b and c (Zhan et al., 2019; Zhang et al., 2017). And part of PCDDs 
congeners clustered in group B. Most PCDFs congeners were distributed 
in group C, which indicates the differences between de novo synthesis 

Fig. 4. (a)Inhibition efficiency of toxic PCDD/Fs congeners in flue gas of quench tower outlet (b) Inhibition efficiency of toxic PCDD/Fs congeners in fly ash.  

Fig. 5. Formation mechanisms and inhibition effect of inhibitors and quench tower.  
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and CP-route synthesis, and different formation pathways between 
PCDFs and PCDDs (Altarawneh et al., 2009). 

The previous study figured out that the chlorination of DF/DD was 
strongly favored at lateral sites, and the congeners substituted by chlo-
rine at 2,3,7,8 positions are the main products (Ryu et al., 2003). And a 
preferred substituted sequence (2 → 8→3 → 7 →1 → 4→6 → 9) was 
found in the chlorination process of DD/DF (Luijk et al., 1992). Zhao 
et al. also found a sequence (1 → 4→6 → 9) with lower Gibbs free energy 
for chlorination of 2,3,7,8-PCDFs (Zhao et al., 2017). Table 1 summa-
rized the proportion of 2,3,7,8-substituted PCDD/Fs in the total 
PCDD/Fs congeners. For quench tower ash, the low proportion (10.3%) 
indicated that the chlorination of DD/DF does not greatly influence 
PCDD/Fs formation in quench tower ash. And both the injection of in-
hibitor B or inhibitor C slightly decreased the proportion. 

3.3.3. De novo synthesis and characteristics of ash 
Ash is an important medium for PCDD/Fs formation, especially for 

de novo synthesis (Chen et al., 2014). The study on the characteristics of 
ash can help to further research de novo synthesis and inhibition 
mechanism in HWI. Scanning electron microscopy (SEM), energy 
dispersive spectroscopy (EDS) and X-ray photoelectron spectroscopy 
(XPS) were adopted to analyze element distribution, surface 
morphology, surface element content, and surface element chemical 
states of ash, respectively. 

SEM showed that the particle size of quench tower ash is markedly 
larger than that of bag filter fly ash, and the particle size of fly ash 
increased after the injection of inhibitors (Fig. S6). Similar results of fly 
ash were found in the inhibitors injection field studies on MSWIs (Guo 
et al., 2020). The surface element content of chlorine in quench tower 
ash was highest among these samples (23.53%) by EDS. And the surface 
chlorine content in fly ash decreased from 19.93 wt% to 18.09 wt% and 
to 13.76 wt% in test B and test C. Inhibitor C shows better control effects 
on surface chlorine content. 

As shown in Fig. 7c, carbon source and chlorine source are two key 
factors for de novo synthesis, and the formation of PCDD/Fs could 
change the proportions of organic chlorine and oxidized carbon. Fig. 7 
shows the XPS analysis results of C and Cl, based on the information in 
Avantage software, aiming to study the chemical states of ashes and the 
influence of de novo synthesis by inhibitors. The formation of PCDD/Fs 
(mainly PCDF) from unburned carbon matrix in ashes was identified as 
de novo synthesis (Huang and Buekens, 1995; Stanmore, 2004). De novo 
synthesis can be mainly divided into two steps: (1) Chlorine is trans-
ferred from metal chloride to carbon matrix (organic Cl); (2) Chlorinated 

carbon matrix is oxidized, releasing CO, CO2 and few PCDD/Fs at the 
same time (Stieglitz et al., 1997; Stieglitz et al., 1993). 

Focusing on the first step, the Cl 2p spectra is divided into four peaks 
as: metal Cl 2p3/2, metal Cl 2p1/2, organic Cl 2p3/2 and organic Cl 
2p1/2. Metal chlorine dominates in every sample (from 94.08% to 
97.14%). Inhibitor B successfully decreased the proportion of organic 
chlorine from 4.11% to 2.86%. Inhibitor C slightly increased the pro-
portion of organic chlorine to 4.29%. The results show that inhibitor B 
and inhibitor C hindered the chlorination process by reducing pro-
portions of organic chlorine and reducing surface chlorine content, 
respectively. The proportion of organic chlorine in quench tower ash 
was the highest (5.92%) due to the abundance of chlorine source. 

Focusing on the second step, the C 1s spectra is divided into three 
peaks as: C–C/phenyl, C––O/COOR and C–O/C–O–C, and the carbon in 
the surface of fly ash was mainly organic. The oxygen reaction of carbon 
matrix to form PCDD/Fs was found leading to the escape of gaseous CO 
and CO2 from fly ash (Schwarz and Stieglitz, 1992). The utilization rate 
of carbon source was limited, and the main part was lost in the form of 
CO and CO2 (Wikstrom et al., 2003). Thus this process could lead to a 
decrease of proportions of oxidized carbon in fly ash. Interestingly, both 
the highest and lowest values were found in inhibition conditions, which 
may explain the distinct difference of inhibition efficiencies on PCDFs. 
Inhibitor C increased the proportion of oxidized carbon from 15.05% to 
19.12%, which means that more oxidized carbon was intercepted in fly 
ash without further reaction to form gaseous carbon (CO/CO2) and 
PCDD/Fs. In laboratory research, thiourea was found delaying the 
release of CO, and reducing the emission of PCDD/Fs, which is consis-
tent with this study (Fu et al., 2015). While inhibitor B decreased the 
proportion of oxidized carbon from 15.05% to 14.43%. Compared with 
normal condition, inhibitor B accelerated the oxidation process, and 
more dioxin dominated by PCDF is generated despite the good control of 
chlorine source. 

4. Conclusions 

In this study, flue gas at quench tower outlet, quench tower ash, fly 
ash and flue gas in stack were sampled, and inhibitors (Ca(OH)2 & (NH4) 
H2PO4; CH4N2S & (NH4)H2PO4) were injected into the flue gas to 
cooperate with the quench tower for further inhibition. The quench 
tower was found mainly hindering de novo synthesis, with CP-route 
dominant in quench tower ash. Ca(OH)2 & (NH4)H2PO4 effectively 
controlled organic chlorine from 4.11% to 2.86% and inhibited pre-
cursors synthesis, but failed to inhibit the oxidation process of de novo 

Table 1 
Relative importance of CP-route congeners and 2,3,7,8-substituted congeners.  

CP-route congeners 

Congeners Test A Test B Test C Quench tower 

Gas Ash Gas Ash Gas Ash Ash 

Proportion in their own homologues (%) 
1,3,6,8-TCDD 45.2 58.4 42.7 20.6 46.7 63.0 60.9 
1,3,7,9-TCDD 23.8 21.0 24.4 10.6 25.5 23.8 35.7 
1,2,4,7,9-PeCDD 32.5 30.8 33.9 31.0 33.9 28.9 18.9 
1,2,3,6,8-PeCDD 26.2 30.1 23.7 28.3 26.3 33.6 47.8 
1,2,3,7,9-PeCDD 19.3 20.8 16.5 20.8 18.5 24.7 28.6 
1,2,3,4,6,8-HxCDD 62.5 65.9 52.2 65.9 57.0 74.8 80.6 
2,4,6,8-TCDF 3.77 3.82 4.35 2.48 3.49 5.84 5.95 
1,2,3,8-TCDF 17.3 10.6 10.4 9.85 12.4 13.2 21.6 
Proportion of CP-route congeners in the total concentration of PCDD/Fs (%) 
PCDD/F 22.94 25.20 13.73 16.21 21.05 40.39 76.5 

2,3,7,8-substituted PCDD/Fs congeners 

Proportion of 2,3,7,8-substituted PCDD/Fs in PCDD or PCDF (%) 
PCDD 15.4 12.0 4.97 8.29 10.0 12.1 9.37 
PCDF 17.6 21.6 19.3 23.6 21.0 13.5 0.90 
Proportion of 2,3,7,8-substituted PCDD/Fs in the total concentration of PCDD/Fs (%) 
PCDD/F 33.0 33.6 24.3 31.9 31.0 25.6 10.3  
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Fig. 6. (a) Principal component analysis results of all PCDD/Fs congeners (b) PCA of TCDDs (c) PCA of PeCDDs (d) PCA of HxCDDs (e) PCA of PCDFs congeners.  
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synthesis, causing the increase of PCDFs. Cooperating well with the 
quench tower, CH4N2S & (NH4)H2PO4 has realized 81.7% inhibition 
efficiency of PCDD/Fs I-TEQ emissions by hindering catalysts and 
chlorine source. 

Although the formation pathways and inhibition mechanisms in 

HWIs were studied, effect of variation of hazardous waste on PCDD/Fs 
formation has not been further figured out. Based on this HWI study, 
three suggestions are helpful for PCDD/Fs emission control. Firstly, 
characteristics (especially chlorine) of hazardous waste should be 
carefully concerned due to their importance on PCDD/Fs emission levels 

Fig. 7. (a) XPS analysis on chlorination process by results of Cl (b) XPS analysis on oxidation process by results of C (c) The influences of chlorine source, carbon 
source and metal catalysts on de novo synthesis. 
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in HWIs. In addition, suitable inhibitors can cooperate with the quench 
tower to further reduce PCDD/Fs emissions. Finally, PCDD/Fs emission 
pressure urges for deeper research including laboratory, pilot and full- 
scale experiments focusing on the PCDD/Fs formation and migration 
mechanisms in HWIs. 
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