
Citation: Ying, Y.; Wang, X.; Song, W.;

Ma, Y.; Yu, H.; Lin, X.; Lu, S.; Li, X.;

Huang, W.; Zhong, L. Assessment of

PCDD/Fs Emission during

Industrial-Organic-Solid-Waste

Incineration Process in a

Fluidized-Bed Incinerator. Processes

2023, 11, 251. https://doi.org/

10.3390/pr11010251

Academic Editor: Aldo Muntoni

Received: 15 December 2022

Revised: 6 January 2023

Accepted: 9 January 2023

Published: 12 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

Assessment of PCDD/Fs Emission during
Industrial-Organic-Solid-Waste Incineration Process in a
Fluidized-Bed Incinerator
Yuxuan Ying 1, Xiaoxiao Wang 1, Wenlong Song 1, Yunfeng Ma 1 , Hong Yu 1, Xiaoqing Lin 1,*, Shengyong Lu 1,
Xiaodong Li 1, Wei Huang 2 and Li Zhong 3

1 State Key Laboratory for Clean Energy Utilization, Institute for Thermal Power Engineering,
Zhejiang University, Hangzhou 310027, China

2 Nanjing Power Plant, Huaneng Power International Jiangsu Energy Development Co., Ltd.,
Nanjing 210035, China

3 Beijing Huaneng Yangtze Environmental Technology Research Institute Co., Ltd., Beijing 102209, China
* Correspondence: linxiaoqing@zju.edu.cn; Tel.: +86-0571-87951950

Abstract: This study was conducted in a fluidized-bed incineration plant, evaluating the forma-
tion, emission and flux of polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) from
industrial-organic-solid-waste (IW) incineration. The results revealed that both the total (or I-TEQ)
concentrations of toxic and 136 total PCDD/Fs in flue gas (FG), fly ash (FA) and bottom ash (BA)were
ramped up to a higher level than those during municipal-solid-waste (MSW) incineration. A possible
explanation was the chlorine (Cl) content of IW. However, the emitted PCDD/Fs in FG (FA/BA) still
fulfilled the criteria. Subsequently, similar distribution patterns of PCDD/F isomers were observed
in subsystems, indicating a unified formation-pathway. De novo synthesis was detected as the
dominant formation-pathway of PCDD/Fs, while high-temperature and precursor syntheses were
excluded. DD/DF chlorination formed PCDD/Fs to some extent. Furthermore, the mass flow chart
indicated that PCDD/Fs output in primary FG was significantly strengthened (>1000 times) by de
novo synthesis, from 1.25 µg I-TEQ/h to 1.67 mg I-TEQ/h. With effective cleaning by APCS, 99.6% of
PCDD/Fs in FG were purified. PCDD/Fs in the gas phase were finally emitted at a discharge rate
of 7.25 µg I-TEQ/h. However, accumulated FA took most PCDD/Fs into the environment (>99%),
reaching 3.56 mg I-TEQ/h.

Keywords: flue gas; fly ash; dioxins; incineration; industrial waste; emission characteristic

1. Introduction

It is widely accepted that the municipal-solid-waste (MSW) output has had a steady
increase in the past decade, reaching 0.24 billion t/year by 2020 in China [1]. Like-
wise, the industrial-waste (IW) generation in China rose from 2.41 billion t/year [2] to
3.67 billion t/year [1] (2010 to 2020). Approximately 55.4% of generated IW was compre-
hensively utilized in China in 2020 [1], while a considerable amount of IW was directly
dumped and discarded (1.13 million t/year in 2020), indicating that further improvement
of IW disposal was urgently needed [3]. If not collected, transported, preserved and treated
properly, IW would pose a continuous threat to the national public health, and raise social
concerns. Industrial waste from different sources varies significantly in its physicochemical
characteristics, such as bio-toxicity, flammability, active/inert reactivity and corrosivity [4].
Major IW is divided into inorganic/organic types (80/20 wt%). Inorganic IW includes
refining ash, steel slag, coal ash, etc., and organic IW includes leather, textile, papermaking
waste and food-industry byproducts [5]. Inorganic IW is mostly composed of salts, is thus
non-combustible, and is disposed by mature technologies such as solidification and land-
fill [6]. However, organic IW disposal still lacks universal treatment approaches, due to its
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heterogeneous components. Possibly, organic IW is able to be treated through incineration,
bio-composting, microwave disintegration and co-combustion [7,8].

Leather waste, as a kind of typical organic IW produced by the tanning industry, was
exceedingly difficult to handle. It also contributed an enormous quantity of more than
200 million t/year in China (ranked first all over the world) [9]. The primary materials of
leather waste include animal hair, meat scraps, rawhide trimmings, leather-flake chippings
and trimmings, which enable thermochemical conversion and waste heat recovery [10].
However, organic contamination might occur in the thermal treatment of leather waste,
due to the interactions between contained chlorine (Cl) and heavy metal [11,12]. In terms
of potential organic pollutants and major air pollutants (e.g., SO2, NOx, etc.) from leather
waste disposal, polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) are the
most physiologically toxic and are thereby given close attention among the trace persistent-
organic-pollutants [13], which might be influenced by leather waste incineration.

PCDD/Fs include a total number of 210 kinds of isomers, consisting of 75 kinds of
polychlorinated dibenzo-p-dioxins (PCDDs) and 135 sorts of polychlorinated dibenzofurans
(PCDFs) [14]. Among them, 17 kinds of 2,3,7,8-substituted PCDD/Fs are highly toxic, and attract
most attention. The biological half-life of toxic PCDD/Fs is long, ranging from 10 to 15 days for
2,3,7,8-TCDD in mice, 12 to 31 days in rats, and up to 5 to 10 years in humans [15,16]. Therefore,
even one single poisoning of PCDD/Fs can persist in bodies for a long time; long-term exposure
to PCDD/Fs can also lead to accumulation in bodies, which may cause serious damage [17].
PCDD/Fs are generally formed during the thermal conversion process with broad distribution,
and are consequently controlled strictly by the Stockholm Convention [18]. Researchers [19,20]
have elaborated well on the formation mechanism and characterization of PCDD/Fs from
MSW incineration, which includes low-temperature heterogeneous synthesis (200–500 ◦C, and
high-temperature homogeneous synthesis (500–800 ◦C). More specifically, low-temperature
catalytic synthesis in the gas-solid phase was able to be further subdivided into precursor
synthesis and de novo synthesis, and provided nearly 90% of overall PCDD/Fs during MSW
treatment [21]. The forming, release and emission of PCDD/Fs during incineration are closely
influenced by the source strength of Cl [22], reaction temperature [23], catalytic metal [24], and
the configuration of the air-pollution control system (APCS) [25]. However, the assessment of
PCDD/Fs from IW (i.e., leather waste) is still unclear, which impedes the environmental-friendly
disposal of leather waste.

This study aimed to verify whether IW incineration would strengthen the emission
and affect the synthesis route of PCDD/Fs. Leather waste was selected as a typical rep-
resentative of IW for its large tonnage and flammability. Accordingly, the study initially
evaluated and characterized the emission of 17 kinds of toxic PCDD/Fs (2,3,7,8-substitution,
Table S1) and 136 kinds of tetra- through octa-chlorinated dibenzo-p-dioxins and diben-
zofuran congeners (136 PCDD/Fs, Tables S2 and S3) from the leather-waste-incineration
process in a 450 t/day fluidized-bed incinerator. The formation pathway of PCDD/Fs was
also identified, based on statistical analysis. Following this, the mass flow of PCDD/Fs
was assessed in both flue gas (FG) and ash, along the incineration process, including FG
from the combustion chamber (CC), boiler outlet (BO), semi-dry spray neutralizer outlet
(SNO), fly ash (FA) from BO, SN, and bag filter (BF), as well as bottom ash (BA). The flow
and partition of PCDD/Fs at the I-TEQ level were accordingly investigated to reveal the
emission characteristic of leather waste disposal.

2. Materials and Methods
2.1. Summary of the Incineration System

The trial of leather waste incineration was conducted in a 450 t/day MSW circulating
fluidized incineration-system, which had the adaptability to heterogeneous fuels such as
IW. As seen in Figure 1, the studied system mostly consisted of the waste pool (feeder),
combustion chamber (furnace), cyclone separator, boiler for waste heat recovery, and
APCS. Specifically, APCS included a semi-dry spray neutralizer (SN), active carbon injector,
bag filter (BF) and chimney (i.e., bag filter outlet-BFO). The studied fluidized bed was
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highly adaptable to the fuel (i.e., IW), while increasing the fluidization rate and material
circulation-circuit. A large amount of combusting material was brought to the upper part
of the combustion chamber by the flue gas and then returned to the lower part of the
furnace through internal and external circulation, which increased the share of exothermic
combustion and enhanced the material exchange between the upper and lower parts of
the furnace. During the trial, the system was operated steadily, to ensure dependability
and steadiness. The key parameters of the incinerator and boiler were kept within a certain
range near the mean values of 450 ◦C/5.3 MPa (main steam temperature and pressure),
60.0 t/h (main steam-output), 16.5 t/h (leather-waste input), 95% (load), 93,700 Nm3/h
(flue-gas flow rate), 890 ◦C (furnace outlet-temperature), 200 ◦C (boiler outlet-temperature),
1.5 t/h (fly-ash output) and 0.4 t/h (BA output).
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2.2. Fuel Characterization

As the studied incineration system was located in the industrial park, abundant leather
waste was required to be transported and disposed of in the incineration plant. The collected
leather waste was typical, and representative of IW. Specifically, the leather waste was poured
into and stored in a separate area of the waste pool, which was designated for the MSW. After
2–3 days’ composting, leather waste was pre-treated with shearing and magnetic sorting, and
then fed into the studied fluidized-bed incinerator without blended MSW. Hence, 4 samples of
leather waste and 4 samples of MSW were respectively gathered and analyzed. The ultimate
industrial analyses were conducted by Fuel Laboratory at Zhejiang University, following the
corresponding standards CJ/T 313-2009 and CJ/T 96-2013 [26,27]. Table 1 summarizes the result,
which surprisingly showed that collected leather waste had a much higher volatile fractions
than MSW. This resulted in a higher low-heating-value (LHV) for IW (22,111 kJ/kg) than for
MSW (6984 kJ/kg), and might raise the temperature in the combustion chamber. Moreover, a
relatively higher content of chlorine in IW might further motivate PCDD/Fs formation and lift
the pollutant concentrations in the FG-BO and FA.

Table 1. Composition (mean value) of MSW and IW in the incineration.

Analysis Testing Index IW MSW Units

Industrial analysis

Moisture 4.0 42.5 wt%
Ash 8.5 17.8 wt%

Volatile 83.9 34.0 wt%
Fixed carbon 3.6 5.7 wt%

Ultimate analysis

Car 55.8 31.6 wt%
Har 5.6 4.0 wt%
Nar 1.6 1.8 wt%
Sar 0.7 1.2 wt%
Oar 23.8 38.5 wt%
Clar 3.1 0.8 wt%

Low heating value (LHV) 22,111 6984 kJ/kg
ar represented “as the received basis”.
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2.3. Sampling and Analysis

FG, FA and BA samples of PCDD/Fs were collected in parallel during the leather-
waste trial, following HJ 77.2-2008 and HJ 77.3-2008 [28,29]. The FG samples of PCDD/Fs
were extracted by the gas sampler (ZR-3720, Junray, China) and gas analyzer (DX-4000,
Gasmet, Finland) in the combustion chamber, BO, SNO and BFO (Figure 1), for 1 h at each
sampling time. Moreover, FA was primarily gathered from BO, SN and BF, respectively,
and then manually piled up and sealed in sample bags. In like manner, BA was sampled
from the ash-discharge port of the furnace. A total number of 20 PCDD/Fs gas samples
along the boiler and APCS, and 16 PCDD/Fs ash samples were extracted.

After sampling, all samples were transported to the laboratory and stored in a refrig-
erator below 4 ◦C, for further analysis. Pre-treatment and analysis of PCDD/F samples
were in alignment with our previous research [30,31], referring to HJ 77.2-2008 and H J
77.3-2008 [28,29]. Detailed procedures are expanded in the Supplementary Material, in
Tables S4 and S5.

2.4. Quality Assurance/Quality Control (QA/QC)

The QA/QC from the PCDD/Fs estimation was assured and evaluated as follows:

1. The sampling procedures were conducted by the technical team from the Dioxin
Laboratory, Zhejiang University (China), which owns the China Inspection Body and
Laboratory Mandatory Approval (CMA), and regularly participates in international
laboratory comparison for the analysis of PCDD/Fs, to minimize the experimental
operational errors.

2. The sampling procedures and sample pre-treatment strictly followed the national
standards, which lessened the method errors to a large extent.

3. The blank test of the analysis method was carried out on approximately 10 samples
for every analysis, to ensure the accuracy of the testing results of PCDD/Fs. Before
using HRGC/HRMS to analyze the samples, initial precision calibration (IPR) was
determined in strict accordance with the standard, and then solvent-blank and method-
blank verification was carried out.

After meeting the standard requirements, the samples were pre-treated and tested for
PCDD/Fs.

3. Results and Discussion
3.1. Emission of PCDD/Fs
3.1.1. Emission of 17 Kinds of Toxic PCDD/Fs

To estimate the emission of toxic PCDD/Fs (2,3,7,8-PCDD/Fs), total concentrations
and I-TEQ concentrations of toxic PCDD/Fs were evaluated separately. Figure 2 pro-
vides an overview of PCDDs, PCDFs, and PCDD/Fs in gas and ash from different po-
sitions of the incineration system. What stands out in Figure 2 is the markedly lower
total (or I-TEQ) concentrations of PCDD/Fs of FG from CC and FA from BO, with val-
ues of 0.087 ± 0.033 ng/Nm3 (0.014 ± 0.004 ng I-TEQ/Nm3) and 190.06 ± 70.38 ng/kg
(13.08 ± 5.87 ng I-TEQ-Nm3, respectively. This suggests that high-temperature synthesis
of toxic PCDD/Fs could be excluded from the major contributors during leather waste
incineration, which corresponds with the reported results of MSW incineration [32]. As
such, toxic PCDD/Fs from BA in the furnace bottom were similarly of low intensity, with
concentrations of 189.23 ± 74.25 ng/kg (11.35 ± 4.71 ng I-TEQ/kg).

There was a significant difference between PCDD/Fs concentrations of FG from BO
and SNO with FG from CC, in that the former concentrations in BO and SNO reached
142.21 ± 44.57 ng/Nm3 (17.78 ± 5.54 ng I-TEQ/Nm3) and 116.48 ± 29.87 ng/Nm3

(13.70 ± 4.29 ng I-TEQ/Nm3), respectively. This phenomenon was possibly due to low-
temperature heterogeneous synthesis generating massive toxic PCDD/Fs when FG flowed
through the low-temperature heat-exchanger surface (i.e., the economizer) [25]. In addition
to serving primarily as a purge for acidic gas (e.g., SO2), SN also purified to some extent
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toxic PCDD/Fs, with a removal efficiency of 22.9%, and helped alleviate the emission of ex-
cessive toxic PCDD/Fs. Correspondingly, the gathered FA from SN showed the PCDD/Fs
concentrations reaching 66.51 ± 22.52 µg/kg (2.48 ± 1.09 µg I-TEQ/kg). Therefore, it
is probable that a high initial concentration of PCDD/Fs in FG-BO enriched the toxicity
enhancement in FA-SN [33].
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After the cleaning of the BF, toxic PCDD/Fs in FG-BFO were effectively reduced to
1.16 ± 0.33 ng/Nm3 (0.08 ± 0.02 ng I-TEQ/Nm3). Correspondingly, the purification effi-
ciency of BF was calculated to be 99.4%, indicating that BF was the major purifying facility
for toxic PCDD/Fs. As a result, FA-BF had PCDD/Fs contents of 57.42 ± 12.05 µg/kg
(2.27 ± 0.52 µg I-TEQ/kg), which were lower than the PCDD/Fs in FA from SN. This was
a rather reassuring result, since original concentrations of PCDD/Fs in the BF inlet (i.e.,
SNO) had already decreased, although the weight of FA in the BF was overwhelmingly
higher than SN. Taken together, the emitted toxic PCDD/Fs in FG and FA/BA were lower
than the limit values of 0.1 ng I-TEQ/kg and 3 µg I-TEQ/kg (GB 18485-2014 and HJ 1134-
2020) [34,35]. Therefore, with the aim of contamination elimination, the toxic PCDD/Fs
emission from leather waste incineration might promote a balanced and integrated en-
hancement of the sustainable-environment criteria.

Turning now to the distribution pattern of toxic PCDD/Fs (Figure 3), it was illustrated
that notable differences between FG and FA/BA occurred both on total and I-TEQ con-
centration levels. The proportions of OCDD, 1,2,3,4,6,7,8-HpCDF and OCDF on the total
concentration level of toxic PCDD/Fs in FA/BA were significantly higher than in FG. The
possible reason was that a higher molecular mass of high chlorinated PCDD/Fs (P = 7–8)
promoted a higher saturated-vapor-pressure, which facilitated a stronger adsorption of
toxic PCDD/Fs in FA/BA. Further analysis of toxic PCDD/Fs on I-TEQ concentration
levels revealed that 2,3,7,8-TCDD, 1,2,3,7,8-PeCDD and 1,2,3,7,8-PeCDF was dominant
through 17 kinds of isomers in both FG and FA/BA. Such a result was likely to be related
to the relatively higher I-TEF of the three isomers (Table S1). Additionally, similar patterns
of toxic PCDD/Fs distribution were observed between FG-BO and FG-SNO, indicating
that SN adsorbed toxic PCDD/Fs less selectively than BF.
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3.1.2. Emission of 136 Kinds of PCDD/Fs

The results from the preliminary analysis of 136 kinds of PCDD/Fs homologues are
presented in Table 2. The graph shows that there was a steep increase in the amount of
PCDD/Fs in FG from BO and SNO, as well as in FA from SN and BF, compared to FG
from CC and FA from BO. This trend is consistent with the trend of toxic PCDD/Fs in their
corresponding medium. Concretely, the PCDD/Fs in FG from CC and FA from BO were only
1.07 ± 0.18 ng/Nm3 and 574.12 ± 133.78 ng/kg, respectively. What is striking in this chart is
the variability of the total concentrations of overall PCDD/Fs in FG from BO and FA from SN,
which surprisingly reached 979.48 ± 426.67 ng/Nm3 and 138.06 ± 37.18 µg/kg, respectively.
The values were approximately 915 and 240 times higher, respectively, than the PCDD/Fs in
the previous stage, and were also significantly higher than those of other MSW fluidized-bed
incinerators, ranging from 93.01–366.15 ng/Nm3 and 4.17–30.78 µg/kg, respectively [31,32].
This result might be explained by the fact that incinerated leather waste had a significantly
higher Cl content than the MSW (Table 1). Higher Cl content directly enhanced the PCDD/F
formation on the heat-exchanger surface and solid-fly-ash surface, while improved flue gas
temperature (~260–300 ◦C) from leather waste combustion was most suitable for PCDD/Fs
low-temperature synthesis by a related catalyst (i.e., CuCl2, etc.) [21,36].

After the purification of SN and BF, emitted FG in the chimney (i.e., BFO) had
a concentration of 14.83 ± 5.47 ng/Nm3, proving the effectuality of APCS. Although
98.5% of PCDD/Fs in FG had been removed into the FA, the emitted PCDD/Fs con-
centration in the gas was still slightly higher than that of normal MSW incineration
(0.36–7.70 ng/Nm3) in the reported research [31,37]. Additionally, the PCDD/Fs con-
centration in FA from BF also reached 120.83 ± 20.21 µg/kg. Moreover, the chlorination
degrees of PCDD/Fs (dCl-PCDD/Fs) fluctuated slightly through the FG flow, but rose from
5.68 (FA-BO) and 5.83 (BA) to 6.31 (FA-SN) and 6.29 (FA-BF), indicating further enrichment
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of high-chlorinated PCDD/Fs. The most obvious finding that emerged from the clusters of
PCDD/Fs was that PCDD/Fs continuously increased during leather waste incineration.
Even though toxic PCDD/Fs still met corresponding standards, caution is warranted when
claiming that emitted values of PCDD/Fs approached the limit values. It was indicated that
PCDD/Fs inhibitors and additional pollution-control devices should be adopted when in-
cinerating combustible pure IW such as leather waste, to ensure sustainable environmental
impacts in the field of pollution control.

Table 2. Total concentrations of homologues for 136 PCDD/Fs during leather waste incineration.

FG (ng/Nm3) FA
BA (ng/kg)

CC BO SNO BFO BO (ng/kg) SN (µg/kg) BF (µg/kg)

TCDD 0.15
±0.03

70.16
±34.88

56.48
±14.46

3.81
±1.29

43.94
±19.48

2.16
±0.58

1.78
±1.07

33.47
±13.77

PeCDD 0.06
±0.03

56.88
±13.41

47.92
±8.18

1.29
±0.67

37.01
±20.65

5.16
±1.36

4.52
±1.29

25.52
±9.85

HxCDD 0.02
±0.01

43.35
±25.46

38.52
±6.62

0.80
±0.16

44.16
±9.26

10.91
±5.69

9.93
±5.28

33.09
±13.02

HpCDD 0.008
±0.002

23.83
±11.74

19.98
±10.85

0.29
±0.11

32.69
±12.36

18.71
±3.32

16.22
±3.86

34.42
±5.48

OCDD 0.006
±0.002

7.32
±3.61

7.83
±2.82

0.12
±0.07

24.08
±9.91

13.59
±2.38

10.99
±4.68

36.85
±15.63

TCDF 0.53
±0.28

411.64
±203.18

342.16
±199.47

4.91
±0.78

96.56
±38.40

11.09
±6.35

9.54
±3.03

85.92
±42.86

PeCDF 0.21
±0.10

202.97
±75.97

176.99
±76.13

2.13
±1.07

79.60
±21.42

15.12
±8.32

13.59
±6.50

58.23
±32.77

HxCDF 0.06
±0.02

110.10
±26.47

89.09
±39.68

1.02
±0.55

110.01
±59.71

24.37
±9.85

22.35
±9.92

85.66
±17.39

HpCDF 0.02
±0.006

48.46
±22.49

41.39
±15.94

0.41
±0.22

76.48
±17.43

30.48
±12.09

25.66
±4.23

65.31
±13.03

OCDF 0.006
±0.003

4.76
±1.93

4.67
±0.87

0.05
±0.01

29.59
±16.82

6.47
±1.50

6.25
±3.10

31.74
±18.04

Sum 1.07
±0.18

979.48
±426.67

825.03
±411.00

14.83
±5.47

574.12
±133.78

138.06
±37.18

120.83
±20.21

490.22
±191.12

dCl-PCDD/Fs 4.52 4.85 4.87 4.66 5.68 6.31 6.29 5.83

dCl-PCDD/Fs represents the chlorination degree of 136 PCDD/Fs.

3.2. Formation Pathway of PCDD/Fs

In addition to the generation and emission of PCDD/Fs, the potential formation path-
ways of PCDD/Fs during leather waste incineration required further identification and
validation. As mentioned above, the PCDD/Fs in FG from CC and FA from BO were much
fewer than those in APCS. These results were in accordance with recent studies indicating
that “3T + E” (temperature, turbulence, residue time and excessive air) adopted in an MSW
incinerator maximumly reduced PCDD/Fs formed by the high-temperature synthesis in the
furnace [38,39]. As a result, high-temperature synthesis (<1%) could thus be excluded from
the major formation pathways of PCDD/Fs in the studied fluidized-bed incinerator.

Low-temperature catalytic synthesis contributed most of the PCDD/Fs in this case, whereas
de novo synthesis or precursor synthesis will be diagnosed and determined. Figure 4 pro-
vides the summary statistics for isomer distribution on 136 PCDD/Fs. The graph shows
that there are similar distribution patterns of PCDD/F homologues through the FG and FA
flow sequences. Notably, 1,3,7,9- and 1,3,6,8-TCDD, 1,2,4,7,9/1,2,4,6,8- and 1,2,3,6,8-PeCDD,
1,2,3,4,6,8-HxCDD, 1,2,4,7/1,3,4,7/1,3,7,8/1,3,4,6/1,2,4,6-, 1,3,6,7/1,3,4,8/1,3,7,9/1,2,4,8- and
1,2,3,8/1,2,3,6/1,4,6,9/1,6,7,8/1,2,3,4/2,3,6,8-TCDF, 1,3,6,7,8/1,3,4,6,7/1,2,4,6,7- and 1,2,3,6,8/1,3,
4,7,8/1,2,4,7,8-PeCDF are the top contributors in their corresponding homologue groups.
The consistent agreement among isomer distributions of 136 PCDD/Fs implies the same
formation paths.
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Chlorine-containing compounds and hydrocarbons could be oxidized and chlorinated
into PCDD/Fs through de novo synthesis, in which PCDFs were generated far more than
PCDDs [40]. To evaluate the proportion of de novo synthesis, the ratios of total PCDD
concentrations to PCDF concentrations were calculated, and are presented in Figure 5. The
most interesting aspect of this graph is the fact that the ratio of PCDDs to PCDFs is always
less than 1, especially in FG from CC, BO and SNO, as well as FA/BA. This indicates that
de novo synthesis is the prominent formation pathway of PCDD/Fs [21,30]. The possible
reason might be that the fluidized-bed incinerator generated more FA, which contained
higher contents of residue carbon brought by leather waste. Massive FA also enabled
a larger reaction-surface-area for PCDD/Fs’ de novo synthesis. In particular, the ratios
of PCDDs to PCDFs in FG from CC, BO and SNO were 0.29, 0.26 and 0.25, respectively,
whilst those in FA from BO, SN and BF were 0.46, 0.58 and 0.56, respectively. The ratio in
BA was close to that in FA, with a value of 0.50, which could be generated from the high
sequence-identity and similarity of BA and FA from BO. However, FG from BFO had a
higher PCDDs/PCDFs ratio, of 0.74. One likely cause was that BF adsorbed more PCDFs,
due to the pore structure of the coconut-shell active carbon, which was in high accordance
with our previous reports [41,42].
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Precursor synthesis that condensed varied precursors such as chlorophenol (CP),
dibenzodioxin (DD), dibenzofuran (DF) and other short-chain aliphatic hydrocarbons [43],
was also investigated and assessed. It was widely accepted that most PCDDs in inciner-
ation were formed through precursor rearrangement (the primary role of the CP-route),
while few PCDFs were generated in this way [44]. Typically, isomers of 1,3,6,8-, 1,3,7,9-
TCDD, 1,2,4,6,8/1,2,4,7,9-, 1,2,3,6,8-, 1,2,3,7,9-PeCDD, 1,2,3,4,6,8-HxCDD, and 2,4,6,8-,
1,2,3,8/1,2,3,6/1,4,6,9/1,6,7,8/1,2,3,4/2,3,6,8-TCDD are treated as strongly associated CP-
route congeners [45,46]. Table 3 displays the scatter diagram for the relative importance
of the CP-route congeners in FG and FA/BA. It is obvious that 1,3,6,8-, 1,3,7,9-TCDD,
1,2,4,6,8/1,2,4,7,9-, 1,2,3,6,8-, 1,2,3,7,9-PeCDD and 1,2,3,4,6,8-HxCDD occupy most in their
homologue group, while 2,4,6,8-, 1,2,3,8/1,2,3,6/1,4,6,9/1,6,7,8/1,2,3,4/2,3,6,8-TCDD take a
small proportion. Figure 6 further illustrates the interactive correlations between CP-route
congeners (e.g., 1,3,7,9- and 1,3,6,8-TCDD) and other isomers of the homologue group
(e.g., 1,2,3,6-TCDD, etc.). One expected finding was the extent to which selected PCDD/F
isomers merged into a cluster in the principal component analysis (PCA). The obtained
gathering could be explained by the fact that potential CP-route congeners had a tight
correlation with other isomers, indicating that little CP-route synthesis occurred, and still
fewer synthesized with other precursors. Accordingly, precursor synthesis could also be
ruled out from major formation-pathways.

Table 3. Relative importance of CP-route congeners in FG and FA/BA in leather waste incineration.

FG (%) FA (%)
BA(%)

CC BO SNO BFG BO SN BF

1,3,7,9-TCDD 19.1 23.4 22.1 31.6 14.4 21.0 17.9 14.5
1,3,6,8-TCDD 31.7 38.0 36.1 46.4 33.2 33.4 38.1 31.1
Sum, % of TCDDs 50.8 61.4 58.2 78.1 47.7 54.4 56.1 45.6
1,2,4,7,9/1,2,4,6,8-PeCDD 40.7 38.8 34.5 29.0 23.3 29.4 30.2 22.1
1,2,3,6,8-PeCDD 22.3 18.8 22.0 26.3 26.1 20.3 18.6 23.8
1,2,3,7,9-PeCDD 10.1 17.4 15.7 18.9 14.8 18.0 20.0 16.2
Sum, % of PeCDDs 73.1 75.0 72.2 74.2 64.3 67.7 68.7 62.2
1,2,3,4,6,8-HxCDD 47.7 52.1 48.3 65.8 44.2 45.2 47.5 39.5
2,4,6,8-TCDF 2.6 7.8 7.2 7.8 4.7 6.0 4.8 3.3
1,2,3,8/1,2,3,6/1,4,6,9/1,6,7,8/1,2,3,4/2,3,6,8-
TCDF 13.7 12.3 10.8 11.4 15.7 10.5 10.8 24.2

Sum, % of TCDFs 16.3 20.1 18.0 19.2 20.4 16.6 15.6 27.5
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Since DD/DF chlorination always favored the chlorination sequence of 2→8→3→7→1
→4→6→9 positions, the 2,3,7,8-PCDD/F isomers could be discerned and pointed out as the
indicators of DD/DF chlorination. For this purpose, the signal intensity of 2,3,7,8-PCDD/Fs
was estimated and listed in Table 4. On the FG side, both 2,3,7,8-PCDDs and 2,3,7,8-PCDFs
accounted for less than 15%, showing that little DD/DF chlorination happened in the FG.
However, considerable PCDD/Fs in FA/BA were formed through DD/DF chlorination,
as the fractions of 2,3,7,8-PCDDs, 2,3,7,8-PCDFs and 2,3,7,8-PCDD/Fs ranged from 27.7%
to 48.2%. This evidence showed that PCDD/Fs formed by DD/DF chlorination tended to
migrate into the ash, which was possibly due to the more complex structures and molecule
mass of the PCDD/Fs.

Table 4. Hagenmaier profiles of 2,3,7,8-PCDD/F isomers (%) for leather waste incineration.

FG (%) FA (%)
BA (%)

CC BO SNO BFO BO SN BF

2,3,7,8-TCDD 1.3 0.2 0.2 0.1 2.2 0.6 0.7 1.9
1,2,3,7,8-PeCDD 3.4 2.3 2.9 0.9 5.5 2.7 2.8 5.2
1,2,3,4,7,8-HxCDD 7.0 3.2 2.7 1.9 5.0 2.4 2.6 5.2
1,2,3,6,7,8-HxCDD 6.5 6.8 6.4 5.8 6.4 7.9 8.5 9.0
1,2,3,7,8,9-HxCDD 4.2 3.6 3.5 2.5 5.6 5.3 5.5 5.9
1,2,3,4,6,7,8-HpCDD 53.8 48.4 46.7 52.7 48.3 49.0 47.9 33.1
OCDD 2.4 3.6 4.6 1.9 13.2 26.9 25.3 22.6
Sum, of PCDDs 7.0 13.0 13.8 5.9 27.7 48.7 47.3 34.8
2,3,7,8-TCDF 2.2 1.7 1.7 0.7 3.2 3.0 3.2 2.7
1,2,3,7,8-PeCDF 3.9 2.7 2.6 2.8 5.6 3.1 3.2 4.8
2,3,4,7,8-PeCDF 5.9 10.7 9.0 1.2 11.5 10.7 10.7 15.4
1,2,3,4,7,8-HxCDF 13.5 14.5 13.0 7.6 11.8 9.5 10.1 7.9
1,2,3,6,7,8-HxCDF 9.6 10.7 9.6 5.6 11.2 10.1 9.4 17.9
1,2,3,7,8,9-HxCDF 2.5 2.9 3.0 4.8 5.1 4.2 4.1 4.9
2,3,4,6,7,8-HxCDF 5.5 9.4 10.4 15.0 13.2 18.0 19.5 14.3
1,2,3,4,6,7,8-HpCDF 46.7 63.4 62.6 55.0 46.9 66.9 64.4 60.6
1,2,3,4,7,8,9-HpCDF 17.6 10.2 9.4 14.6 15.9 7.9 9.0 12.8
OCDF 0.7 0.6 0.7 0.5 7.5 7.4 8.1 9.7
Sum, of PCDFs 8.4 14.9 14.2 9.3 35.6 47.9 47.7 40.5
Sum, of PCDD/Fs 8.1 14.5 14.1 7.8 33.1 48.2 47.5 38.6
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To sum up, the predominant formation pathway of PCDD/Fs in IW (i.e., leather
waste) combustion in a fluidized-bed incinerator was de novo synthesis. High-temperature
gaseous synthesis and precursor synthesis of PCDD/Fs could be excluded from influential
formation-pathways. DD/DF chlorination also contributed to some extent.

3.3. Flow Chart of PCDD/Fs

One of the aims of this study was to evaluate and visualize the mass flow of generated
PCDD/Fs (136 kinds) throughout the fluidized-bed incinerator with an APCS. Based on
the key operational arguments (mentioned above), the fluxes of PCDD/Fs were expressed
in units of mass per unit time, with equations as below:

ṁp-FG= cp-FG ×
.

VFG (1)

ṁp-A= cp-A × ṁA (2)

where ṁp-FG is the mass flow rate of toxic PCDD/Fs in FG; cp-FG is the I-TEQ concentration

of PCDD/Fs in FG;
.

VFG is the volume flow rate of FG; ṁp-A is the mass flow rate of toxic
PCDD/Fs in FA/BA; cp-A is the I-TEQ content of PCDD/Fs in FA; and ṁA is the output
rate of FA/BA.

The corresponding analysis of the calculated data was summarized and conceptualized
in Figure 7, as indicated below. In the process, although BA and FA from BO were sampled
separately, they were finally gathered together into BA and further transported out of the
facility. In a similar vein, when being calculated, FA from SN and BF were also assembled
and treated as a whole. Accordingly, the toxic PCDD/Fs outputs of BA and FA were
4.52 ± 1.96 µg I-TEQ/h and 3.56 ± 1.20 mg I-TEQ/h, respectively. The final output of
PCDD/Fs (FG-BFO) into the atmosphere was at a relatively lower level of 7.25 ± 2.21 µg
I-TEQ/h. The PCDD/Fs output into the external environment by FA was far more than
the output of BA and FG. The FA of IW (leather waste) incineration was regarded as
the leading contributor (>99%) to PCDD/Fs flow output, which was higher than that of
MSW incineration [47]. Consequently, FA output should be addressed and handled with
discretion (e.g., solidification and detoxification).
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On a closer inspection of the FG flow chart in Figure 7, we found that the FG from CC
had the lowest PCDD/Fs intensity (4.52± 1.96 µg I-TEQ/h) in all positions. However, after
the heat-exchanger surface, considerable PCDD/Fs were generated with the final mass
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flow rate of 1.67 ± 0.52 mg I-TEQ/h. This phenomenon was consistent with PCDD/Fs
partition in MSW incineration [48,49], suggesting the obvious PCDD/Fs emission by leather
waste incineration, without proper treatment technology. Afterward, SN slightly reduced
PCDD/Fs in FG to 1.28 ± 0.40 mg I-TEQ/h. Nonetheless, the enriched PCDD/Fs in FA of
BF was approximately two times higher than the difference between FG-SNO and FG-BFO,
even though BF did adsorb PCDD/Fs into FA. The observed increase could be attributed
to the FA accumulation in BF, revealing that FA of low density was in partial deposition
during operation, and thus contained abnormal contents of PCDD/Fs.

Based on the above-mentioned analysis, the emission of PCDD/Fs was considerably
increased and enriched into FA (>99%). Because of the long continuous-operation-time for
BF, the accumulation of PCDD/Fs was observed in the emitted FA, which fortunately had
less influence on FG regarding the environment. The PCDD/Fs flux on the I-TEQ level from
leather waste incineration was higher than that in MSW incineration, possibly due to the
source strength of Cl and the heavy metal content in IW. From the perspective of ecological
sustainability, FA emitted from the studied incineration system should be properly treated
by detoxification and stabilization, to avoid adding burdens to the environment.

4. Conclusions

Leather waste was selected as representative of IW in this research. The current study
aimed to determine the environmental behavior (i.e., emission characteristics, formation-
pathway and mass flow) of the PCDD/Fs during the IW incineration process in the
fluidized-bed incinerator. Although the sample size of our study was limited, the findings
were worthwhile as the first study on this topic. We believe that the obtained results will
be helpful for the engineering of leather waste disposal. Specific findings are listed below.

• IW incineration might enhance the formation of 17 kinds of toxic PCDD/Fs, as well
as 136 kinds of total PCDD/Fs, compared to those in MSW incineration. Specifically,
the emitted toxic PCDD/Fs concentrations in FG, FA and BA were 1.16 ng/Nm3

(0.08 ng I-TEQ/Nm3), 57.42–66.51 µg/kg (2.27–2.48 µg I-TEQ/kg) and 189.23 ng/kg
(11.35 ng I-TEQ/kg), respectively. All these values met the emission standards and
were lower than the limit values of 0.1 ng I-TEQ/kg and 3 µg I-TEQ/kg (GB 18485-
2014 and HJ 1134-2020). Concentrations of 136 PCDD/Fs in FG-BO, FG-BFO and
FA-BF from IW incineration reached 979.48 ± 426.67 ng/Nm3, 14.83 ± 5.47 ng/Nm3

and 120.83 ± 20.21 µg/kg, which were higher than those of 93.01–366.15 ng/Nm3,
0.36–7.70 ng/Nm3 and 4.17–30.78 µg/kg in MSW incineration.

• The dominant formation-pathway during IW incineration was de novo synthesis. The
fingerprints of toxic PCDD/Fs and 136 PCDD/FS in different positions of facilities
were in analogous patterns, as well. Precursor synthesis (e.g., CP-route synthesis)
and high-temperature gaseous synthesis of PCDD/Fs were not detected and recog-
nized in the appropriate statistical analysis of PCDD/F isomers, and thus could be
excluded. Moreover, DD/DF chlorination also contributed PCDD/Fs, which were
mostly distributed in FA/BA. From the perspective of environmental sustainability,
the targeted formation route of de novo synthesis should be controlled and suppressed,
to eliminate potential threats to ecological environs.

• The mass flow of PCDD/Fs through the IW incineration process was comprehen-
sively analyzed on the I-TEQ level. The results indicated that FA comprised the
highest proportion (99%) of PCDD/Fs in the external environment, reaching a level
of 3.56 ± 1.20 mg I-TEQ/h. De novo synthesis in low-temperature flue areas signif-
icantly strengthened the PCDD/Fs output in primary FG-BO, from 1.25 ± 0.41 µg
I-TEQ/h (FG-CC) to 1.67 ± 0.52 mg I-TEQ/h (>1000 times). The accumulation of
PCDD/Fs in FA was also confirmed in BF. However, with effective purification of
APCS, toxic PCDD/Fs in FG were purified with a cleaning efficiency of 99.6% and
emitted into the atmosphere at a discharge rate of 7.25 ± 2.21 µg I-TEQ/h. The mass
fluxes of PCDD/Fs in IW incineration were higher than those in MSW incineration.
The intrinsic reason for this was a higher Cl and heavy-metal content in the IW.
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of tetra- through octa-chlorinated dibenzo-p-dioxins and dibenzofuran congeners (136 PCDD/Fs);
Table S4: Information of recovery standards added during pre-treatment of PCDD/Fs; Table S5:
Instrumental parameters of PCDD/Fs analysis of gas chromatography/high-resolution mass spec-
trometry (GC/MS).
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