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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Paul Williams The efficient and safe disposal of radioactive waste remains a critical global challenge. While plasma technology

is widely applied for its efficiency and safety, studies on secondary pollutant emissions remain limited. This

Keywords: research investigated emissions of chlorobenzenes (CBzs) and polychlorinated dibenzo-p-dioxins and di-
PCDD/Fs benzofurans (PCDD/Fs) during the disposal of simulated radioactive waste from a pilot-scale high-temperature
Chlorobenzenes

plasma melting incinerator in China under different waste conditions with rubber, polyvinyl chloride (PVC), and
waste resin. Total concentrations of CBzs and PCDD/Fs in stack gas ranged from 3.445 to 117.192 pg/Nm® and
0.006-0.408 ng TEQ/Nm?, respectively. High-chlorine wastes such as waste resin, PVC, and rubber increase the
emissions of CBzs and PCDD/Fs, while co-adding PVC and rubber reduces PCDD/Fs emissions due to synergistic
effect. Dominant congeners included 2,3,7,8-TCDD, 2,3,4,7,8-PeCDF, and HCBz. Furthermore, correlation
analysis exhibited a markedly linear correlation between 1,4-DCBz and PCDD/Fs, and the differential pressure
between the quench tower and filter correlated positively with PCDD/Fs, particular when PVC and rubber were
added. This research not only explores the impact of waste type and parameters of air pollution control devices
on PCDD/Fs emissions, but also provides significant data to enhance the safe disposal of radioactive waste and
improves plasma technology processes.

Plasma technology
Simulated radioactive waste
Correlation relationship

1. Introduction

As the nuclear industry continues to advance, the generation of
radioactive waste has become an inevitable outcome of nuclear power
plants, medical applications, scientific research institutions, and indus-
trial activities [1]. The disposal of radioactive waste is a major challenge
faced worldwide. Nuclear power plants around the world produce
thousands of tons of high-, medium-, and low-level waste each year.
Among them, low-level radioactive waste, which includes items such as
contaminated protective clothing, tools, and cleaning materials with
relatively low radiation levels, comprises over 95 % of the total volume
of radioactive waste [2,3]. The growth in radioactive waste will cause
potential risks to both ecological systems and human health. According
to statistics in China, nuclear power operations generated 1255 m® of

new radioactive waste in 2022, and the radioactive waste temporarily
stored in nuclear power plants reached 14,691 m> [4]. Therefore,
exploring effective methods and technical status for disposing of
radioactive waste holds great strategic significance.

Plasma technology has been recognized by the International Atomic
Energy Agency as an effective technical method for disposing low-level
radioactive waste [5,6] due to its high efficiency, safety, and resource
recovery characteristics. Switzerland, Russia [7], Bulgaria [8], and other
countries already have large-scale plasma melting furnaces for the
disposal of low-level radioactive waste [9]. The application of plasma
technology for radioactive waste disposal in China started relatively
late. Some research institutes have conducted certain experimental
studies on waste resins, polyethylene (PE), polyvinyl chloride (PVC),
and other wastes [10-13]. The research focus is more on the
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solidification characteristics of radionuclides, and there is less research
on the secondary pollutant emissions generated during the disposal
process of this technology.

Plasma technology can effectively destroy organic pollutants and
reduce the formation of polychlorinated dibenzo-p-dioxins and di-
benzofurans (PCDD/Fs) due to its high incineration efficiency and
thorough incineration effect [13]. It is considered that it can achieve
low-level emissions of conventional pollutants like SO, and NOy, as well
as persistent organic pollutants (POPs) like PCDD/Fs in the flue gas
during radioactive waste disposal. Relevant studies have shown that the
amount of waste generated and discharged into the atmosphere by
plasma treatment is 1.5-2 times lower than that of incineration treat-
ment [14]. At the same time, plasma technology has a significant effect
on reducing and decomposing harmful pollutants. Yoshida et al. [15]
used pulsed power plasma technology to study the simultaneous
removal of NOx and PCDD/Fs. The results indicated that when the gas
flow rate reached 5000 Nm®/h, 75-84 % of PCDD/Fs could be decom-
posed and destroyed, and 93 % of NO was converted into NO, which
significantly reduced the emission of harmful gases during the treatment
process. Domestically, Yan et al. [16] used sliding arc plasma to treat
PCDD/Fs in simulated flue gas and also achieved 30 %-70 % removal of
PCDD/Fs I-TEQ values. In addition, Pourali [17] conducted a study on
the plasma pyrolysis treatment system of radioactive hazardous waste
generated by a floating nuclear power plant in northern Russia [14] and
found that the PCDD/Fs emissions in the flue gas produced by the system
was 0.014-0.02 ng TEQ/Nm®. This result is lower than the PCDD/Fs
emission of pyrolysis and incineration of radioactive waste in previous
studies with an average of 0.023 ng TEQ/Nm> [18], indicating that
although plasma technology can effectively decompose and destroy
PCDD/Fs, the PCDD/Fs produced during the plasma disposal of radio-
active waste cannot be ignored.

Waste composition is considered to be one of the key factors affecting
pollutant emissions and the distribution of PCDD/Fs congeners during
incineration [19,20]. The team of Bobrakov, A. N. studied the influence
of the type of simulated low-level radioactive waste disposed on
pollutant emissions in a vertical furnace plasma system at the Russian
Center for Demonstration of Radioactive Waste Management Technol-
ogies [21]. The results showed that when disposing of high-ion exchange
resin, the HCl and SOy concentrations in the extracted dry pyrolysis gas
reached 100 mg/m® and 10,000 mg/m?>, respectively, which is much
higher than the HCI (26 mg/mg) and SOy (50 mg/ms) concentrations in
the pyrolysis gas when disposing of high-polyethylene (PE) waste.
During the plasma melting process of mixed radioactive waste [7], the
HCI and SOy concentrations in the exhaust flue gas were detected to be
0.015 mg/m® and 0.050 mg/m°>, respectively, and PCDD/Fs were
detected in the flue gas with 0.004 ng TEQ/Nm?. It can be seen that
different types of radioactive waste have different pollutant emission
characteristics after being treated with plasma technology. Therefore,
while exploring the emission characteristics of PCDD/Fs and other
pollutants during the plasma treatment of radioactive waste from nu-
clear power plants, it is also urgent to conduct more in-depth research on
the types and compatibility of radioactive waste.

It can be seen that plasma technology is currently used to treat
radioactive waste around the world [9]. However, the current research
focus is more on the volume reduction and reduction characteristics of
waste [11,12,22-24]. Existing studies still lack sufficient research on the
emission characteristics of stack flue gas pollutants, especially POPs
such as PCDD/Fs, during the disposal of radioactive waste. Although
plasma technology can effectively destroy organic matter and reduce
pollutant emissions, the pollutant emission problem of plasma tech-
nology in treating nuclear power plant radioactive waste cannot be
completely ignored, especially the emission of PCDD/Fs, which are
among the most toxic and persistent organic pollutants known to date.

This study explored the emission of PCDD/Fs and chlorobenzenes
(CBzs) during the disposal of simulated radioactive waste from a nuclear
power plant in a high-temperature plasma melting device in China. The
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effects of different waste types, the addition of high-chlorine waste in
the materials, and air pollution control devices (APCDs) parameters on
the emission of CBzs and PCDD/Fs were studied. In addition, the re-
lationships between PCDD/Fs, operating parameters, and conventional
pollutants under various waste type conditions were explored based on
the results of Pearson correlation coefficient, principal component
analysis (PCA), and cluster analysis. This study hopes to provide data
support for the safe disposal and environmental friendliness of radio-
active waste in the future, and achieve wider application and develop-
ment. Carrying out these studies in high-temperature plasma melting
devices will help achieve low-level emissions of PCDD/Fs in the future
disposal of radioactive waste from nuclear power plants and better
achieve emission reduction.

2. Materials and methods
2.1. Experimental design

This study was carried out from a plasma high-temperature melting
furnace in the southwest of China. The Average concentrations of
traditional pollutants and operating parameters of the plasma melting
furnace are shown in Table 1. The system is an engineering prototype
with a practical average daily disposal capacity of 300 kg/day. The
average melting temperature of the first combustion chamber is 840 °C,
and the temperature of the flue gas entering the air pollution control
device (APCDs) after passing through the second combustion chamber is
833 °C. The off-gas quenching system rapidly cools the flue gas from
163 °C to 74 °C.

The waste entering the melting furnace is simulated radioactive
nuclear waste mixed with vitrified formula additives, including dry
wastes such as PE, cotton, paper clothes, rubber, PVC, and wet wastes
such as waste resin. These materials are selected to simulate the actual
types of radioactive waste generated during the disposal of a nuclear
power plant, including protective clothing (represented by cotton and
paper clothes) that can become contaminated, polymeric materials (PE,
PVC, rubber), and ion exchange resins (waste resin) commonly used in
reactor coolant systems [10,13]. The APCDs in this system are composed
of a quenching tower, a dust collector, an absorption tower, a mist
eliminator, and a carbon bed combined adsorber, as shown in Fig. 1.
Samples were collected at the chimney over a period of twelve days.

To investigate how the type of waste fed into the furnace impacts the
emission of PCDD/Fs and CBzs, six combinations of three types of waste
were analyzed, including: (1) wet waste (WW): waste resin; (2)
miscellaneous dry waste (DW): PE, cotton, paper clothing, rubber, PVC;
(3) mixed waste (MW): a mixture of waste resin and dry wastes such as
PE and cotton. The detailed sampling arrangements are presented in
Table 2. Among them, the total chlorine content of the combustible part
of the samples obtained by oxygen bomb combustion-ion chromatog-
raphy as shown in Table 3 shows that PVC and rubber in miscellaneous

Table 1
Average concentrations of traditional pollutants and operating parameters of the
plasma melting furnace.

Parameters

Design capacity (t/d) 1.2
Actual average capacity (t/d) 0.3
Melting temperature of combustion chamber (°C) 840.1
Temperature of second combustion chamber outlet (°C) 833.3
Temperature of quench tower inlet (°C) 162.8
Temperature of quench tower outlet (°C) 74.4
Temperature of stack flue gas (°C) 39.0
0, (%) 15.6
SO, (mg/Nm?) 31.6
NOy (mg/Nm®) 512.0
CO (mg/Nm>) 92.3
HCI (mg/Nm?>) 2.8
Particulate matter (mg/Nm?>) 46.0
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Fig. 1. The systemic diagram and sampling point of the plasma melting furnace.

Table 2
Detailed information on the disposal of simulated radioactive nuclear waste in a
plasma melting furnace.

Waste Type Waste composition Average feed Sample
quantity (kg/h) number
Wet waste (WW) Waste resin 27 1-2
Miscellaneous dry DW1: Pure 33 3-8
waste (DW) miscellaneous dry
waste”
DW2:DW1-Rubber” 38 9-11
DW3:DW1+PVC® 23 12-21
DW4:DW1-+Rubber + 36 22-24
pvc!
Mixed waste (MW) DW1+Waste resin® 32 25-32

2 DW1: (50 % PE, 50 % cotton) or (50 % PE, 50 % paper clothing) or (30 % PE,
30 % cotton, 50 % paper clothing).

b DW2: (47.9 % cotton, 47.9 % PE, 4.2 % rubber).

¢ DW3: (61.2 %PE, 30.6 % cotton, 8.2 %PVC).

d DW4: (45.5 %PE, 30.3 % cotton, 20.2 paper clothing, 2.0 % rubber, 2.0 %
PVQ).

¢ MX: (42.3 %PE, 21.1 % cotton, 36.6 % waste resin).

Table 3
Results of determination of chlorine content in the furnace waste.

Waste Type  Cotton  PE Paper clothing ~ Rubber PVC  Waste resin

Cl (%) 0.03 0.15 0.2 0.29 3.27  0.58

dry waste have relatively high chlorine contents of 3.27 % and 0.29 %,
respectively. Therefore, miscellaneous dry waste was divided into four
types according to whether it contained rubber and PVC, and studied
separately to further explore the impact of waste type entering the
furnace on PCDD/Fs and CBzs emissions. The selection of these types
allows not only to explore the effects of different chlorine content gra-
dients, but the mixed disposal of wastes also breaks through the limi-
tations of a single material and more closely matches the needs of
practical co-disposal of multiple wastes.

2.2. Sampling, analyzing and QA/QC

When operating conditions were stable, thirty-two PCDD/Fs and
CBzs samples were collected directly from the stack gas using isokinetic
samplers (ZR-3720, Junray, China) in accordance with the EPA method
23a [25]. In order to ensure the accuracy and reliability of the findings,
at least two samples were tested in parallel with an average collection
time of 1.5 h. All collected samples were pretreated for PCDD/Fs within
two weeks after being collected on-site. After pretreatment, extraction,
and purification, the concentrations of separated PCDD/Fs congeners in
the purified samples were analyzed using high-resolution gas chroma-
tography with high-resolution mass spectrometry (HRGC/HRMS)
(JMS-800D, JEOL, Japan, DB-5MS silica capillary column, 60 m x 0.25

mm X 0.25 pm). The pretreatment and analytical protocols for PCDD/Fs
were adapted based on previously reported methods [26,27] and further
refined for the specific conditions of this study. Quality control measures
ensured the average recoveries of PCDD/Fs standards ranged from 38.4
% to 156 %, meeting the EPA Method 23a criteria.

For the analysis of CBzs, the purified samples were analyzed using
gas chromatography coupled with mass selective detection (GC/MSD)
(Agilent 6890N GC/5975 B MSD, DB-5MS column, 30 m x 0.25 mm x
0.25 pm). The compete CBzs method was detailed described in previous
studies [28]. During the experiment, all samples were stored in half to
ensure a qualified recovery rate. To ensure comparability, all reported
concentrations were standardized to standard condition where oxygen
content was 11 %. In addition, to study the impact of different types of
waste entering the furnace on CBzs emissions and the correlation be-
tween CBzs and PCDD/Fs, CBzs emissions in flue gas samples were
measured at the same time. The process parameters of plasma melting
disposal, the operating parameters of APCDs, and conventional flue gas
pollutants at the tail were obtained synchronously by the on-site
Continuous Emission Monitoring System (CEMS) online detection
system.

2.3. Statistical analysis

In this study, the I-TEQ values for PCDD/Fs were calculated using the
international toxic equivalent factors (I-TEF), in accordance with the
standard for pollution control on the municipal solid waste incineration
(MSWI) (GB18485-2014) and hazardous waste incineration (HWI)
(GB18484-2020) in China. The total I-TEQ values of the 17 toxic 2,3,7,8-
substituted PCDD/Fs congeners were calculated as follows and the
concentrations are provided in Table S2:

Craq= Y Ci x TEQ; M

C; represents the concentration of each toxic PCDD/Fs congener; TEQ;
represents the TEQ values of each toxic PCDD/Fs congener; Crgq rep-
resents the total I-TEQ values of the sample.

To explore the relationships among CBzs, traditional pollutants,
operating parameters, and PCDD/Fs congeners, statistical analyses
including Pearson correlation coefficient (r), PCA, and hierarchical
clustering were conducted using SPSS 24.0 software. The Pearson cor-
relation was used to measure linear correlations between variables,
where PCA transformed the original variables into independent
comprehensive indices, highlighting their correlations. Hierarchical
clustering provided a bottom-up approach to reveal the hierarchical
structure among variables.

3. Results and discussion

3.1. PCDD/Fs and CBzs concentrations under different waste types
conditions

CBzs and PCDD/Fs were analyzed to investigate the emission
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characteristics of chlorinated organic pollutants in different simulated
nuclear power plant wastes. Table 4 summarized the CBzs and PCDD/Fs
emissions in the stack gas of thirty-two samples from the plasma melting
furnace under different waste types conditions. To examine the impact
of waste type on CBzs and PCDD/Fs emissions, their concentrations are
illustrated in Fig. 2(a)(b)(d). With the aim of exploring the effect of
waste type on the chlorination degree of PCDD/Fs, the chlorination
degree and the PCDDs/PCDFs ratio are presented in Fig. 2(c).

The I-TEQ values of PCDD/Fs of the stack gas ranged from 0.006 to
0.408 ng TEQ/Nm? (0.531-19.942 ng/Nm?) as shown in Table 4. All
PCDD/Fs emissions were below the standard for pollution control on
HWI (0.5 ng TEQ/Nms) (GB 18484-2020), and 50 % of samples
exceeded the MSWI standard (0.1 ng TEQ/Nm3) outline in GB
18485-2014. This is because the platform is a pilot platform and the
emission characteristics of wastes with different compositions are still in
the research stage. The concentrations of CBzs (3.445-117.192 pg/Nm®)
were significantly higher than those of PCDD/Fs, aligning with previous
studies in MSWIs [29] and HWIs [27,28]. Furthermore, a similar trend
was observed between CBzs and PCDD/Fs concentrations in response to
variations in waste types.

Due to changes in the compatibility and type of materials at the front
end during the operation of the plasma melting prototype, there are
differences in dioxin emissions during the incineration process of
different materials. It can be seen from the display in Fig. 2 that among
the six waste type conditions, the combination of pure miscellaneous dry

Table 4
The summary of the measurements for pollutants in stack gas.
Waste Sample CBzs (ug/ PCDDs PCDFs PCDD/Fs I-
type number Nm®) (ng/Nms) (ng/Nms) TEQ (ng TEQ/
Nm3)
ww 1 39.801 4.882 2.336 0.109
2 26.579 1.388 1.417 0.042
average 33.190 3.135 1.877 0.075
DW1 3 25.354 2.446 3.625 0.071
4 17.321 2.192 8.300 0.072
5 6.144 1.262 6.774 0.104
6 3.445 1.117 4.642 0.060
7 18.541 1.148 5.430 0.072
8 19.385 1.703 16.755 0.285
average 15.032 1.645 7.588 0.111
Dw2 9 58.462 14.807 5.135 0.408
10 70.287 11.765 4.396 0.260
11 117.192 4.783 10.118 0.265
average 81.981 10.452 6.550 0.311
DW3 12 34.971 6.613 1.569 0.102
13 16.358 0.581 0.888 0.021
14 14.024 0.146 0.386 0.006
15 15.821 0.256 0.795 0.012
16 14.739 0.149 0.542 0.008
17 25.954 1.204 8.551 0.072
18 40.213 0.619 0.670 0.008
19 42.514 0.238 0.667 0.008
20 22.079 0.421 1.076 0.014
21 18.811 1.050 8.111 0.056
average 24.548 1.128 2.325 0.031
DW4 22 25.802 1.476 13.542 0.212
23 58.955 0.765 6.952 0.088
24 58.868 1.336 16.935 0.300
average 47.875 1.192 12.476 0.200
MW 25 46.461 7.604 5.975 0.164
26 41.760 4.614 3.611 0.134
27 49.771 7.517 3.246 0.123
28 47.444 10.061 3.137 0.198
29 36.975 9.123 3.400 0.161
30 37.097 4.049 7.414 0.141
31 33.247 5.669 7.316 0.224
32 17.885 1.150 6.307 0.098
average 38.830 6.223 5.051 0.156
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waste and rubber (DW2) has the highest emissions of CBzs and PCDD/
Fs, which are 81.981 pg/Nm® and 0.311 ng TEQ/Nm® respectively.
Compared with the pure miscellaneous dry waste (DW1) condition, the
possible reasons for the high emissions are not only the certain con-
centration of chlorine (0.29 %) in the rubber but also the maximum
average feed amount. Also, it may be that the average melting temper-
ature of the combustion chamber in DW2 condition is only about 700.9
°C, and the combustion temperature is too low to fully decompose
chlorine-containing compounds, thus forming more dioxins (Table S1).
Specifically, the formation of PCDDs under this working condition is
much greater than the formation of PCDFs, and the ratio of PCDDs/
PCDFs reaches 2.01. The results show that the formation pathway of
PCDDs is more influenced by the chlorine content of waste and melting
temperature of the furnace compared to PCDFs, aligning with previous
findings in MSWI [30].

In other miscellaneous dry waste (DW) conditions, PVC is also added
to the furnace as a type of dry waste. Although PVC has the highest
chlorine content with 3.27 %, the combination of miscellaneous dry
waste and PVC (DW3) has an average [-TEQ value of 0.031 ng TEQ/
Nm3, which is lower than the PCDD/Fs concentration (0.111 ng TEQ/
Nm3) of DW1. However, the CBzs concentration of DW3 (24.548 pg/
Nm?®) is higher than that of DW1 (15.032 pg/Nm3). The possible reason
is that the particulate matter concentration of stack gas is controlled at a
relatively low level under the DW3 operating condition (Table S1),
indicating that more solid-phase PCDD/Fs attached to the particulate
matter is removed in the APCDs, resulting in lower levels of PCDD/Fs
emissions. At the same time, the PVC doped in DW3 decomposes into
CBzs at a certain temperature, but the melting temperature of the first
combustion chamber (Table S1) of 769.4 ° C and the residence time
under this working condition may not be conducive to the formation of
PCDD/Fs. For the combination of miscellaneous dry waste, rubber, and
PVC (DW4), due to the combination of rubber and PVC, two wastes with
high chlorine content, the emissions of CBzs and PCDD/Fs reached
47.875 pg/Nm?® and 0.200 ng TEQ/Nm?® respectively. At the same time,
the ratios of PCDDs/PCDFs under conditions DW3 and DW4 were 0.78
and 0.10, respectively (Fig. 2(c)). This result indicates that the addition
of PVC to the waste entering the furnace may cause the formation of
PCDFs to be higher than PCDDs, which is consistent with previous
studies on the use of plasma arc melter system to treat typical mixtures
of low-level radioactive waste [13].

The CBzs and PCDD/Fs emissions for the mixed waste condition
(MW), consisting of waste resin and pure miscellaneous dry waste, were
38.830 pg/Nm® and 0.156 ng TEQ/Nm?, respectively. These emission
concentrations were higher than the concentrations of the WW condi-
tion with only waste resin and DW1 condition with only pure miscel-
laneous dry waste. Although WW was mixed with pure miscellaneous
dry waste, the PCDDs/PCDFs ratios of WW and MW conditions were
close, both close to 1.53. This result shows that the addition of pure
miscellaneous dry wastes such as PE, paper clothes, and cotton to waste
resin has little effect on the proportion of PCDDs and PCDFs in the tail
flue gas. From the above results, it can be seen that the selection of the
feeding waste compatibility and type is particularly important during
the operation of the plasma melting prototype. It is necessary to select
the appropriate waste compatibility according to the pyrolysis and
incineration characteristics of different wastes, so that the pollutant
emissions of stack gas can reach a cleaner and more efficient level.

3.2. PCDD/Fs and CBzs congeners distribution

3.2.1. Congeners profiles of PCDD/Fs

As shown in Fig. 3(b)(c), the fingerprints of 2,3,7,8-substituted and
136 PCDD/Fs congeners in stack gas under six waste types conditions
are presented to elucidate the formation [31,32] and changing charac-
teristics. TCDD and TCDF concentrations dominated the total distribu-
tion of the 136 congeners, followed by PeCDD and PeCDF. This result
aligns with findings from the previous study in a rotary kiln medical
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centrations under six waste types conditions.

waste incinerator [33], but differs from those findings in MSWIs [34,35].
Notably, the concentrations of low-chlorinated PCDD/Fs were much
higher than those of high-chlorinated PCDD/Fs. Specifically, TCDD is
dominant in conditions containing wet waste (WW, MW) and DW2,
accounting for 40.6 %-49.7 %. In conditions containing miscellaneous
dry waste (DW1, DW3, DW4) other than DW2, TCDF accounts for the
highest proportion, which takes approximately 47.4 %-70.6 %.

As shown in Fig. 3(b), the distribution of 2,3,7,8-substituted PCDD/
Fs congeners in the reaction products differed according to the waste
types. The 2,3,7,8-substituted PCDFs accounted for the majority (53.2
%-80.3 %) of the 17 toxic PCDD/Fs across all conditions except DW2,
which is consistent with the previous findings in MSWIs [34] and HWIs
[27,36]. In DW2 condition, 2,3,7,8-TCDD accounts for the highest pro-
portion, which takes 54.1 %. The low-chlorinated PCDD/Fs concentra-
tions (2,3,7,8-TCDD, 2,3,7,8-TCDF, and 2,3,4,7,8-PeCDF) dominate the
distribution of the 17 PCDD/Fs congeners in all the operating condi-
tions, which is in agreement with previous research results on plasma
treatment of low-level radioactive waste [13]. In the conditions con-
taining wet waste (WW, MW) and DW2, 2,3,7,8-TCDD is dominant,
accounting for 34.9 %-54.1 %. In the conditions containing miscella-
neous dry waste (DW1, DW3, DW4) except DW2, 2,3,4,7,8-PeCDF ac-
counts for accounting for 27.0 %-47.2 %, which is the highest
proportion. This result is similar to the characteristics of the 136
PCDD/Fs congeners mentioned above.

In the comparison of DW1, DW2, and DW3 conditions, the addition
of rubber and PVC to the feed waste separately led to an increased
proportion of PCDDs in the total PCDD/Fs concentrations as shown in
Fig. 3(c). Differences in the PCDFs congeners profile were evident, with

Ratio of PCDDs/PCDFs
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increased proportions of HpCDF and OCDF and decreased proportions of
TCDF and PeCDF. This suggests that the chlorination reaction of PCDFs
was enhanced as the chlorine content in the feeding waste increased.
The most obvious change is the proportion of TCDF, which decreased by
33.9 % and 13.1 % respectively compared with DW1. A notable rise in
the proportion of TCDD was observed, reaching the highest levels in the
total PCDD/Fs concentrations, increased from 8.8 % to 49.7 % and 17.2
%. This result suggested that adding rubber and PVC to the feeding
waste separately exerted a stronger enhancing effect on the formation of
low-chlorinated PCDD/Fs than high-chlorinated ones. Among the dis-
tribution of 2,3,7,8-substituted PCDD/Fs congeners in Fig. 3(b), the
proportions of 2,3,7,8-TCDD and 2,3,7,8-TCDF increased, and 2,3,4,7,8-
PeCDF decreased. The remaining 2,3,7,8-substituted PCDD/Fs conge-
ners are less than 10 % with little change.

However, it was found in the study that adding rubber and PVC
(DW4) to miscellaneous dry waste at the same time has different PCDD/
Fs emission characteristics than adding them separately. Studies have
shown that the synergistic effect of rubber and PVC may lead to more
PCDD/Fs production. Specifically, the proportion of PCDDs decreased,
while the proportions of TCDF and PeCDF increased. Among the 2,3,7,8-
substituted PCDD/Fs, 2,3,7,8-TCDD, 2,3,7,8-TCDF, and 2,3,4,7,8-PeCDF
all have varying degrees of rise. These results are completely opposite to
the PCDD/Fs distribution characteristics of the conditions where rubber
and PVC were added alone (DW2, DW3). The possible reason for this
result is that the organic matter in the rubber may react with the chlo-
rine released from the PVC to generate more PCDFs.

For the condition containing wet waste (WW, MW), compared with
DW1 condition, it has a higher proportion of TCDD and PeCDD and a
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Fig. 3. Fingerprints of (a) PCDD/Fs congeners; (b) 2,3,7,8-substituted PCDD/Fs congeners; (c) CBzs congeners in stack gas under six waste types conditions.

lower proportion of TCDF and PeCDF. At the same time, after adding
miscellaneous dry waste to the wet waste in MW condition, the pro-
portion of TCDF increases and the proportion of PeCDF decreases. The
proportions of other congeners remain almost at the same level. Among
2,3,7,8-substituted PCDD/Fs, the proportion 1,2,3,7,8-PeCDD increased
in MW compared with WW condition, while the proportion of 2,3,7,8-
TCDF and 2,3,4,7,8-PeCDF decreased.

3.2.2. Congeners profiles of CBzs

The congener profiles of CBzs are illustrated in Fig. 3(a) and detailed
in Table S3. As depicted in Fig. 3(a), Hexachlorobenzene (HCBz)
exhibited the highest concentration among the CBzs, which takes
approximately 34.2 %-58.6 % of the total CBzs concentrations across all
operating conditions, with the exception of DW4 condition. Penta-
chlorobenzene (PeCBz) and 1,3-dichlorobenzene (1,3-DCBz) followed in
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terms of concentration levels. This outcome was noticeably different

from the results reported in the previous study
kiln HWI [27], in which 1,3-DCBz was dominant.

conducted on a rotary
In DW4 condition, 1,2,

4-trichlorobenzene (1,2,4-TrCBz) and HCBz have similar proportions
and both dominant positions. In the WW, DW2, and MW conditions
shown in Table S3, the HCBz concentration exceeded 15 pg/Nm?, ac-
counting for more than 50 % of the total CBzs concentration.

In the comparison of DW1, DW2, and DW3 ¢

onditions, the addition

of rubber and PVC to the feeding waste separately led to a decrease in
the contribution of low-chlorinated CBzs, such as DCBz and TrCBz.
Conversely, the concentrations of high-chlorinated CBzs like 1,2,3,5-tet-
rachlorobenzene (1,2,3,5-TeCBz) and HCBz increased. These findings
suggested that the separate addition of rubber and PVC more strongly
promoted the formation of high-chlorinated CBzs compared to low-
chlorinated ones. However, when rubber and PVC (DW4) were added

to the miscellaneous dry waste, although the
congeners increased, the fingerprint characterist

concentration of CBzs
ics of CBzs changed in

the opposite way. Compared with DW1, the proportion of high-
chlorinated CBzs decreased, among which the proportion of HCBz
decreased from 34.2 % to 16.8 %. The proportion of low-chlorinated

CBzs increased, among which the proportion of

1,2,4-TrCBz increased

the most, from 4.8 % to 18.0 %. The possible reason for this result is the
synergistic effect of rubber and PVC [37]. The decomposition products
of organic matter in rubber may react with the chlorine released in PVC

to produce more low-chlorinated CBzs.

Due to the low chlorine content in miscellaneous dry waste, the
emission concentration of CBzs did not change much after adding
miscellaneous dry waste (MW) to wet waste (WW), which were 38.83
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ng/Nm?® and 33.19 pg/Nm? respectively. It is more obvious that when
miscellaneous dry waste is added to wet waste, the proportion of 1,3-
DCBz decreases from 13.2 % to 4.7 %, and the proportion of HCBz in-
creases from 54.7 % to 58.6 %. Other CBzs congeners changed little.
Compared with DW1 condition, both WW and MW conditions exhibited
higher CBzs emission concentrations due to the presence of waste resin.
The results highlighted that CBzs emissions are closely influenced by the
composition and types of waste materials. Clarifying the different
characteristics of material compatibility can provide valuable insights
for reducing CBzs emissions effectively.

3.3. Correlation among CBzs, PCDD/Fs, traditional pollutants
concentrations, and operational parameters

3.3.1. Multivariate analysis

To explore the relationships among CBzs, PCDD/Fs, traditional pol-
lutants concentrations, and operational parameters under six waste-type
conditions, PCA method was applied to analyze (Fig. 4(a)(c)). As
depicted in Fig. 4(a), the sum of the two first factors is 62.1 % in the
analysis of CBzs congener concentrations and toxic PCDD/Fs. The PCA
results showed that strong correlations among toxic PCDD/Fs conge-
ners, excluding 2,3,7,8-TCDD. All variables were positioned within the
positive range of Factor 1 and Factor 2, indicating a positive correlation
between CBzs and 17 toxic PCDD/Fs congeners. Meanwhile, Factor 2
shows a markedly positive correlation with 2,3,7,8-substituted PCDD/Fs
congeners, especially high-chlorinated PCDD/Fs. In contrast, it exhibi-
ted a markedly negative correlation with high-chlorinated CBzs,
including DCBz and TrCBz. Specifically, 1,2-DCBz, 1,3-DCBz, 1,4-DCBz,
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Fig. 4. The PCA analysis of (a) congener concentrations of CBzs and toxic PCDD/Fs; (b) waste types; (c) CBzs, PCDD/Fs, traditional pollution concentrations, and

operational parameters.
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1,2,3-TrCBz, 1,2,4-TrCBz, 1,2,3,4-TeCBz, and 1,2,4,5-TeCBz were posi-
tioned far from toxic PCDD/Fs congeners, suggesting a weak correlation
with PCDD/Fs. However, strong correlations were observed between
1,3,5-TrCBz, PeCBz, HxCBz, and PCDD/Fs, where 1,3,5-TrCBz showed
the strongest relationship with toxic PCDD/Fs congeners.

To conduct a more detailed analysis of waste types, Fig. 4(b) shows
the result of PCA analysis. The combined contribution of the two factors
reaches 98.9 %, with Factor 1 accounting for 86.5 %. The result suggests
that the two factors can represent most of the information in the original
variables, and the correlations between these waste types are relatively
strong. These waste-type conditions can categorized into two main
groups: DW1 and DW4 conditions are considered one group, and DW2,
DW3, WW, and MW conditions are considered another group. It proves
that adding waste with high chlorine concentration such as waste resin,
PVC, and rubber to the plasma treated waste alone will have a similar
impact on the emission concentration of CBzs and PCDD/Fs in the stack
gas. These will lead to increased concentrations of CBzs and PCDD/Fs
emissions. The synergistic effect after the joint addition of PVC and
rubber (DW4) results in its impact on CBzs and PCDD/Fs emissions being
different from that of adding alone, but similar to the emission charac-
teristics of pure miscellaneous dry waste.

The PCA results showing the relationship between CBzs, PCDD/Fs,
traditional pollutants concentrations, and operational parameters under
six waste types conditions are presented in Fig. 4(c), with Factor 1
contributing 41.9 %. In the PCA result, CBzs concentrations were close
to PCDD/Fs I-TEQ values, with CBzs showing a stronger correlation with
PCDDs than PCDFs. This finding aligns with the Pearson coefficient
analysis results in this study, but differs from previous findings in MSWIs
[38]. Moreover, the combustion chamber air temperature, filter inlet
pressure, and CO2 concentration were positioned far from PCDD/Fs
I-TEQ values and showed negative signs in Factor 1 and 2, indicating
negative correlations with PCDD/Fs emissions. In addition, the differ-
ential pressure between the quench tower and filter as well as the stack
flue gas temperature were closely associated with PCDD/Fs concentra-
tions and I-TEQ values, suggesting their potential role as influencing
factors in PCDD/Fs formation.

As shown in cluster dendrogram (Fig. 5), hierarchical cluster analysis
reveals the similarities and differences among six simulated nuclear
power plant waste types, highlighting the relationships among these
variables. These waste types could be assigned to two broad categories,
which is consistent with the PCA analysis results for waste types. In more
detail, DW2, DW3, WW, and MW can also be divided into two sub-
categories, where DW2, DW3, and WW are one sub-category, and WW

DW2 [ ]

DW3 [

WW  —

DW1

Dw4

Fig. 5. Hierarchical cluster analysis of simulated nuclear power plant
waste samples.
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is the remaining sub-category. DW2, DW3, and MW are closely related to
each other and show strong correlations with WW, which indicates that
adding high chlorine content wastes such as rubber, PVC, and waste
resin to ordinary miscellaneous dry wastes will have similar impacts on
the emission of CBzs and PCDD/Fs in the flue gas. In addition, WW
condition has only waste resin as one kind of waste, which is different
from the DW2, DW3, and MW conditions with multiple waste types
mixed with miscellaneous dry wastes. However, due to the existence of
waste resin, there is still a great correlation between the WW condition
and the DW2, DW3, and MW conditions. Meanwhile, as mentioned in
the previous PCA results for waste types, the synergistic effect of PVC
and rubber in DW4 condition results in its emission characteristics of
CBzs and PCDD/Fs in the flue gas being similar to those of pure
miscellaneous dry waste, but different from those of wastes with high
chlorine content such as rubber, PVC, and waste resin. Therefore, when
disposing of wastes containing high chlorine content, adding substances
that can act synergistically with them is an effective means of controlling
PCDD/Fs emissions.

3.3.2. Pearson analysis

According to the distribution characteristics of CBzs and PCDD/Fs in
stack flue gas and the PCA analysis results, 1,3,5-TrCBz, PeCBz, HxCBz,
the differential pressure between quench tower and filter, and stack flue
gas temperature were closely associated with PCDD/Fs I-TEQ values. To
clarify key factors strongly influencing the formation of PCDD/Fs under
different simulated radioactive nuclear waste types, Pearson correlation
analysis [39-41] was performed on CBzs, PCDD/Fs, traditional pollut-
ants concentrations, and operating parameters. The Pearson correlation
coefficients are illustrated in Fig. 6, with detailed correlation coefficient
values and significance levels provided in Table S4.

The results in Fig. 6(a) indicated that CBzs exhibited stronger cor-
relations with PCDD/Fs I-TEQ values under DW2, total DW, and total
conditions than those in DW1, DW3, DW4, and MW conditions. This
suggested that CBzs may have a closer relationship with PCDD/Fs [-TEQ
values under comprehensive conditions with more samples. In addition,
when rubber was added to the miscellaneous dry waste (DW2), the
correlation between CBzs and PCDD/Fs I-TEQ values was negative,
which was different from other conditions. One possible reason is that
the presence of sulfur in rubber inhibits the formation of CBzs, resulting
in a negative correlation between CBzs and PCDD/Fs. Another possible
reason is that some components in rubber will compete to consume
chlorine in waste, reducing the contribution of chlorine to PCDD/Fs,
thereby reducing the amount of PCDD/Fs generated. However, this will
lead to an increase in CBzs concentration, ultimately showing a negative
correlation with PCDD/Fs. The study also found that high-chlorinated
CBzs were more strongly associated with PCDD/Fs I-TEQ values than
low-chlorinated ones under total conditions, consistent with findings
from previous studies in HWIs [28] and MSWIs [38]. Among these, 1,
4-DCBz exhibited the strongest correlation with PCDD/Fs I-TEQ values
(r = 0.58) under total conditions. Moreover, under DW2 condition in
this plasma melting furnace, 1,2,3,5-TeCBz and HCBz showed a strong
negative linear correlation, with r > 0.75.

As shown in Fig. 6(b), the correlation between traditional pollutants
and PCDD/Fs I-TEQ values is generally positive under the total condi-
tions, but this is the opposite under the DW2 condition. This is similar to
the research results on the correlation between CBzs and PCDD/Fs
mentioned above, both of which are due to the presence of a small
amount of sulfur in rubber and the consumption of chlorine sources. In
addition, HCl, CHy, O3, and CO showed strong correlations with PCDD/
Fs I-TEQ values under specific working conditions. The concentrations
of CH4 exhibited a negative correlation with PCDD/Fs I-TEQ values
under DW2 condition (r = —0.91), but a positive correlation under DW4
condition (r = 0.99). HCI also demonstrated a strong negative correla-
tion with PCDD/Fs I-TEQ values under DW2 condition, with a correla-
tion coefficient close to —1, which proved that the presence of rubber
has a consumption effect on the chlorine sources. These findings
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suggested that lowing chlorine concentrations could play a crucial role
in reducting PCDD/Fs emissions [42].

Meanwhile, it must be mentioned that PCDDs exhibited a stronger
correlation with PCDD/Fs I-TEQ values than PCDFs under total condi-
tions. This result revealed that PCDDs are more likely to be generated
during the plasma treatment of these types of wastes, or that PCDDs are
more difficult to degrade than PCDFs in this process, making their
contribution to the overall I-TEQ values more significant. What cannot
be ignored is that under the DW2 condition with the addition of rubber,
PCDFs showed a negative correlation with PCDD/Fs I-TEQ values,
indicating that the addition of rubber may be able to inhibit the for-
mation of PCDFs, or PCDFs may be more easily degraded by pyrolysis or
plasma than PCDDs.

The analysis of the correlation between operational parameters and
PCDD/Fs concentrations revealed that most operational parameters
exhibited weak linear correlations with PCDD/Fs I-TEQ values, except
for the differential pressure between the quench tower and filter and
filter inlet pressure. The Pearson coefficient for the differential pressure

between the quench tower and filter and PCDD/Fs I-TEQ values was
positive under total conditions (r = 0.61), and it reaches close to 1 under
DW4 condition. The pressure difference between the quench tower
outlet and the filter inlet can reflect the airflow velocity and obstruction
of the flue gas through APCDs. If the pressure difference is too large, the
airflow will be blocked, and particulate matter will gather or settle in the
pipeline, increasing the contact opportunity between PCDD/Fs pre-
cursors and the catalytic surface, thereby promoting PCDD/Fs forma-
tion. Additionally, it prolongs the residence time of waste gas within the
temperature range suitable for PCDD/Fs formation (250-500 °C), which
is more conducive to the heterogeneous precursor reactions and de novo
synthesis of PCDD/Fs [43].

4. Conclusion
To provide guidance on waste compatibility for low-level PCDD/Fs

releases during the plasma melting disposal of radioactive waste, and to
ensure the results are broadly applicable and representative, emission



W. Jiang et al.

characteristics of thirty-two pairs of CBzs and PCDD/Fs, along with their
correlations from stack gas, were analyzed from a plasma high-
temperature melting furnace under different waste types conditions
(rubber, PVC, and waste resin).

Adding high-chlorine materials like waste resin, PVC, or rubber to
pure miscellaneous dry waste individually increased CBzs and PCDD/Fs
emissions in stack gas to a maximum value of 0.408 ng TEQ/Nm®.
Among them, the addition of rubber to miscellaneous dry waste has the
greatest impact on I-TEQ values, especially the increase of PCDDs.
However, the simultaneous addition of PVC and rubber to the waste will
produce a synergistic effect, resulting in a reduction in PCDD/Fs emis-
sions. 2,3,7,8-TCDD (34.9 %-54.1 %) and 2,3,4,7,8-PeCDF (27.0 %-—
47.2 %) were the predominant contributors of PCDD/Fs I-TEQ values
under all conditions. Operational analysis identified the differential
pressure between the quench tower and filter as a key factor (r = 0.61)
influencing PCDD/Fs formation, while 1,4-DCBz exhibiting the strongest
linear correlation (r = 0.58) among all CBzs congeners. PCA and cluster
analysis indicated that individually adding waste resin, PVC, or rubber
to the waste treated by plasma similarly promoting CBzs and PCDD/Fs
emissions, whereas the emissions of combined PVC and rubber addition
were comparable to pure miscellaneous dry waste.

This study benefits guiding the safe disposal of radioactive waste and
optimizing of plasma technology process during the plasma melting
disposal of radioactive waste and provides effective reduction strategies.
Specifically, the co-addition of PVC and rubber is effective in reducing
PCDD/Fs emissions, which provides guidance on a cost-efficient strategy
for the disposal of high-chlorinated radioactive waste. In terms of
operational parameters, it’s important to maintain optimal airflow
through APCDs to prevent the build-up of catalysts, particulate matter,
and other substances, considering the role of differential pressure. In the
future, systematic investigations of more waste types and compatibility
conditions will be conducted to optimize waste mixing strategies for
better control of PCDD/Fs emissions during the disposal of radioactive
waste using plasma melting technology. Meanwhile, these findings will
be validated in a full-scale plasma facility treating actual radioactive
waste, as well as exploring the unique effects of radiological contami-
nation on emission profiles.

CRediT authorship contribution statement

Wengian Jiang: Writing — original draft, Visualization, Software,
Methodology, Formal analysis, Conceptualization. Lulu Dong: Writing —
review & editing, Resources. Minghui Tang: Writing — review & editing,
Supervision, Project administration. Shengyong Lu: Writing — review &
editing, Supervision. Fanjie Shang: Resources. Jie Lin: Investigation.
Shaofu Tang: Methodology.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgment

This research is supported by the State Key Laboratory of Clean
Energy Utilization (Independent Fund Project No. ZJUCEU2022013)
and a University-Industry Collaboration project between Zhejiang Uni-
versity and Zhejiang Fuchunjiang Environmental Technology Research
Co., Ltd. (No.KYY-508101-0014).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.joei.2025.102085.

10

Journal of the Energy Institute 120 (2025) 102085

References

[1] M.F.S. Gongalves, G. Petraconi, A.A. Couto, A.S.D. Sobrinho, F.S. Miranda,

M. Massi, Evaluation of thermal plasma process for treatment disposal of solid
radioactive waste, J. Environ. Manag. 311 (2022), https://doi.org/10.1016/j.
jenvman.2022.114895.

H.W. Wang, Investigation on Migration Mechanism of Trace Nuclides in Pyrolysis
and Gasification for Low-Level Radioactive Solid Waste, Beijing Jiaotong
University, 2021.

Y.K. Zhao, X.Q. Chen, X.D. Chang, B. Zhang, C.H. Ma, Multi-solutions to the
disposal of radioactive waste in China, China Nucl. Power 12 (3) (2019) 252-258.
R.R. Xie, F. Li, J. Zhu, H.Z. Wang, Review of radioactive waste from nuclear power
plants operation and decommissioning in China, Nucl. Saf. 23 (3) (2024) 45-50,
https://doi.org/10.16432/j.cnki.1672-5360.2024.03.013.

IAEA, Application of thermal Technologies for processing of radioactive waste.
Viena, IAEA, 2006.

J. Heberlein, A.B. Murphy, Thermal plasma waste treatment, J. Phys. D Appl. Phys.
41 (5) (2008), https://doi.org/10.1088/0022-3727/41/5/053001.

A.N. Bobrakov, A.A. Kudrinskii, V.M. Kulygin, A.V. Pereslavtsev, M.A. Polkanov, V.
L. Shiryaevskii, A.V. Artemov, Russian experience in solid radioactive waste
processing: achievements and prospects, Russ. J. Gen. Chem. 84 (5) (2014)
1041-1049, https://doi.org/10.1134/51070363214050417.

J. Deckers, Taking in nuclear operation of the plasma facility for treatment
industrial radioactive waste - 19346, WM2019: 45, in: Annual Waste Management
Conference, Phoenix, AZ (United States), 3-7 Mar 2019, WM Symposia, Inc., PO
Box 27646, 2019, 85285-7646 Tempe, AZ (United States), United States, p.
Medium: X; Size: 8 page(s).

H.Z. Sheng, Y.J. Li, Development of waste treatment by thermal plasma
technology, Chin. J. Mech. 55 (12) (2023) 2981-2996.

S.M. Chen, C.M. Cheng, P.C. Li, F. Zhang, Q.Q. Yuan, Application progress of
plasma melting technology for disposal of radioactive waste in nuclear power
plants, Chin. J. Vac. Sci. Technol. 42 (7) (2022) 483-490, https://doi.org/
10.13922/j.cnki.cjvst.202202017.

C.M. Cheng, H.H. Tong, W. Lan, J.S. Zhang, S.F. Geng, H.L. Zhu, Design and
experimental analysis of thermal plasma processing system for simulative
radioactive resin waste, High Volt. Eng. 39 (7) (2013) 1584-1589.

Y.M. Jiang, G.H. Ni, Y. Song, P. Zhao, W. Liu, Y.D. Meng, Experimental Analysis on
solidification of simulated organic low-level radioactive waste by thermal plasma,
High Volt. Eng. 39 (7) (2013) 1750-1756, https://doi.org/10.3969/j.issn.1003-
6520.2013.07.032.

H.C. Yang, J.H. Kim, Characteristics of dioxins and metals emission from radwaste
plasma arc melter system, Chemosphere 57 (5) (2004) 421-428, https://doi.org/
10.1016/j.chemosphere.2004.05.035.

M. Polkanov, V. Gorbunov, Technology of plasma treating radioactive waste: the
step forward in comparison with incineration, WM2010 Conference. March (2010)
7-11.

K. Yoshida, T. Yamamoto, T. Kuroki, M. Okubo, Pilot-scale experiment for
simultaneous dioxin and NO removal from garbage incinerator emissions using the
pulse corona induced plasma chemical process, Plasma Chem. Plasma Process. 29
(5) (2009) 373-386, https://doi.org/10.1007/511090-009-9184-0.

H.H. Yan, P. Zheng, S.Y. Lu, C.M. Du, X.D. Li, C. Tong, M.J. Ni, K.F. Cen,
Destruction of PCDD/Fs by gliding arc discharges, J. Environ. Sci. 19 (11) (2007)
1404-1408, https://doi.org/10.1016/51001-0742(07)60229-0.

M. Pourali, Application of plasma gasification technology in waste to energy-
challenges and opportunities, IEEE Trans. Sustain. Energy 1 (3) (2010) 125-130,
https://doi.org/10.1109/tste.2010.2061242.

W. Xu, H.R. Chu, B.W. Zheng, C. Tang, E.F. Yu, P. Xue, J. Sheng, X.H. Li,
Application and improvement of low & medium-level radioactive waste pyrolysis
incineration technology in China, Radiat. Prot. 40 (5) (2020) 387-393.

H.C. Gao, Y.W. Ni, H.J. Zhang, L. Zhao, N. Zhang, X.P. Zhang, Q. Zhang, J.P. Chen,
Stack gas emissions of PCDD/Fs from hospital waste incinerators in China,
Chemosphere 77 (5) (2009) 634-639, https://doi.org/10.1016/j.
chemosphere.2009.08.017.

E. Grandesso, B. Gullett, A. Touati, D. Tabor, Effect of moisture, charge size, and
chlorine concentration on PCDD/F emissions from simulated open burning of
forest biomass, Environ. Sci. Technol. 45 (9) (2011) 3887-3894, https://doi.org/
10.1021/es103686t.

A.N. Bobrakov, A.A. Kudrinskii, A.V. Pereslavtsev, M.A. Polkanov, V.

L. Shiryaevskii, A.V. Artemov, Thermodynamic analysis of the processes of plasma
treatment of low-level radioactive waste in shaft furnaces, Russ. J. Gen. Chem. 85
(6) (2015) 1575-1581, https://doi.org/10.1134/51070363215060377.

Q. Wang, Investigation on Preparation of Glass Ceramics Using MSWI Fly Ash
Vitrified by Thermal Plasma, Zhejiang University, 2009.

L. Zhang, Investigation on Vitrification of Simulated Medical Wastes by Thermel
Plasma, Zhejiang University, 2012.

W.B. Shi, Glassy Slag Production from Solid Waste Incineration Fly Ash Vitrified by
Plasma, Tianjin University, 2020.

U.S. Epa, Method 23: Determination of Polychlorinated Dibenzop-Dioxins and
Polychlorinated Dibenzofurans from Municipal Waste Combustors, 1995.

X.Q. Lin, Q.X. Huang, T. Chen, X.D. Li, S.Y. Lu, H.L. Wu, J.H. Yan, M.S. Zhou,

H. Wang, PCDD/F and PCBz emissions during start-up and normal operation of a
hazardous waste incinerator in China, Aerosol Air Qual. Res. 14 (4) (2014)
1142-1151, https://doi.org/10.4209/aaqr.2013.03.0068.

W.Q. Jiang, Y.Q. Peng, M.H. Tang, S.J. Xiong, K. Chen, S.Y. Lu, F. Wang, PCDD/Fs
emissions in a large-scale hazardous waste incinerator under different operation

[2]

[3]

[4]

[5]
(6]

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]


https://doi.org/10.1016/j.joei.2025.102085
https://doi.org/10.1016/j.joei.2025.102085
https://doi.org/10.1016/j.jenvman.2022.114895
https://doi.org/10.1016/j.jenvman.2022.114895
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref2
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref2
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref2
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref3
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref3
https://doi.org/10.16432/j.cnki.1672-5360.2024.03.013
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref5
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref5
https://doi.org/10.1088/0022-3727/41/5/053001
https://doi.org/10.1134/S1070363214050417
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref8
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref8
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref8
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref8
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref8
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref9
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref9
https://doi.org/10.13922/j.cnki.cjvst.202202017
https://doi.org/10.13922/j.cnki.cjvst.202202017
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref11
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref11
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref11
https://doi.org/10.3969/j.issn.1003-6520.2013.07.032
https://doi.org/10.3969/j.issn.1003-6520.2013.07.032
https://doi.org/10.1016/j.chemosphere.2004.05.035
https://doi.org/10.1016/j.chemosphere.2004.05.035
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref14
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref14
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref14
https://doi.org/10.1007/s11090-009-9184-0
https://doi.org/10.1016/S1001-0742(07)60229-0
https://doi.org/10.1109/tste.2010.2061242
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref18
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref18
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref18
https://doi.org/10.1016/j.chemosphere.2009.08.017
https://doi.org/10.1016/j.chemosphere.2009.08.017
https://doi.org/10.1021/es103686t
https://doi.org/10.1021/es103686t
https://doi.org/10.1134/S1070363215060377
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref22
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref22
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref23
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref23
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref24
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref24
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref25
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref25
https://doi.org/10.4209/aaqr.2013.03.0068

W. Jiang et al.

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

conditions: effective reduction strategies and an applicable correlation, J. Energy
Inst. 107 (2023), https://doi.org/10.1016/j.joei.2023.101186.

M. Yan, X.D. Li, T. Chen, S.Y. Lu, J.H. Yan, K.F. Cen, Effect of temperature and
oxygen on the formation of chlorobenzene as the indicator of PCDD/Fs, J. Environ.
Sci. 22 (10) (2010) 1637-1642, https://doi.org/10.1016/51001-0742(09)60300-4.
J.E. Oh, B. Gullett, S. Ryan, A. Touati, Mechanistic relationships among PCDDs/Fs,
PCNs, PAHs, CIPhs, and CIBzs in municipal waste incineration, Environ. Sci.
Technol. 41 (13) (2007) 4705-4710, https://doi.org/10.1021/es0629716.

J. Aurell, S. Marklund, Effects of varying combustion conditions on PCDD/F
emissions and formation during MSW incineration, Chemosphere 75 (5) (2009)
667-673, https://doi.org/10.1016/j.chemosphere.2008.12.038.

A.M. Cunliffe, P.T. Williams, Formation of dioxins and furans and the memory
effect in waste incineration flue gases, Waste Manage. (Tucson, Ariz.) 29 (2) (2009)
739-748, https://doi.org/10.1016/j.wasman.2008.04.004.

S.J. Xiong, Y.Q. Peng, K. Chen, S.Y. Lu, W.Q. Jiang, X.D. Li, F. Wang, K.F. Cen,
Phase distribution, migration and relationship of polychlorinated dibenzo-p-
dioxins and dibenzofurans and heavy metals in a large-scale hazardous waste
incinerator, J. Clean. Prod. 341 (2022), https://doi.org/10.1016/j.

jclepro.2022.130764.

T. Chen, M.X. Zhan, X.Q. Lin, J.Y. Fu, S.Y. Lu, X.D. Li, Distribution of PCDD/Fs in
the fly ash and atmospheric air of two typical hazardous waste incinerators in
eastern China, Environ. Sci. Pol. 22 (2) (2015) 1207-1214, https://doi.org/
10.1007/s11356-014-3401-y.

T.J. Wang, T. Chen, X.Q. Lin, M.X. Zhan, X.D. Li, Emission and distribution of
PCDD/Fs, chlorobenzenes, chlorophenols, and PAHs from stack gas of a fluidized
bed and a stoker waste incinerator in China, Environ. Sci. Pol. 24 (6) (2017)
5607-5618, https://doi.org/10.1007/s11356-016-8221-9.

J.Y. Ryu, J.A. Mulholland, J.E. Dunn, F. Iino, B.K. Gullett, Potential role of
chlorination on pathways in PCDD/F formation in a municipal waste incinerator,

11

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Journal of the Energy Institute 120 (2025) 102085

Environ. Sci. Technol. 38 (19) (2004) 5112-5119, https://doi.org/10.1021/
es0497227.

M. Li, C. Wang, K.F. Cen, M.J. Ni, X.D. Li, Emission characteristics and vapour/
particulate phase distributions of PCDD/F in a hazardous waste incinerator under
transient conditions, R. Soc. Open Sci. 5 (1) (2018), https://doi.org/10.1098/
150s.171079.

T.W. Sun, Y. Teng, Y.Q. Huang, K. Zhang, The investigation of catalytic pyrolysis
products distribution from PVC plastic and rubber, Appl. Chem. Ind. 53 (9) (2024)
2018-2023, https://doi.org/10.3969/j.issn.1671-3206.2024.09.002.

T.J. Wang, T. Chen, B.B. Lin, X.Q. Lin, M.X. Zhan, X.D. Li, Emission characteristics
and relationships among PCDD/Fs, chlorobenzenes, chlorophenols and PAHs in the
stack gas from two municipal solid waste incinerators in China, RSC Adv. 7 (70)
(2017) 44309-44318, https://doi.org/10.1039/c7ra04168c.

J.L. Rodgers, W.A. Nicewander, Thirteen ways to look at the correlation
coefficient, Am. Statistician 42 (1) (1988) 59-66, https://doi.org/10.1080/
00031305.1988.10475524.

K. Pearson, Contributions to the mathematical theory of evolution, Phil. Trans.
Roy. Soc. Lond. 185 (1894) 71-110.

F. Kemp, Applied multiple regression/correlation analysis for the behavioral
sciences, J. R. Stat. Soc. - Ser. D Statistician 52 (4) (2003), https://doi.org/
10.1046/j.1467-9884.2003.t01-2-00383_4.x, 691-691.

E. Wikstrom, G. Lofvenius, C. Rappe, S. Marklund, Influence of level and form of
chlorine on the formation of chlorinated dioxins, dibenzofurans, and benzenes
during combustion of an artificial fuel in a laboratory reactor, Environ. Sci.
Technol. 30 (5) (1996) 1637-1644, https://doi.org/10.1021/es9506364.

B.R. Stanmore, The formation of dioxins in combustion systems, Combust. Flame
136 (3) (2004) 398-427, https://doi.org/10.1016/j.combustflame.2003.11.004.


https://doi.org/10.1016/j.joei.2023.101186
https://doi.org/10.1016/s1001-0742(09)60300-4
https://doi.org/10.1021/es0629716
https://doi.org/10.1016/j.chemosphere.2008.12.038
https://doi.org/10.1016/j.wasman.2008.04.004
https://doi.org/10.1016/j.jclepro.2022.130764
https://doi.org/10.1016/j.jclepro.2022.130764
https://doi.org/10.1007/s11356-014-3401-y
https://doi.org/10.1007/s11356-014-3401-y
https://doi.org/10.1007/s11356-016-8221-9
https://doi.org/10.1021/es0497227
https://doi.org/10.1021/es0497227
https://doi.org/10.1098/rsos.171079
https://doi.org/10.1098/rsos.171079
https://doi.org/10.3969/j.issn.1671-3206.2024.09.002
https://doi.org/10.1039/c7ra04168c
https://doi.org/10.1080/00031305.1988.10475524
https://doi.org/10.1080/00031305.1988.10475524
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref42
http://refhub.elsevier.com/S1743-9671(25)00113-8/sref42
https://doi.org/10.1046/j.1467-9884.2003.t01-2-00383_4.x
https://doi.org/10.1046/j.1467-9884.2003.t01-2-00383_4.x
https://doi.org/10.1021/es9506364
https://doi.org/10.1016/j.combustflame.2003.11.004

	Chlorobenzenes and PCDD/Fs emissions from a pilot-scale plasma melting incinerator of simulated radioactive waste: Impacts  ...
	1 Introduction
	2 Materials and methods
	2.1 Experimental design
	2.2 Sampling, analyzing and QA/QC
	2.3 Statistical analysis

	3 Results and discussion
	3.1 PCDD/Fs and CBzs concentrations under different waste types conditions
	3.2 PCDD/Fs and CBzs congeners distribution
	3.2.1 Congeners profiles of PCDD/Fs
	3.2.2 Congeners profiles of CBzs

	3.3 Correlation among CBzs, PCDD/Fs, traditional pollutants concentrations, and operational parameters
	3.3.1 Multivariate analysis
	3.3.2 Pearson analysis


	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgment
	Appendix A Supplementary data
	References


