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Abstract S-N inhibitors like thiourea and sewage sludge de-
composition gases (SDG) are relatively novel dioxins sup-
pressants and their efficiencies are proven in numerous lab-
scale experiments. In this study, the suppression effects of
both thiourea and SDG on the formation of dioxins are sys-
tematically tested in a pilot-scale system, situated at the bypass
of a hazardous waste incinerator (HWI). Moreover, a flue gas
recirculation system is used to get high dioxin suppression
efficiencies. Operating experience shows that this system is
capable of stable operation and to keep gaseous suppressant
compounds at a high and desirable molar ratio (S+N)/Cl level
in the flue gas. The suppression efficiencies of dioxins are
investigated in flue gas both without and with addition of S-
N inhibitors. A dioxin reduction of more than 80 % is already
achieved when the (S+N)/Cl molar ratio is increased to ca.
2.20. When this (S+N)/Cl molar ratio has augmented to 4.18
by applying suppressant recirculation, the residual PCDD/Fs
concentration in the flue gas shrank from 1.22 to 0.08 ng I-
TEQ/Nm3. Furthermore, the congener distribution of dioxins
is analysed to find some possible explanation or suppression
mechanism. In addition, a correlation analysis between (S+
N)/Cl molar ratios and PCDD/Fs is also conducted to investi-
gate the chief functional compounds for dioxin suppression.
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Introduction

Polychlorinated dibenzo-p-dioxins and polychlorinated diben-
zofurans (PCDD/Fs, Bdioxins^) are unintentionally formed
and released from combustion and numerous other thermal
processes. Studies have shown that hazardous waste incinera-
tion (HWI) is potentially a major source of airborne emissions.
Gao et al. (2009) and Lee et al. (2003a, b) estimated the total
PCDD/Fs concentration in stack gas samples from HWI, find-
ing that the mean PCDD/F emission is generally higher than
the European Union directive emission limit, 0.1 ng I-TEQ/
Nm3 (Directive 2000). Therefore, stack gas emissions from
hazardous waste incinerators (HWIs) are a serious concern
and need appropriate control tools to deal with it.

As the previous research, the formation of PCDD/Fs occurs
mainly via heterogeneous reactions at temperatures between
250 and 450 °C in post-combustion regions (Addink et al.
1991; Fangmark et al. 1995; Li et al. 2005; Cunliffe and
Williams 2007a, 2009), contributing largely to the dioxin emis-
sion (Ballschmiter et al. 1988; Addink et al. 1995; Tuppurainen
et al. 1998;McKay 2002). Therefore, it is better to suppress the
formation of dioxins in post-combustion regions.

Addition of S-compounds, such as S, Na2S, Na2S2O3, CS2,
FeS2, SO3 and SO2, can achieve strong inhibition on dioxin
formation (Pandelova et al. 2005; Chang et al. 2006; Yan et al.
2006; Chen et al. 2008a; Jin et al. 2008; Wu et al. 2012). In
fact, dioxins could be suppressed when coal with high sulphur
is used as fuel (Griffin 1986). Lot of work has been done on
the dioxin emissions when waste is incinerated with coal,
showing good suppression effects by sulphur compounds
(Gullett et al. 1992; Gullett et al. 1998; Gullett et al. 2000a;
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Chen et al. 2008a). Besides S-containing compounds, some
N-compounds (e.g. urea and NH3) are also regarded as effec-
tive inhibitors (Tuppurainen et al. 1999; Ruokojârvi et al.
2001; Ruokojârvi et al. 2004; Cunliffe and Williams 2009).
Poisoning the catalyst metal has been proven to be the main
suppression mechanism for S- and N-compounds (Ruokojârvi
et al. 2001; Ryan et al. 2006). In detail, S- or N-compounds
could poison some metal chloride into sulphate or metal com-
plexes (Ryan et al. 2006; Shao et al. 2010a; Wu et al. 2012;
Tuppurainen et al. 1999; Luna et al. 2000).Moreover, SO2 can
also react with Cl2 to form HCl, and the chlorine available for
dioxins formation will reduce (Griffin 1986; Gullett et al.
1992). The S- or N-compounds have showed dioxin suppres-
sion effects in real-scale experiments, with a reduction effi-
ciency of more than 50 % (Chang et al. 2006; Wu et al. 2012).
Therefore, increasing the concentration of S- or N-com-
pounds, namely the value of S/Cl or N/Cl molar ratio, might
further increase suppression efficiency.

In recent years, both S- and N-compounds have been
observed to strongly suppress the PCDD/Fs formation
route via de novo synthesis (Chen et al. 2014). More
specifically, high PCDD/Fs inhibition efficiencies of up
to 96 % could be achieved by adding 1 wt. %
amidosulfonicacid; thiourea and sludge decomposition
gases (SDG) could reduce more than 95 % of PCDD/Fs
when the (S +N)/Cl molar ratio declines to only 0.47
(Chen et al. 2014; Fu et al. 2015). However, the suppres-
sion of dioxins formation by S-N inhibitors has never
been explored in a pilot-scale experimental system.

In this study, a 500 Nm3/h capacity pilot-scale system with
flue gas recirculation and thermal treatment of filtered ash,
designed for the bypass of an actual hazardous waste inciner-
ator (HWI) is used to observe and quantify the suppression
effects of S-N inhibitors (Lin et al. 2015). At first, the stability
of the pilot-scale system will be checked, by monitoring the
concentrations of SO2, NH3 and HCl in flue gas. The corre-
sponding (S +N)/Cl molar ratios will be calculated and
analysed. Then the suppression efficiencies of dioxins are also
investigated in flue gas without and with addition of thiourea

and SDG, respectively. Furthermore, the enhancement of the
dioxin suppression effects by recirculating gaseous S-N inhib-
itors is also studied. In addition, the characteristics of PCDD/
Fs and the correlation between (S+N)/Cl molar ratios and
PCDD/Fs are further analysed to find some possible suppres-
sion mechanism and investigate the main functional gaseous
compounds for dioxin suppression.

Materials and methods

The pilot-scale experimental system (PES) in the HWI

The pilot-scale experimental system is carried out in a 50-
tonne/day hazardous waste rotary kiln incinerator (Wu et al.
2012; Lin et al. 2014). Emissions of dioxins and others pol-
lutants are controlled by means of the following sequence of
operations: quenching tower, acid neutralising tower, activat-
ed carbon dosing, baghouse filter, and alkaline scrubber
(Fig. 1.). The amounts of activated carbon and lime sprayed
into the flue gas are adjusted to 10 and 120 kg/h, respectively.
The volumetric flow of flue gas during the experimental stage
is about 20,000 Nm3/h and the linear flow velocity is about
7.5 m/s (Table 1).

The PES is mainly composed of a baghouse filter system,
a thermal treatment and a flue gas recycling system (Lin
et al. 2015). As shown in Fig. 2, the baghouse filter (BF)
captures both the fly ash and AC, and then discharges the
mixture into the thermal treatment system (inlet A). The
filter ash, including fly ash and AC, is then treated at
400 °C under a stream of inert N2 in the thermal treatment
unit (TTU), a sealed system excluding any air entries. The
gaseous compounds captured by the AC are again desorbed
in this TTU. The flue gas recycling system returns the
desorbed gaseous phase inhibitors into the flue gas, aspired
by a negative pressure to inhibit the formation of PCDD/Fs.
During dioxin suppression tests, S-N inhibitors could be
added into the TTU to increase the concentration of gaseous
phase inhibitors in flue gas.

Fig. 1 Systemic diagram of the
hazardous waste incinerator
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Table 2 shows the design parameters of the PES. The
thermal treatment system is composed of three horizontal
tubular furnaces and a horizontal screw conveyer. During
the experiment, about 500 Nm3/h of flue gas (450 °C) is
introduced from the boiler by an induced fan with a con-
stant rotation rate. The flue gas cools to about 200 °C to
simulate the de novo synthesis of dioxins in the bypass
flue gas. The retention time of bypass flue gas in the PES
is about 35 s. Then AC is injected into the flue gas (at
185 °C) to adsorb PCDD/Fs and SO2 and then it is filtered
out by the baghouse fil ter. The inlet and outlet

temperature of the BF system is 170 °C and 150 °C, re-
spectively. Gaseous compounds could be desorbed at
400 °C and recycled into the system (inlet D), where the
temperature of the flue gas is about 400 °C.

After thermal treatment, the filtered ash will be discharged
from exit B of the TTU. The gas velocity and pressure of the
system is 0.35 m/s and −1.0 kPa, respectively. The type of AC
is HC 767, produced by Zhejiang Hangmu Timber Industrial
Co., Ltd. The particle size of AC is primarily distributed be-
tween 10 and 100 μm. The average pore radius and BET
surface area is 3.164 nm and 1292 m2/g, respectively.

Table 1 Parameters of
incineration and air pollutant
control system

Item Value Item Value

Temperature in rotary kiln 850–1050 °C Temperature of flue gas at the
outlet of the baghouse filter

170–180°C

Average heat value of waste 12.9 MJ/kg Temperature of flue gas in the
inlet of the quenching tower

170–180°C

Temperature in secondary
combustion chamber

1100–1200 °C Temperature of flue gas in the
outlet of the quenching tower

70–75°C

Retention time in secondary
combustion chamber

>2 s Amount of flue gas in the outlet
of the quenching tower

2.8 × 104 Nm3/h

Temperature of flue gas in
the inlet of the boiler

1100–1250 °C Flow rate of stack gas 7.5 m/s

Temperature of flue gas in
the outlet of the boiler

500–550°C Lime input 120 kg/h

Temperature of flue gas in
the intlet of quenching
tower

500–550°C Activated carbon concentration 150–200 mg/Nm3

Temperature of flue gas in
the outlet of quenching
tower

180–200°C Flow of hazardous waste 50 t/d

Retention time in
quenching tower

<1 s Destruction and removal
efficiency

>99.9 %

Temperature of flue gas in
the inlet of baghouse filter

180–200 °C Clinker ignition loss <2.5 %

Fig. 2 Pilot-scale experimental
system for S-N inhibitors sup-
pression tests
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Experimental setup

The experiments are conducted to study the reduction efficien-
cy of dust and dioxins by baghouse filter and activated carbon
in the pilot-scale experimental system (Tests 1 and 2). As
shown in Table 3, thiourea and sludge are added into the
TTU with a flow rate of 0.25 and 2.5 kg/h to suppress the
formation of dioxins in bypass flue gas (Tests 3 and 4). The
characteristics of dried sludge used are described in detail in
our previous studies (Chen et al. 2014). In Tests 5 and 6, the
recycling system is put into use to increase the concentrations
of gaseous phase inhibitors to realise a high suppression

efficiency of PCDD/Fs formation. The thermal treatment of
filtered ash is conducted in the TTU at 400 °C under an inert
gas flow of 1 L/min.

Three sampling points (S1, S2 and S3) are setup (Fig. 2.).
S1 is set to detect the original PCDD/Fs and gaseous com-
pounds concentration in the flue gas from the waste incinera-
tor. S2 is set to the PCDD/F concentration by de novo synthe-
sis within the 450–200 °C window from S1 to S2 before
baghouse filter system, as well as to detect the concentration
of gaseous compounds in the recirculating system. S3 is set to
detect the emission concentration of PCDD/Fs and gaseous
phase inhibitors after the recirculating system. The tempera-
ture of S1, S2 and S3 is 450, 200 and 130 °C, respectively. All
tests are conducted in duplicate. We conducted each experi-
ment when the system became stable, and the sampling time
lasted for 2 h for each run.

Sampling and analysis

AGasmet detector (FTIRDX-400, Finland) is used tomonitor
the gaseous compounds in the flue gas, such as SO2, NH3,
HCl, NOx and CO.

Dioxin samples in the flue gas are collected by an isokinetic
sampler (Model KNJ23, KNJ, Korea) according to US EPA
method 23a (Chen et al. 2008a, b). The filtered ash from the
exit of the thermal treatment unit is also sampled for dioxin
analysis.

The cleanup procedure of PCDD/F samples are according
to the US EPAmethod 23 (for flue gas samples) and 1613 (for
fly ash samples), respectively. The PCDD/Fs are identified
and quantified by HRGC/HRMS, using a 6890 Series gas
chromatograph (Agilent, USA) coupled to a JMS-800D mass
spectrometer (JEOL, Japan). A DB-5 ms (60 m×0.25 mm
I.D., 0.25 μm film thickness) capillary column is used for
separating the PCDD/Fs congeners. Target compounds are
the 17 toxic 2,3,7,8-substituted PCDD/Fs congeners. The
mean recoveries of standards for PCDD/Fs range from 55 to
125 %, which are all within the acceptable 25 to 150 % range.
Details of cleanup procedure and analysis method of PCDD/
Fs could be found in our previous study (Chen et al. 2008a, b;
Yan et al. 2012a). The toxic equivalents (TEQ) are calculated
using NATO/CCMS factors (Bhavsar et al. 2008). All the
concentrations are normalised to dry air, 11 % O2, 1.01×10

5

kPa and 237 K.

Results and discussion

(S+N)/Cl molar ratios in the flue gas

The (S+N)/Cl molar ratios in flue gas are based mainly on
the concentrations of SO2, NH3 and HCl, as shown in
Fig. 3. In Test 1, the (S+N)/Cl molar ratio is only 0.76.

Table 2 Design parameters of the pilot-scale experimental system

Items Parameter

Baghouse filter system

Material of filter Teflon laminated glass fibre

Area of a single bag filter (m2) 0.34

Thickness of filter (m) 2.4 × 10−3

Number of filters 24

Area of filtration (m2) 8.16

Pressure drop (mm H2O) 180

Cleaning intervals (min) 30

Thermal treatment system

Horizontal tube furnace KTL1600

Heating temperature (°C) 100 ~ 1600

Furnace size (mm) 650 × 450× 670

Horizontal screw conveyer LS 150 × 1.5 × 50-M2

Rotor diameter (mm) 150

Length (m) 1.5

Rotating speed (m/s) 50

Volume flow of air compressor (m3/min) 0.17

Others

Gas velocity (m/s) 0.35

Pressure (kPa) −1.0
Volume of flue gas (Nm3/h) 500

Inlet temperature (°C) 170

Outlet Temperature (°C) 150

Table 3 Experimental design conditions

Tests System Note

1 Baghouse filter (BF)
+ activated carbon (AC)

AC:300 mg/Nm3

2 BF+AC+ thermal
treatment unit (TTU)

Desorption temperature:400 °C;
N2: 1 L/min

3 BF+AC+ thiourea Thiourea:0.25 kg/h

4 BF+AC+TTU+ thiourea Thiourea:0.25 kg/h

5 BF+AC+ thiourea Sludge:2.5 kg/h

6 BF+AC+TTU+ thiourea Sludge:2.5 kg/h
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Specifically, the clean gas concentration of SO2, NH3 and
HCl is 31.3, 0.4 and 24.7 mg/Nm3, similar with those in our
previous study (Lin et al. 2015). After the thermal treatment
of bag filter fly ash, the SO2 adsorbed on activated carbon
returns to PES, resulting in an incremental rise of SO2 to
44.4 mg/Nm3. However, largely the concentrations of NH3

and HCl do not increase, indicating that they were not
adsorbed effectively by activated carbon (Lee et al. 2003a,
b; Zhu et al. 2005). As a consequence, the (S+N)/Cl molar
ratio went up to 1.08. With addition of thiourea, the concen-
trations of SO2 and NH3 significantly increase, to 79.2 and
5.1 mg/Nm3, respectively. Moreover, the concentration of
HCl little changes during stable operation of HWI.
Therefore, the (S +N)/Cl molar ratio could rise to 2.23.
After recirculating the gaseous phase inhibitors, the concen-
tration of SO2 and NH3 further increased to 145.6 and
8.6 mg/Nm3, respectively. Finally, the (S+N)/Cl molar ratio
continually added up to 4.18.

Continuing to add SDG into PES (Test 5), the concen-
tration of SO2 in the flue gas increased from 31.3 to
60.3 mg/Nm3, and so as to NH3 which also increased
from 0.4 to 16.2 mg/Nm3. Normally protein in sludge
could be hydrolysed fast to emit NH3, whereas thiourea
needs certain amount of oxygen to decompose NH3.

However, the content of oxygen in the outlet of the boiler
is in the range of 6 to 9 %. Thus, dry sludge is supposed
to decompose more NH3 than thiourea (Deng et al. 2009;
Yan et al. 2012a; Chen et al. 2014). Because more HCl
would be also formed by thermal treatment of dry sludge,
the (S +N)/Cl molar ratio only had the same level with
that in Test 3. By circulation, the (S +N)/Cl molar ratio
could be up to 4.15 with the SO2 concentration of
128.1 mg/Nm3 and also with the NH3 concentration of
23.2 mg/Nm3. Interestingly, the increment of (S +N)/Cl
molar ratio for thiourea and SDG seemed to rely on the
increasing amount of SO2 and NH3, respectively.

The concentrations of gaseous pollutants in the by-
pass stack gas are listed in Table 4. With the adsorption
effect of activated carbon, the emission of SO2 and NH3

are well below the national emission standards. Due to
the incomplete combustion of dry sludge, the concentra-
tion of CO increased to more than 50 mg/Nm3 in Tests
5 and 6, while still below the national standards of
80 mg/Nm3. Therefore, the PES did not have further
negative effects on the pollutant emissions. However,
if more S-N inhibitors are added, desulphurization tower
should be introduced into the PES to reduce the emis-
sion of SO2 and NH3.

Fig. 3 Gaseous compounds and
molar ratio of (S +N)/Cl in
different tests

Table 4 Concentrations of some
gaseous compounds at the
sampling position S3

Gaseous compounds
(mg/Nm3)

Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 National emission
standard

SO2 11.3 17.4 28.2 43.6 25.2 40.6 300

NH3 0.4 0.4 3.4 4.4 10.4 13.4 –

HCl 7.6 7.4 5.2 8.1 7.2 10.1 70

NOx 20.79 27.30 21.4 34.4 75.1 94.6 500

CO 10.3 12.1 10.9 11.9 50.9 54.9 80
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PCDD/Fs suppression by S-N inhibitors

By using the recirculating system, the concentration of
PCDD/Fs in the flue gas which has passed through the
baghouse filter system with AC injection decreased from
1.22 to 0.84 ng TEQ/Nm3, with a reduction efficiency of
31.1 % (Fig. 4). The result confirmed that dioxin forma-
tion would be suppressed when the (S +N)/Cl molar ratio
is higher than 1. With addition of thiourea, the concentra-
tion of PCDD/Fs in flue gas further decreased to 0.16 ng
TEQ/Nm3 and the suppression efficiency is up to 85.2 %,
suggesting that SO2 and NH3 are effective dioxin suppres-
sants. The results also revealed that the suppression effi-
ciencies of dioxins in flue gas correlate well with the (S +
N)/Cl molar ratios (Anthony et al. 2001; Chang et al.

2006; Wu et al. 2012). After flue gas circulation, the con-
centration of PCDD/Fs is below the new national stan-
dards of 0.1 ng TEQ/Nm3, with a value of 0.08 ng
TEQ/Nm3. With addition of SDG, the concentration of
PCDD/Fs in the flue gas decreased from 1.22 to 0.24 ng
TEQ/Nm3, with a reduction efficiency of 80.3 %.
Although the (S +N)/Cl molar ratios for SDG suppression
tests are slightly higher than that for thiourea, the suppres-
sion efficiencies are lower than the later ones. The reason
could be attributed to the different suppression mecha-
nism by SO2 and NH3. In previous studies, SO2 has been
proven to have a better suppression effect on dioxin for-
mation than NH3 when they are at the same level
(Hajizadeh et al. 2012; Chen et al. 2015). The result con-
firmed that a relatively high SO2 and NH3 concentration

Fig. 4 The residual values and
suppression efficiencies of I-TEQ
in flue gas

Fig. 5 The values and
suppression efficiencies of I-TEQ
in fly ash
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in the flue gas could react with HCl to reduce the chloride
availability (Gullett et al. 2000b; Xie et al. 2000;
Wikström and Marklund 2001; Yan et al. 2012b) or poi-
son the metal catalyst in the fly ash to reduce the possible
formation of dioxins (Ryan et al. 2006; Shao et al.
2010b).

The concentrations of PCDD/Fs in fly ash under differ-
ent experimental conditions are presented in Fig. 5. By
thermal treatment, the concentration of PCDD/Fs in the
fly ash decreased from 0.83 to 0.15 ng TEQ/g, with a
reduction efficiency of 82.2 %. The degradation and de-
chlorination effects possibly contributed to the reduction of
PCDD/Fs (Weber et al. 2002; Lundin and Marklund 2007;
Gao et al. 2008; Song et al. 2008; Wu et al. 2011).
Moreover, the degradation efficiency could be affected

by temperature, atmosphere, velocity of flue gas and the
characteristics of fly ash (Weber et al. 2002; Cunliffe and
Williams 2007b; Song et al. 2008; Wu et al. 2011). With
addition of thiourea, the concentration of PCDD/Fs in the
fly ash decreased to 0.06 ng TEQ/g, indicating that
PCDD/Fs could be effectively suppressed even without
the application of thermal treatment. By recirculating the
gaseous phase inhibitors, the concentration of PCDD/Fs in
the fly ash further decreased to 0.03 ng TEQ/g, with a
reduction efficiency of 95.9 %. As to the SDG, the con-
centration of PCDD/Fs could decrease to 0.05 ng TEQ/g
when combined with the recycling system. Accordingly,
the PCDD/Fs levels of fly ash emitted from PES are well
below the Chinese landfill acceptance criteria for waste
(3.0 ng I-TEQ/g), showing that PES is an effective system

Fig. 6 Emission factors and
suppression efficiencies of
PCDD/Fs

Table 5 Characteristics of
PCDD/Fs in different tests Item Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Units

PCDD/Fs in flue gas

PCDDs 1.07 0.74 0.21 0.24 0.34 0.12 ng/Nm3

PCDFs 3.96 2.65 0.72 0.46 1.27 0.43 ng/Nm3

PCDD/Fs 5.03 3.39 0.93 0.70 1.61 0.55 ng/Nm3

PCDDs/PCDFs 0.27 0.28 0.30 0.52 0.27 0.28 Mass ratio

Cl-PCDDs 7.04 7.20 7.16 7.71 7.49 6.98 Weight average level
of chlorination degreeCl-PCDFs 6.11 6.42 6.58 7.09 6.33 6.54

PCDD/Fs in fly ash

PCDDs 1.22 1.60 0.43 0.51 0.33 0.50 ng/g

PCDFs 7.75 4.35 0.75 0.17 0.91 0.16 ng/g

PCDD/Fs 8.97 5.95 1.18 0.68 1.24 0.66 ng/g

PCDDs/PCDFs 0.16 0.37 0.58 2.99 0.36 3.17 Mass ratio

Cl-PCDDs 7.18 7.83 7.44 7.59 7.40 7.31 Weight average level
of chlorination degreeCl-PCDFs 5.90 6.69 6.84 6.65 6.49 6.54
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to control the emissions of PCDD/Fs and other chlorinated
organic chemicals.

In order to evaluate the emission characteristics of dioxins
in different tests, the concept of emission factor is introduced,
and its formula is presented below:@@@

F emission factor (average value every 4 h)
Cf concentration of total PCDD/Fs in flue gas after bag-

house filter treatment
Vf volume of flue gas
Ca concentration of total PCDD/Fs in fly ash collected by

baghouse filter
Va amount of fly ash emitted per hour.

In this study, the volume of flue gas is 500 Nm3/h and
the flow rate of fly ash emitted is 4.0 kg/h. As shown in
Fig. 1, the emission factor is 3.93 μg TEQ/h for the blank
experiment (Test 1). As shown in Fig. 6, the emission

factor decreased to 1.01 μg TEQ/h with a reduction of
74.2 % after accumulating the gaseous phase inhibitors
by the recycling system (Test 2). With addition of thiourea
(Test 3), the emission factor decreased to 0.34 μg TEQ/h
with a reduction of 91.5 %. Hence, the suppression effi-
ciency could reach 95.5 % after the gaseous phase inhib-
itors recycling (Test 4). With addition of SDG (Test 5),
the emission factor decreased to 0.43 μg TEQ/h with a
reduction of 89.0 %, which is slightly lower than that of
thiourea. A better suppression effect is also detected with
the application of the recycling system for SDG, showing
a reduction efficiency of 93.7 % (Test 6). Therefore, the
dioxin suppression efficiencies could be up to 90 %, and
the value could further increase to 95 % after recycling. It
means that the reduction amount of dioxins could be
784 g TEQ/year for a 50-tonne/day waste incinerator if
it operates 7000 h/year.

Fig. 7 Distribution of 2,3,7,8-
PCDD/Fs in flue gas
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Characteristics of PCDD/Fs

The profile of PCDD/Fs is shown in Table 5 for different
experimental conditions. In Test 1, the ratios of PCDDs/
PCDFs are lower than 1 in both of the flue gas and the
filtered ash. This ratio agrees with our previous suppres-
sion experiments (Wu et al. 2011; Lin et al. 2014; Lin
et al. 2014), suggesting that the low-temperature hetero-
geneous catalytic formation of PCDD/Fs is the main
pathway in the post-combustion regions (Stieglitz et al.
1989; Altwicker et al. 1990; Addink and Olie 1995;
Huang and Buekens 1995; Cunliffe and Williams
2009). The ratios of PCDDs/PCDFs in Test 2 did not
change so much that the reason could be attributed to
the still low levels of gaseous phase inhibitors in flue
gas, even with the recycling system. After adding thio-
urea, the ratio of PCDDs/PCDFs in the flue gas in-
creased, especially in Test 4 where the value increased

from 0.27 to 0.52, indicating that S-N inhibitors have a
better suppression effect on PCDFs than PCDDs (Chang
et al. 2006; Ryan et al. 2006; Aurell and Marklund
2009). However, in Tests 5 and 6, the ratios of
PCDDs/PCDFs almost remained the same, and the dif-
ference with that of thiourea might be attributed to the
composition of S-N inhibitors and also to the different
inhibitory effect of SO2 and NH3. Considering the de-
sorption effect, the ratios of PCDDs/PCDFs significantly
varied, especially for Tests 4 and 6 (Cunliffe and
Williams 2007b). Possibly the PCDFs associated to fly
ash are desorbed and destructed in a easier way than
PCDDs (Lundin and Marklund 2007). Addink et al.
(1995) also obtained similar results and they supposed
that PCDDs are more stable than PCDFs.

The rising chlorination degree of PCDDs and PCDFs in
flue gas and fly ash indicate that S-N inhibitors exert a better
suppression effect on low chlorinated PCDD/Fs (Wikström

Fig. 8 Distribution of 2,3,7,8-
PCDD/Fs in fly ash
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et al. 1999; Nakahata and Mulholland 2000). This phenome-
non could also be attributed to the high vapour pressure for
low chlorinated PCDD/Fs, and they could be desorbed more
easily than high-chlorinated ones (Chang et al. 2002; Chi et al.
2006; Wu et al. 2011).

The congener distributions of 2,3,7,8-PCDD/Fs are
presented in Figs. 7 and 8. The leading PCDD congeners
in flue gas and fly ash are both 1,2,3,4,6,7,8-HpCDD and
OCDD for Test 1, and the percentage of them is ca. 70 %;
the PCDF congeners are relatively homogeneous. After

Fig. 9 The relationship between (S +N)/Cl molar ratio and PCDD/Fs in flue gas (A: (S +N)/Cl; B: S/Cl; C: N/Cl)
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adding the S-N inhibitors and recirculating them in the
system, the behaviour of congener profiles trended to be
low chlorinated PCDD/Fs, especially for Test 4.
Comparison with other tests, the fraction of OCDD de-
creased in the flue gas of Test 5. The reason could be
attributed to the suppression effects of N-compounds
(Ruokojârvi et al. 1998, 2004).

Correlation between (S+N)/Cl molar ratios and PCDD/Fs

In order to establish the optimum operating modes and
investigate the role of both nitrogen and sulphur com-
pounds in the suppression of PCDD/Fs formation, the
relationship between the (S + N)/Cl molar ratio and
PCDD/Fs in flue gas and fly ash are analysed. As
shown in Fig. 9a, the (S +N)/Cl molar ratio correlates
relatively well with PCDDs, PCDFs, PCDD/Fs and TEQ
in flue gas (r2 = 0.72, 0.76, 0.76 and 0.73, respectively).
As expected, PCDFs has a better relationship with the
(S +N)/Cl molar ratio than PCDDs, indicating that S-N
inhibitors have more stable suppression effects on
PCDFs in flue gas. In terms of the S/Cl molar ratio, it
does not correlate well with PCDDs, PCDFs, PCDD/Fs
and TEQ, and their corresponding r2 values are 0.52,

0.62, 0.60 and 0.56, respectively. For N/Cl, it correlates
badly with PCDDs, PCDFs, PCDD/Fs and TEQ, which
is similar with the results of S/Cl molar ratio (r2 values
between 0.53 and 0.59). Considering the best relation-
ship between (S + N)/Cl molar ratio with PCDDs,
PCDFs, PCDD/Fs and TEQ, S-compounds and N-
compounds could have synergistic reaction on dioxin
suppressions, which may be the reason for the better
suppression effects for S-N inhibitors than S- or N-
inhibitors.

The relationship between the (S +N)/Cl molar ratio
and PCDD/Fs in fly ash is presented in Fig. 10.
Similar with PCDD/Fs in flue gas, the (S +N)/Cl molar
ratio correlates relatively well with PCDFs, PCDD/Fs
and TEQ in fly ash (r2 = 0.70, 0.70 and 0.70, respective-
ly). Whereas PCDDs correlates slightly, yet positively
with the (S +N)/Cl molar ratio, suggesting that S-N in-
hibitors could not suppress the formation of PCDDs ef-
fectively. The same r2 values for PCDFs and TEQ indi-
cates that PCDFs contribute most to TEQ, which is ac-
cordance with the congener distribution of PCDD/Fs. As
to the S/Cl molar ratio, it correlates slightly with PCDFs,
PCDD/Fs and TEQ. However, for PCDDs, the corre-
sponding r2 value is only 0.29. The PCDD-values in flue

Fig. 9 (continued)
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gas and fly ash refer to different suppression mechanism,
while N-compounds are the dominant functional groups
for PCDDs in fly ash. Considering the negative correla-
tion between the S/Cl molar ratio and PCDDs it could
not follow that the S/Cl molar ratio has no relationship
with PCDDs in fly ash, since the desorption effect of
PCDD/Fs in fly ash also occurs.

Conclusions

High suppression efficiencies of dioxins are achieved in
this pilot-scale system by recirculating and accumulating
the gaseous compounds emanating from decomposing S-
N inhibitors. This system maintains high concentrations
of suppressants in the flue gas so that it reduces PCDD/

Fig. 10 The relationship between (S +N)/Cl molar ratio and PCDD/Fs in fly ash (A: (S +N)/Cl; B: S/Cl; C: N/Cl)
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Fs effectively. With addition of thiourea, the value of (S +
N)/Cl in flue gas almost doubled, from 2.23 to 4.18. As
for the addition of SDG, the value (S +N)/Cl also ampli-
fied, from 2.29 to 4.15. However, these concentrations of
SO2, NH3 and NOx etc. all still remain below the national
emission standard. By comparison and analysis, thiourea
and SDG strongly suppress the formation of PCDD/Fs,
even without the use of flue gas circulation, with I-TEQ
reductions in flue gas of 85.2 and 80.3 %. Meanwhile,
even higher suppression efficiencies could be obtained
for dioxins in fly ash, with I-TEQ reductions of more than
92 %. After recirculating the flue gas, the suppression
efficiencies of dioxins in flue gas could rise even to
93.6 and 90.8 % for thiourea and SDG, respectively. In
terms of the congener distribution of dioxins, the fraction
of high-chlorinated PCDD/Fs increased during the sup-
pression tests, indicating that the dechlorination of higher
chlorinated PCDD/Fs weakened. Most importantly, corre-
lation analysis suggested that for S-N inhibitors the S-
compounds play a more important role in dioxin suppres-
sion than N-compounds, and that the suppression mecha-
nism might be different for dioxins in flue gas from that
in fly ash.

Acknowledgments This work is financially supported by the National
Natural Science Foundation (51476138).

References

Addink R, Drijver DJ, Olie K (1991) Formation of polychlorinated
dibenzo-p-dioxins/dibenzofurans in the carbon/fly ash system.
Chemosphere 23:1205–1211

Addink R, Govers HAJ, Olie K (1995) Desorption behavior of
polychlorinated dibenzo-p-dioxins dibenzofurans on a packed fly-
ash bed. Chemosphere 31:3945–3950

Addink R, Olie K (1995) Role of oxygen in formation of polychlorinated
dibenzo-p-dioxins/dibenzofurans from carbon on fly ash. Environ
Sci Technol 29:1586–1590

Altwicker ER, Konduri RKN, Milligan M (1990) The role of precursors
in formation of polychloro-dibenzo-p-dioxins and polychloro-
dibenzofurans during heterogeneous combustion. Chemosphere
20:1935–1944

Anthony E, Jia L, Granatstein D (2001) Dioxin and furan formation in
FBC boilers. Environ Sci Technol 35:3002–3007

Aurell J, Marklund S (2009) Effects of varying combustion conditions on
PCDD/F emissions and formation during MSW incineration.
Chemosphere 75:667–673

Ballschmiter K, Braunmiller I, Niemczyk R, Swerev M (1988) Reaction
pathways for the formation of polychloro-dibenzodioxins (PCDD)
and -dibenzofurans (PCDF) in combustion processes: II.
Chlorobenzenes and chlorophenols as precursors in the formation
of polychloro-dibenzodioxins and -dibenzofurans in flame chemis-
try. Chemosphere 17:995–1005

Bhavsar SP, Reiner EJ, Hayton A, Fletcher R, MacPherson K (2008)
Converting toxic equivalents (TEQ) of dioxins and dioxin-like com-
pounds in fish from one toxic equivalency factor (TEF) scheme to
another. Environ Int 34:915–921

Chang MB, Cheng YC, Chi KH (2006) Reducing PCDD/F formation by
adding sulphur as inhibitor in waste incineration processes. Sci Total
Eniviron 366:456–465

Fig. 10 (continued)

Environ Sci Pollut Res (2016) 23:16463–16477 16475



Chang MB, Lin JJ, Chang SH (2002) Characterization of dioxin emis-
sions from two municipal solid waste incinerators in Taiwan. Atmos
Environ 36:279–286

Chen T, Gu YL, Yan JH, Li XD, Lu SY, Dai HF, Cen KF (2008a)
Polychlorinated dibenzo-p-dioxins and dibenzofurans in flue gas
emissions from municipal solid waste incinerators in China. J
Zhejiang Univ-Sc A 9:1296–1303

Chen T, Yan JH, Lu SY, Li XD, Gu YL, Dai HF, Ni MJ, Cen KF (2008b)
Characteristic of polychlorinated dibenzo-p-dioxins and dibenzofurans
in fly ash from incinerators in China. J Hazard Mater 150:510–514

Chen T, Zhan MX, Lin XQ, Fu JY, Lu SY, Li XD, Bukens A, Yan JH
(2015) PCDD/Fs Inhibition by Sludge Decomposition Gases:
Effects of Sludge Dosage, Treatment Temperature and Oxygen
Content. Aerosol Air Qual Res 15:702–711

Chen T, Zhan M, Lin X, Li X, Lu S, Yan J, Buekens A, Cen K (2014)
Inhibition of the de novo synthesis of PCDD/Fs on model fly ash by
sludge drying gases. Chemosphere 114:226–232

Chi KH, Chang SH, Huang CH, Huang HC, Chang MB (2006)
Partitioning and removal of dioxin-like congeners in flue gases treat-
ed with activated carbon adsorption. Chemosphere 64:1489–1498

Cunliffe AM, Williams PT (2007a) Desorption of PCDD/PCDF from
municipal solid waste incinerator flyash under post-combustion
plant conditions. Chemosphere 68:1723–1732

Cunliffe AM, Williams PT (2007b) Influence of temperature on PCDD/
PCDF desorption from waste incineration flyash under nitrogen.
Chemosphere 66:1146–1152

Cunliffe AM, Williams PT (2009) De-novo formation of dioxins and
furans and the memory effect in waste incineration flue gases.
Waste Manage 29:739–748

Deng WY, Yan JH, Li XD, Wang F, Zhu XW, Lu SY, Cen KF (2009)
Emission characteristics of volatile compounds during sludges dry-
ing process. J Hazard Mater 162:186–192

Directive EWI (2000) Directive 2000/76/EC of the European
Parliament and of the Council on Incineration of Waste
European Commission, Brussels

Fangmark I, Strömberg B, Berge N, Rappe C (1995) The influence of fly
ash load and particle size on the formation of PCDD, PCDF, PCBz
and PCB in a pilot incinerator. Waste Manage Res 13:259–272

Fu J, Li X, Chen T, Lin X, Buekens A, Lu S, Yan J, Cen K (2015) PCDD/
Fs’ suppression by sulphur-amine/ammonium compounds.
Chemosphere 123:9–16

Gao X, Wang W, Liu X (2008) Low-temperature dechlorination of hexa-
chlorobenzene on solid supports and the pathway hypothesis.
Chemosphere 71:1093–1099

Gao HC, Ni YW, Zhao HJ, Zhang N, Zhang XP, Zhang Q (2009) Stack
gas emissions of PCDD/Fs from hospital waste incinerators in
China. Chemosphere 77:634–639

Griffin RD (1986) A new theory of dioxin formation in municipal solid
waste combustion. Chemosphere 15:1987–1990

Gullett BK, Bruce KR, Beach LO (1992) Effect of sulfur dioxide
on t h e f o rma t i on mechan i sm o f po l y ch l o r i n a t ed
dibenzodioxin and dibenzofuran in municipal waste combus-
tors. Environ Sci Technol 26:1938–1943

Gullett BK, Raghunathan K, Dunn JE (1998) The effect of
cofiring high-sulfur coal with municipal waste on formation
of polychlorinated dibenzodioxin and polychlorinated diben-
zofuran. Environ Eng Sci 15:59–70

Gullett BK, Dunn JE, Raghunathan K (2000a) Effect of cofiring coal on
formation of polychlorinated dibenzo-p-dioxins and dibenzofurans
during waste combustion. Environ Sci Technol 34:282–290

Gullett BK, Sarofim AF, Smith KA, Procaccini C (2000b) The role of
chlorine in dioxin formation. Process Saf Environ 78:47–52

Hajizadeh Y, Onwudili JA, Williams PT (2012) Effects of gaseous NH3
and SO2 on the concentration profiles of PCDD/F in flyash under
post-combustion zone conditions. Waste manage 32:1378–1386

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

Jin GZ, Lee SJ, Kang JH, Chang YS, Chang YY (2008) Suppressing
effect of goethite on PCDD/F and HCB emissions from plastic ma-
terials incineration. Chemosphere 70:1568–1576

LeeWS, Chang-Chien GP,Wang LC, LeeWJ, Tsai PJ, Chen CK (2003a)
Emissions of polychlorinated dibenzo-p-dioxins and dibenzofurans
from the incinerations of both medical and municipal solid wastes.
Aerosol Air Qual Res 3:1–6

Lee YW, Kim HJ, Park JW, Choi BU, Choi DK, Park JW (2003b)
Adsorption and reaction behavior for the simultaneous adsorption
of NO–NO2 and SO2 on activated carbon impregnated with KOH.
Carbon 41:1881–1888

Li X, Li Z, Luo LA (2005) Adsorption isotherm and kinetics of dibenzo-
furan on granular activated carbons. Chinese J Chem 13:701–704

Lin X, Huang Q, Chen T, Li X, Lu S, Wu H, Yan J, Zhou M, Wang H
(2014) PCDD/F and PCBz emissions during start-up and normal
operation of a hazardous waste incinerator in China. Aerosol Air
Qual Res 14:1142–1151

Lin X, Yan Zhan M, Yan M, Dai A, Wu H, Li X, Chen T, Lu S, Yan J
(2015) Suppression of dioxins in waste incinerator emissions by
recalculating SO2. Chemosphere 133:75–81

Luna A, Amekraz B, Morizur J, Tortajada J, Mó O, Yanez M (2000)
Reactions of urea with Cu+ in the gas phase: an experimental and
theoretical study. J Phys Chem A 104:3132–3141

Lundin L,Marklund S (2007) Thermal degradation of PCDD/F, PCB and
HCB in municipal solid waste ash. Chemosphere 67:474–481

McKay G (2002) Dioxin characterisation, formation and minimisation
during municipal solid waste (MSW) incineration: review. Chem
Eng J 86:343–368

Nakahata DT, Mulholland JA (2000) Effect of dichlorophenol substitu-
tion pattern on furan and dioxin formation. P Combust Inst 28:
2701–2707

Pandelova ME, Lenoir D, Kettrup A, Schramm KW (2005) Primary
measures for reduction of PCDD/F in co-combustion of lignite coal
and waste: effect of various inhibitors. Environ Sci Technol 39:
3345–3350

Ruokojârvi PH, Halonen IA, Tuppurainen KA, Tarhanen J, Ruuskanen J
(1998) Effect of gaseous inhibitors on PCDD/F formation. Environ
Sci Technol 32:3099–3103

Ruokojârvi PH, Asikainen A, Ruuskanen J, Tuppurainen K, Kilpinen
CM, Pia Yli-Keturi N (2001) Urea as a PCDD/F inhibitor in munic-
ipal waste incineration. J Air Waste Manage 51:422–431

Ruokojârvi PH, Asikainen AH, Tuppurainen KA, Ruuskanen J (2004)
Chemical inhibition of PCDD/F formation in incineration processes.
Sci Total Eniviron 325:83–94

Ryan SP, Li X, Gullett BK, Lee C, Clayton M, Touati A (2006)
Experimental study on the effect of SO2 on PCDD/F emissions:
determination of the importance of gas-phase versus solid-phase
reactions in PCDD/F formation. Environ Sci Technol 40:7040–7047

Shao K, Yan J, Li X, Lu S, FuM,Wei Y (2010a) Effects of SO2 and SO3
on the formation of polychlorinated dibenzo-p-dioxins and dibenzo-
furans by de novo synthesis. J Zhejiang Univ-Sc A 11:363–369

Shao K, Yan JH, Li XD, Lu SY, Wei YL, Fu MX (2010b)
Inhibition of de novo synthesis of PCDD/Fs by SO2 in a
model system. Chemosphere 78:1230–1235

Song GJ, Kim SH, Seo YC, Kim SC (2008) Dechlorination and
destruction of PCDDs/PCDFs in fly ashes from municipal
solid waste incinerators by low temperature thermal treat-
ment. Chemosphere 71:248–257

Stieglitz L, Zwick G, Beck J, Roth W, Vogg H (1989) On the de-novo
synthesis of PCDD/PCDF on fly ash of municipal waste incinera-
tors. Chemosphere 18:1219–1226

Tuppurainen K, Halonen I, Ruokojârvi PH, Tarhanen J, Ruuskanen
J (1998) Formation of PCDDs and PCDFs in municipal waste

16476 Environ Sci Pollut Res (2016) 23:16463–16477



incineration and its inhibition mechanisms: a review.
Chemosphere 36:1493–1511

Tuppurainen K, Aatamila M, Ruokojârvi PH, Halonen I, Ruuskanen J
(1999) Effect of liquid inhibitors on PCDD/F formation. Prediction
of particle-phase PCDD/F concentrations using PLS modelling with
gas-phase chlorophenol concentrations as independent variables.
Chemosphere 38:2205–2217

Weber R, Nagai K, Nishino J, Shiraishi H, Ishida M, Takasuga T,
Konndo K, Hiraoka M (2002) Effects of selected metal ox-
ides on the dechlorination and destruction of PCDD and
PCDF. Chemosphere 46:1247–1253

Wikström E,Marklund S (2001) The influence of level and chlorine source
on the formation of mono-to octa-chlorinated dibenzo-p-dioxins, di-
benzofurans and coplanar polychlorinated biphenyls during combus-
tion of an artificial municipal waste. Chemosphere 43:227–234

Wikström E, Tysklind M, Marklund S (1999) Influence of variation in
combustion conditions on the primary formation of chlorinated or-
ganic micropollutants during municipal solid waste combustion.
Environ Sci Technol 33:4263–4269

Wu H, Lu S, Yan J, Li X, Chen T (2011) Thermal removal of PCDD/Fs
from medical waste incineration fly ash—effect of temperature and
nitrogen flow rate. Chemosphere 84:361–367

Wu H, Lu S, Li X, Jiang X, Yan JH, Zhou M, Wang H (2012) Inhibition
of PCDD/F by adding sulphur compounds to the feed of a hazardous
waste incinerator. Chemosphere 86:361–367

Xie Y, Xie W, Liu KL, Dicken L, Pan WP, Riley JT (2000) The effect of
sulfur dioxide on the formation of molecular chlorine during co-
combustion of fuels. Energ Fuel 14:597–602

Yan J, Chen T, Li X, Zhang J, Lu S, Ni M, Cen K (2006) Evaluation of
PCDD/Fs emission from fluidized bed incinerators co-firing MSW
with coal in China. J Hazard Mater 135:47–51

Yan M, Li X, Yang J, Chen T, Lu S, Buekens A, Olie K, Yan J (2012a)
Sludge as dioxins suppressant in hospital waste incineration. Waste
Manage 32:1453–1458

Yan M, Qi Z, Li X, Chen T, Lu S, Buekens A, Olie K, Yan J (2012b)
Chlorobenzene formation from fly ash: effect of moisture, chlorine
gas, cupric chloride, urea, ammonia, and ammonium sulfate.
Environ Eng Sci 29:890–896

Zhu J, Wang Y, Zhang J, Ma R (2005) Experimental investigation of
adsorption of NO and SO2 on modified activated carbon sorbent
from flue gases. Energ Convers Manage 46:2173–2184

Environ Sci Pollut Res (2016) 23:16463–16477 16477


	Suppression of dioxins by S-N inhibitors in pilot-scale experiments
	Abstract
	Introduction
	Materials and methods
	The pilot-scale experimental system (PES) in the HWI
	Experimental setup
	Sampling and analysis

	Results and discussion
	(S&thinsp;+&thinsp;N)/Cl molar ratios in the flue gas
	PCDD/Fs suppression by S-N inhibitors
	Characteristics of PCDD/Fs
	Correlation between (S&thinsp;+&thinsp;N)/Cl molar ratios and PCDD/Fs

	Conclusions
	References


