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Abstract: The inhibition effect of calcined lime (CaO) and limestone (CaCQO3) on the formation of
dioxins during iron ore co-sintering with fly ash was investigated in a sinter pot in the present work.
Experimental results indicated that international total toxicity equivalent concentration of dioxins
decreased from 1.4335 to 0.2922, 0.1048, 0.4562, and 0.3098 ng I-TEQ Nm 3 under four different
experimental conditions. It can be concluded that 5 wt.% calcined lime with 3 wt.% limestone
is the optimal addition to reduce the concentration of dioxins in flue gas, with 92.70% inhibition
efficiency. Effects on dioxin distribution was also analyzed. The distribution proportion of low-
chlorinated dioxins was found to increase, while that of high-chlorinated dioxins decreased, except
for octachlorianted dibenzo-p-dioxins (OCDD). The reason is that the consumption of HCI not only
inhibits the de novo synthesis, but also dramatically promotes the condensation and dechlorination
to produce more tetrachlorianted dibenzo-p-dioxins and octachlorianted dibenzo-p-dioxins through
precursors. Finally, condensation, dichlorination, and inhibition mechanisms of dioxins during
co-sintering with municipal solid waste incineration (MSWI) fly ash are proposed.

Keywords: municipal solid waste incineration fly ash (MSWI FA); PCDD/Fs; iron ore sintering; inhibition

1. Introduction

Municipal solid waste incineration (MSWI) [1] has developed rapidly in recent years,
and controversy on MSWTI's safety to human health and the ecological environment is
increasingly fierce, and the public has aroused great concern around the world, especially
regarding MSWI fly ash (FA) [2]. MSWI FA is identified as a hazardous waste in many coun-
tries as it contains leachable heavy metals and polychlorinated dibenzo-p-dioxins and diben-
zofurans (PCDD/Fs) [3]. Many methods have been developed to dispose of fly ash such as
landfill, solidification/stabilization, sintering, melting, vitrification, biological /chemical
extraction, mechanochemistry, etc. Landfill after cement solidification/stabilization with a
chelating agent is the most widespread disposal method, which barely decomposes dioxins,
but increases the volume of the waste, causing the consumption of land resources [4,5].

Thermal treatment such as sintering [6,7], melting [8], and vitrification are being
developed to dispose MSWI fly ash [9,10] by decomposing dioxins and synergistically
solidifying heavy metals. Moreover, this thermal disposal method conforms with the prin-
ciple of “reducing quantity”, “harmless”, and that products are environmentally friendly
materials that can be reutilized. However, compared with non-thermal treatments, the
energy consumption and economic costs are higher, which limits the development of high
temperature thermal treatment technology [5,11]. Thus, researchers have shifted more
attention to co-disposing processes.

Co-disposal is a solid waste disposal method that replaces one of the raw materials
by adding satisfied or pretreated waste to the process in conventional high temperature
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production. Co-disposing of MSWI fly ash with the sintering process has been researched
over the past decade. The iron ore sintering process is one of the most important procedures
of iron and steel production. It provides high quality iron ore raw materials for ironmaking
to avoid clogging of the blast-furnace [12,13]. During sintering, materials will go through
four stages with the sintering bed, proceeding from the top to the bottom. Previous studies
have revealed that dioxins decomposed during combustion due to the high temperatures
(>1000 °C) supplied by the combustion of fuels [14], and reformed in the preheat-dry zone,
exhibiting a remarkable de novo synthesis pathway [15,16] A great deal of coke, chlorine,
and catalytic metals contribute to the de novo synthesis [17,18] since the temperatures
range between 200-650 °C [19,20], and fly ash is abundant in these necessary elements in
the form of carbon and chlorides [21,22]. Previous research has revealed that the addition
of MSWI FA would increase the concentration of dioxins in the flue gas from the sintering
process, whether the fly ash is water washed or not [14,23]. Currently, 0.5 ng I-TEQ/Nm3
(I-TEQ: International Toxic Equivalent Quantity) is the accepted limit in China regulated
for the control of PCDD/F emissions from iron ore sinter plants. In order to comply
with the increasingly strict emission standards, measures need to be adopted to diminish
dioxins from the sintering process including source control, optimum operating conditions,
sintering exhaust gas recirculation, additive inhibitors, etc. [24].

The main mechanisms of inhibitors are reacting with chlorine or reducing the catalytic
activity of metal catalysts. Nitrogen-based, sulfur-based, and alkali-based are three common
inhibitors in some current studies. The sulfur-based inhibitors will increase sulfur oxides
such as SO; emission in flue gas, and consequently increase the desulfuration burden
for the iron and steel industry [25,26]. The mechanism and effect of nitrogen-containing
inhibitors, especially urea, added into the iron ore sintering raw mix has already been
investigated and verified by many researchers [27,28]. It is reported that alkaline inhibitors
such as CaO, CaCOj can remove HCI and Cl; in flue gas to inhibit the PCDD/F formation
and emissions [29]. However, the PCDD distribution proportion may remain invariable,
increasing or decreasing [30]. Though alkali-based inhibitors are strictly restricted to use
during the pig iron production process due to the negative effect on the quality of sinter [24],
adjusting its sinter raw mix within the normal range seems feasible [12]. A few studies have
focused on the inhibiting behavior of adjusting the sinter raw mix (calcined lime (CaO)
and limestone (CaCO3)), but the inhibition mechanisms of CaO or CaCOj3 during iron ore
co-sintering with MSWI fly ash are still unclear.

Thus, the aim of this study was to find whether adjusting the sinter raw mixture
(calcined lime (CaO) and limestone (CaCQO3)) is effective at inhibiting the dioxin concen-
tration in flue gas, and focused on the inhibiting behavior of PCDD/Fs to explore the
inhibition mechanism. The proportion of calcined lime or limestone in the sinter raw mix
was slightly increased (1 wt.%, 2 wt.%) within the normal range to inhibit the reformation
of dioxins in the present work. The total PCDD/F emissions and the inhibitory behavior
of CaO or CaCOj3 on PCDD/F congeners were explored. Finally, probable condensation,
dichlorination, and the inhibition mechanisms of dioxins during co-sintering with MSWI
fly ash are proposed.

2. Materials and Methods
2.1. MSWI Fly Ash and Sintering Raw Mix

Municipal solid waste incineration fly ash used in this study was sampled from a
MSWI grate furnace plant located in Shanghai, China. Washed FA (WFA) was obtained
through a three-stage countercurrent washing method with the solid to deionized water
ratio of 1/6 [31]. The main elementary components in fly ash was analyzed with X-ray
fluorescence (XRF, Thermo-scientific ARL ADVANT’X IntelliPowerTM 4200, Wilmington,
DE, USA) and the results are provided in Table 1. The calcium content of the WFA was
44.28%, NaCl and KCI concentrations were significantly reduced after water washing, and
the content of chlorine was lower than 2 wt.%, according to the latest industrial standard in
China (HJ 1134-2020).
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Table 1. Main elementary components of FA and WFA used in the sintering experiments (mass, %).
Reprinted with permission from Elsevier, 2022 [32].

Components Ca Cl Na K Si F Zn Fe Cu
FA 47.12 26.45 14.97 3.44 1.77 1.25 0.74 0.38 0.06
WFA 44.28 2.10 0.87 0.41 3.29 2.26 1.42 1.12 0.14

Figure 1 shows the concentration distribution of 17 toxic PCDD/Fs in FA and WFA.
The total I-TEQ concentrations of PCDD/Fs in FA and WFA were 302.2 and 599.2 pg
I-TEQ/ g, respectively, which is consistent with the TEQ concentration of fly ash in other
cities in China. OCDD and 1234678-HpCDF were the two dominant congeners, while 23478-
PeCDF contributed the highest I-TEQ concentration with 24.2% and 25.5%, respectively.
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Figure 1. Concentration distribution of 17 toxic PCDD/Fs in FA and WFA.

The raw materials were provided by a sintering plant in Shanghai, China, and the
main chemical compositions that were detected according to the Chinese National Standard
(GB/T 6730) and the calculated material ratios of the sinter raw mix for different tests are
shown in Tables 2 and 3. The experimental condition of flue gas one (FG1) is in accordance
with the proportion of the sintering plant where raw materials were sampled, and FG1 is
the contrast group to observe the effects of adding fly ash and changing the proportion of
raw materials. FG2 is with the addition of 1 wt.% WFA compared to FG1. FG3 and FG4 are
conditions increasing the calcined lime (the main component is CaO) in the raw mix by 1
and 2%, respectively, and FG5 and FG6 are conditions increasing the limestone (the main
component is CaCO3) by 1 and 2%, respectively. The binary basicity (w(CaO)/w(SiOy))
and coke fine content were 1.9 and 3.5 wt.%, respectively. The ferrous materials were the
iron ore fines, mixed iron ore, and recycling materials (return sinter fines). The influence of
fly ash, limestone, calcined lime, and dolomite additions were investigated.

Table 2. Chemical compositions of raw materials (mass, wt.%). Reprinted with permission from
Elsevier, 2022 [32].

Raw Materials TFe? FeO SiO, CaO MgO Al,O3 S P Cl LoOrIP
Mixed iron ore 60.69 3.18 4.37 0.64 0.21 2.27 0.036 0.05 0.11 493
Iron ore fines 56.23 6.18 5.93 9.75 1.47 1.2 0.014 0.057 0.039 0.12
Return sinter fines 56.1 5.51 5.81 9.18 1.39 1.93 0.039 0.059 0.049 0.61
Calcined lime 0.25 0.3 6.47 80.63 0.46 0.45 0.14 0.02 0.056 8.79

Limestone
Dolomite
Coke breeze

0.39 0.072 0.96 53.75 0.61 0.24 0.012 0.004 0.044 42.11
0.29 0.056 22 30.16 204 0.01 0.006 0.01 0.050 4423
0.00 0.00 10.00 0.00 0.30 0.00 1.03 0.17 0.025 74.00

TFe?: Total Fe content; LOIP: Loss on ignition at 950 °C in air.
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Table 3. The mass ratio of all raw materials (mass, %).
Raw Materials FG1 FG2 FG3 FG4 FG5 FGé6
Mixed iron ore 46.0 46.0 46.0 46.0 46.0 46.0
Iron ore fines 22.1 22.1 22.1 22.1 22.1 22.1
Return sinter fines 18.9 18.9 189 189 18.9 18.9
Coke breeze 3.5 3.5 35 35 3.5 3.5
Calcined lime 3.0 3.0 4.0 5.0 3.0 3.0
Limestone 3.0 3.0 3.0 3.0 4.0 5.0
Dolomite 3.5 3.5 2.5 15 2.5 15
WEA?2 0 1 1 1 1 1

WEFA?: Water washed fly ash.

2.2. Experimental Procedures

The experiment was carried out in a sintering pot to simulate the commercial sintering
process [23,33]. The sintering process includes proportioning, mixing, granulating, feed-
ing, ignition, and sintering, as illustrated in Figure 2. One wt.% WFA was mixed with
the sinter raw mix during the mixing process. Then, the mixture was fed into a drum
(® 600 mm x 300 mm) for granulating [34]. Following this, a compact bed was created by
the granules charged on a 1-kg hearth layer, which was at the bottom of the sinter pot.
After this, a mixture of natural-gas and compressed air was used to ignite the sinter raw
mixture for 120 s. The sintering process started at approximately 1200 °C and ended when
the maximum temperature began to decrease. XAD-II polymeric resin was used to adsorb
the dioxins in the tail gas, which was filtrated by a filter membrane, and the rest of the
dioxins were collected by two bottles of toluene. Furthermore, toluene was used to wash
the sampling pipe twice at the end of each experiment. Finally, the above three materials
were combined together for further analysis of dioxins in tail gas. Each test was conducted
twice sequentially to ensure the accuracy and reliability of the data [32].

MSWI fly ash

R Y. o ;
Proportioning Mixing 1 Granulating
Sintering - Ignition il Feeding

Figure 2. Flow diagram of co-disposing MSWI fly ash through iron ore sintering. Developed from [35].

2.3. Analytical Methods

The procedures of the dioxin analysis in flue gas followed the U.S. EPA methods 1613
and 23A, respectively. After nitrogen-blown, the purified and concentrated extracts were
dissolved in 25 uL nonane (spiking with 1 ng of 1*C-labelled recovery standards) for the
preparation of dioxin analysis. High-resolution gas chromatography /high-resolution mass
spectrometry (JMS-800D, JEOL Co., Tokyo, Japan) was used to identify and quantify the
concentration of 17 dioxins. Detailed steps of the clean-up procedure can be found in our
group’s previous studies [36,37].

The international total toxicity equivalent concentration of dioxins is the arithmetic
mean value of two parallel samples collected from each experimental condition and the
inhibition efficiency can be calculated through Equation (1):

Cre2 = Crex 1090, 1)

legfa = Cra2

where Crg; is the content or the international total toxicity equivalent concentration of dioxins
in FG2, ng/Nm?, or ng I-TEQ/Nm?; Crc, is the content or the international total toxicity
equivalent concentration of dioxins in FG34,5,6, respectively, ng/Nm? or ng I-TEQ/Nm?.
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Average degree of chlorination (dc) of PCDD/Fs is calculated as:

8
dc = Zfl X 1nj ()
i=4

where f; is the mass distribution of PCDD-, PCDF-, or PCDD/F-congeners, and #; is the
number of chlorine atoms in PCDD/F molecules.

3. Results and Discussion
3.1. Emissions Reduction in PCDD/Fs

Table 4 shows the I-TEQ value of 17 PCDD/F congeners and the inhibition efficiency
for all samples. The I-TEQ value of FG1 (0 wt.% WFA without adjusting its sinter raw
mix) was 0.687 ng I-TEQ/ Nm?3. After 1 wt.% WFA was added to the sinter raw mix (FG2),
the I-TEQ concentration of dioxins in flue gas increased to 1.4335 ng I-TEQ/Nm?, which
was twice as much as that of FG1, showing a significant facilitation in the formation of
PCDD/Fs. After adjusting its raw mix ratio in FG2, the I-TEQ concentrations of FG3, FG4,
FG5, and FG6 decreased to 0.2922, 0.1048, 0.4562, and 0.3097 ng I-TEQ/ Nm?, respectively.
These concentrations were lower than the Chinese limit of 0.5 ng I-TEQ/ Nm?. The inhibi-
tion efficiencies were 78.04%, 92.70%, 68.22%, and 78.43%. For all samples, 2,3,4,7,8-PeCDF
contributed the greatest toxicity concentration, though the component of it was lower than
1,2,3,4,6,7,8-HpCDEF. The above results suggest that the I-TEQ concentration of dioxins
during co-sintering were affected by the sinter raw mix. In this study, FG4 (5 wt.% CaO
and 3 wt.% CaCOj3) showed the highest inhibition efficiency.

Table 4. The I-TEQ concentrations (ng I-TEQ/Nm3) of PCDD/Fs for six experimental flue gas samples.

Classification Congeners FG1 FG2 FG3 FG4 FG5 FG6
2378-TCDD 0.0154 0.0378 0.0096 0.0075 0.0136 0.0123
12378-PeCDD 0.0315 0.0740 0.0211 0.0087 0.0309 0.0295
123478-HxCDD 0.0067 0.0151 0.0023 0.0008 0.0041 0.0025
PCDDs 123678-HxCDD 0.0116 0.0252 0.0039 0.0015 0.0050 0.0034
123789-HxCDD 0.0077 0.0169 0.0041 0.0012 0.0043 0.0028
1234678-HpCDD 0.0038 0.0093 0.0016 0.0008 0.0022 0.0013
OCDD 0.0005 0.0011 0.0003 0.0001 0.0004 0.0003
2378-TCDF 0.0443 0.1110 0.0213 0.0110 0.0507 0.0383
12378-PeCDF 0.0242 0.0571 0.0080 0.0047 0.0168 0.0149
23478-PeCDF 0.2657 0.5411 0.1235 0.0352 0.1827 0.1023
123478-HXCDF 0.0901 0.1767 0.0233 0.0104 0.0505 0.0321
123678-HXCDF 0.0738 0.1529 0.0235 0.0096 0.0349 0.0294
PCDFs 123789-HXCDF 0.0136 0.0233 0.0058 0.0017 0.0081 0.0049
234678-HXCDF 0.0796 0.1517 0.0375 0.0091 0.0416 0.0272
1234678-HpCDF 0.0157 0.0359 0.0055 0.0021 0.0084 0.0072
1234789-HpCDF 0.0023 0.0052 0.0008 0.0004 0.0017 0.0010
OCDF 0.0004 0.0012 0.0002 0.0001 0.0004 0.0003
I-TEQ® ; 0.6870 1.4355 0.2922 0.1048 0.4562 0.3098

Inhibition efficiency

- - - 79.64% 92.70% 68.22% 78.43%

I-TEQ®: Average international toxic equivalent.

The I-TEQ emission concentrations of PCDD/Fs are shown in Figure 3a. In FG1,
the I-TEQ concentrations of PCDDs and PCDFs were 0.0772 and 0.6098 ng I-TEQ/ Nm?,
and PCDFs contributed 88.76% of the I-TEQ concentration. The PCDF/PCDD ratio was
5.28, as listed in Table 5, showing a significant distribution characteristic of PCDD/Fs
from the sintering process. Many studies have confirmed that de novo synthesis mainly
generates PCDFs, and PCDD congeners were synthesized through the precursor path-
way [38]. With the addition of WFA (FG2), the emission I-TEQ concentrations of PCDDs
and PCDFs increased to 0.1793 and 1.2562 ng I-TEQ/Nm?, respectively, and PCDFs con-
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tributed 87.51% of the I-TEQ concentrations. By adjusting the raw sinter mix of FG2, the
I-TEQ concentrations were 0.0659, 0.0206, 0.0450, and 0.0521 ng I-TEQ/ Nm?3 for PCDDs and
0.3004, 0.0843, 0.3956, and 0.2576 ng I-TEQ/ Nm? for PCDFs, respectively. The inhibition
efficiencies of PCDDs and PCDFs are shown in Figure 3b. As shown in this figure, the
inhibition efficiencies of PCDDs were 76.07%, 88.53%, 66.26% and 70.93%, respectively.
The inhibition efficiencies of PCDFs were 80.15%,93.29%, 68.50%, and 79.49%, respectively.
The inhibition efficiencies of PCDDs (PCDFs) increased from 76.07% to 88.53% (from 80.15%
to 93.29%) overall whereby the inhibition efficiencies with 4% CaO and 4% CaCOj; addition
corresponded to an increase of 76.07% (80.15%) and 66.26% (68.50%), respectively. For 5%
CaO and 5% CaCO;3, the increment was 88.53% (93.29%) and 70.93% (79.49%), respectively.
Evidently, the inhibition efficiency of PCDFs was higher than that of PCDDs. In addition, all
17 toxic dioxins were inhibited by CaO or CaCOj3, resulting in a reduction in PCDD/Fs by
more than 65%, but CaO seemed to better inhibit the production of PCDD/F compounds.
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Figure 3. (a) I-TEQ concentration of PCDDs and PCDFs; (b) inhibition efficiency of PCDDs and PCDFs.

Table 5. Weight average level of chlorination and PCDF/PCDF ratio.

Samples FG1 FG2 FG3 FG4 FG5 FG6
dc-PCDD 7.03 7.03 7.12 7.07 712 7.10
dc-PCDF 6.13 6.15 6.10 6.01 6.02 6.03
dc-PCDD/F 6.27 6.29 6.31 6.24 6.21 6.21
PCDFs/PCDDs 5.28 4.99 3.94 3.63 4.79 491

3.2. Effects on PCDD/Fs Congeners

The homologue profiles and the ratio of PCDD/PCDF are affected by adjusting the
sinter raw mix. The weight percentage distribution of 17 toxic congeners is shown in
Figure 4. OCDD and HpCDD were the dominant congeners in all samples and the percent-
age of OCDD increased from 38% to 48%, 45%, 48%, and 51% in FG3, FG4, FG5, and FG6,
respectively. In this study, the increase in OCDD may be due to the precursor formation of
PCDD/Fs catalyzed by Cu or Cr. Similarly, CaO was discovered to facilitate OCDD/TCDD
generated from PCP prominently at 850 °C by Lu et al. [30]. In FG3 and FG4, the increase in
CaO or CaCO3 reduced the fraction of HpCDD and HxCDD, but slightly increased the mass
proportion of low-chlorinated PCDDs, which might be a result of the mutual chlorination
of dioxins that was inhibited [26]. Among them, the fraction of HpCDD reduced from 34%
to 27%, 31%, 26%, and 23% and HxCDD declined from 21% to 17%, 14%, 16%, and 15%,
while PeCDD increased from 5% to 7%, 7%, 7%, and 10% and TCDD increased from 1% to
20/0, 30/0, 20/0, and 2%.
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Figure 4. (a) Mass distribution of PCDDs; (b) mass distribution of PCDFs.

The same phenomena were discovered in the PCDFs except for OCDE, and the increase
in CaO or CaCO3 had a slight impact on OCDEF. The increase in CaO or CaCOj3 decreased
the chlorination of PCDFs, especially in FG4 and FG6, due to the inhibition of the de novo
formation of dioxins. As shown in Figure 4, the dominant two congeners were HpCDF and
HxCDF for all samples. With the addition of CaO and CaCOj3, the proportion of HpCDF
and HxCDF decreased, while that of PeCDF and TCDF increased.

The inhibition efficiency of CaO/CaCO3; on PCDD and PCDF congeners is com-
pared in Figure 5. There was similar trend between increasing CaO or CaCOs3, where
the inhibition efficiency of high chlorinated homologues was higher than that of low
chlorinated homologues. For example, the inhibition efficiencies of HxCDD (HpCDF)
were the highest among PCDDs (PCDFs), resulting in the change in the distribution pro-
portions. Moreover, compared with the FG2 test, the average degree of chlorination of
PCDFs decreased after increased CaO or CaCOg, revealing that the de novo formation and
chlorination process of PCDFs were inhibited, as shown in Table 5.
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Figure 5. (a) The efficiency of PCDD congener inhibition. (b) The efficiency of PCDF congener inhibition.

3.3. Inhibition Mechanisms

The formation of PCDD/Fs requires carbon, chlorine, oxygen, and metal catalysts
and reducing chlorine and weakening the catalytic activities is beneficial to suppress the
formation of PCDD/Fs [39].

For chlorination, the presence of different forms of chlorine had different effects on
the synthesis of dioxins [40], since the activation energy of hydrogen in the benzene ring
replaced by chlorine with Cl, is lower than that with HCI [41,42]. Many studies have
confirmed that metal chlorides have a stronger dioxin catalytic capacity than metal oxides,
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especially CuCly, which has the maximum catalytic capacity to boost the conversion of HCl
to Cl, (Equations (3) and (4)) through the Deacon reaction (Equation (5)).

CuO + 2HCI — CuCl, + 2H,0 3)
CuCl, +1/2 Oy — CuO + Cl )
2HCI + O, — C12 + H,O (5)

CaO and CaCOg can react with acidic chlorine (HCI and Cly) in the flue gas through
Equations (7)—(10). These reactions diminish the concentrations of the chlorine source
that is essential to synthesize PCDD/Fs, and inhibit the chlorination of low substituted
dioxins. Typically, the decrease in Cl, will significantly impede the de novo synthesis.
Furthermore, active radicals such as hydrogen radicals (H-) via thermal ionization in the
presence of moisture might impede the formation of dioxins or attack the C-1 bonds to
form aromatic compounds [43,44], as shown in Figure 6. The C—Cl bond is easy to attack
by active radicals because too many chlorine atoms would weaken the binding force of C
and Cl [45,46].

CaO + 2HCI — CaCl, + H,O (6)

2Ca0 + 2Cl; — CaCl, + Ca(ClO), (7)

CaCOj3 +2 HC1 — CaCl; + H,O + CO;, 8)

2CaCOs + 2Cl, + 2H,0 — CaCl, + Ca(HCO3), +2 HCIO )
CaO + H,0O + CuCl, — Cu(OH), + CaCl, (10)

N
- A
a o 1
W a 1

\

Thermal
@ ionization | HCI, HZO

Figure 6. Schematic diagram of the hydrogen radical (H) attacked C—Cl bond on PCDD/Fs molecular.

The results also prove that the chlorine atoms on the longitudinal (1,4,6,9) posi-
tions are preferentially removed compared to the chlorine atoms on lateral (2,3,7,8) posi-
tions [47]. Specifically, high-chlorinated PCDD/Fs have more Cl atoms on longitudinal
positions, making them easy to remove by active radicals [26,39]. For the above rea-
sons, the fraction of HpCDD (HpCDF) and HxCDD (HxCDF) decreased and the relative
amount of low-chlorinated PCDD/Fs increased, and this is why increasing CaO or CaCOs
makes the inhibition efficiency of high chlorinated homologues higher than that of low
chlorinated homologues.

In this study, perchlorinated homologues exhibited various destruction percentages.
The distribution proportion of OCDD increased after increasing CaO or CaCOj3, while that
of OCDF barely changed. It has been revealed that TCDD and OCDD are predominantly
produced through precursors. The process of TCDD and OCDD formation are mainly
condensation and dechlorination reactions, accompanying the production of HCI [30].
The consumption of HCl via Equations (6) and (8) will prominently facilitate the condensa-
tion and dechlorination, producing more TCDD and OCDD [30]. Some researchers have
used the acid-base interaction in Figure 7 to conjecture the boost impact on PCDD that
would be generated from pentachlorophenol (PCP) at 850 °C [30], since the anion could
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serve as middle products in PCP condensation. Obviously, the latter hypothesis has been
proven in present experiments.

Cl Cl o] Cl
2 OH +CaQ —8— 2 a 0 + Ca?t + H,0

a ¢l a a
Figure 7. Schematic diagram of acid-base interaction. Reprinted with permission from Elsevier,
2022 [30].

In summary, there is a different impact on PCDDs and PCDFs after increasing CaO
or CaCOs in the sinter raw mix. The de novo synthesis from original materials (C, O,
() is inhibited by diminishing the concentrations of the chlorine source and weakening
the catalytic activities of metal salt (CuCly, etc.) to suppress the chlorination of carbon.
Dechlorination such as hydrodechlorination also contributes to the inhibition, but is not
a major pathway. TCDD and OCDD are predominantly produced through precursors,
resulting in the increased distribution proportion of TCDD and OCDD, as shown in Figure 8.
Therefore, poisoning catalytic metals or diminishing the chlorine concentration is the
dominant route to inhibiting the formation of dioxins during co-sintering with MSWI fly
ash by adjusting the sinter raw mix. More experiments need to be further conducted to
verify the effectiveness in a real commercial sinter plant and the detailed mechanisms of
adjusting the sinter raw mix to inhibit PCDD/F formation in the flue gas.
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Ca(HCOs;),,Cu(OH),, etc.

Figure 8. Condensation, dichlorination, and inhibition of PCDD/Fs during co-sintering with MSWI
fly ash.

4. Conclusions

In the present research, adjusting the sinter raw mix was proposed as a inhibitory
method to inhibit the formation of PCDD/Fs during iron ore co-sintering with MSWI fly
ash, based on the mechanism of alkali-base inhibitors, namely, the poisoning of catalytic
metals or diminishing the chlorine concentration. The main conclusions are as follows:

(1) After the proportion of calcined lime or limestone in the sinter raw mix slightly in-
creased (1 wt.%, 2 wt.%) within the normal range, the international total toxicity equiv-
alent concentration of dioxins was reduced by 68.22-92.70%. All 2,3,7,8-substituted
PCDD/F congeners were inhibited, but the inhibition efficiency of PCDF was higher
than that of PCDDs. Furthermore, 5 wt.% calcined lime with 3 wt.% limestone was
the best condition for inhibiting the formation of PCDD/Fs.

(2) With the increase in calcined lime or limestone, the distribution proportion of low-
chlorinated PCDDs and PCDFs increased, while high-chlorinated PCDDs and PCDFs
decreased, except for OCDD. The reason is that the consumption of HCl dramatically
promotes the condensation and dechlorination and produces more TCDD and OCDD
through precursors, which accompany the production of HCI.

(3) The de novo synthesis from original materials (C, O, Cl) was inhibited by diminishing
the concentrations of the chlorine source and weakening the catalytic activities of
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metal salt (CuCl,, etc.) to suppress the chlorination of carbon, so condensation and
dechlorination are facilitated, causing the increased distribution proportion of TCDD
and OCDD.

The results show that co-sintering with MSWI fly ash is feasible. Although dioxins
in flue gas increased as fly ash was added, adjusting the sinter raw mixture could make
it meet the emissions standards. Further research will explore more efficient additives to
inhibit the emission of dioxins in flue gas and the industrialization of co-sintering.
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