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a b s t r a c t 

Polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs) as toxic by-products are inevitably 

emitted during conventional air incineration processes of chlorine containing wastes (typically, plastic 

wastes). The presence of O 2 in the conventional waste incineration not only participates in carbon gasifi- 

cation and rearrangement as an oxygen source during the de novo synthesis process of PCDD/Fs, but also 

promotes chlorination through generating more active Cl 2 via Deacon reaction. Chemical looping com- 

bustion (CLC), which creates an O 2 -free atmosphere in the fuel reactor, was proposed to dispose plastic 

wastes. Comparative experiments [conventional PW incineration vs. in situ gasification - chemical looping 

combustion ( i G-CLC) using CaO-decorated Fe 2 O 3 /Al 2 O 3 as oxygen carrier] were conducted to measure the 

distribution properties of 17 toxic PCDD/Fs congeners. The total amount and toxic equivalency quantity of 

PCDD/Fs have been reduced by 94 % and 89 %, respectively, in i G-CLC. The absence of O 2 in fuel reactor 

and lower Cl 2 yield (due to the restriction of Deacon reaction and effective dechlorination by CaO) lead 

to the significant inhibition of the PCDD/Fs formation. Chlorine substitution modelling also demonstrated 

that the chlorine substitution probabilities for the formation of 7 toxic congeners of PCDDs and 10 toxic 

congeners of PCDFs are significantly reduced in i G-CLC. 

© 2017 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 

1. Introduction 

A fast industrial development has led to increased amounts of 

municipal solid waste (MSW) [1] . These solid wastes, if not prop- 

erly disposed, are serious threats to the environment and public 

health [2–4] . On the other hand, MSW is potentially valuable fuel 

due to its high calorific value and embodied energy. Among the ex- 

isting waste treatment technologies, incineration has been broadly 

adopted [5] . However, serious attention has been paid to poly- 

chlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) as sec- 

ondary contaminations, especially for the incineration of chlorine 

containing polymers such as non-renewable and non-recyclable 

plastic wastes (PWs) [6] . Consequently, the problem of MSW dis- 

posal urgently needs to be addressed and solved. 

To date, it has been verified that many factors (such as O 2 con- 

centration, chlorine source, carbon residue and catalytic metal ox- 

ide) could affect the formation of PCDD/Fs in the waste inciner- 

ation processes [7–10] . In particular, chlorine and oxygen sources 

play an important role in the formation of PCDD/Fs [7–9] . Al- 

though the PCDD/Fs formation pathways have not been fully un- 
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derstood, it is generally believed that precursor conversion (high- 

temperature homogeneous reactions or low-temperature catalytic- 

assisted heterogeneous reactions) and de novo synthesis are two 

major mechanisms [7–9] . In the precursor conversion mecha- 

nism, organic molecules combine to form PCDD/Fs. Chloroben- 

zenes (CBzs), chlorophenols (CPs), polychlorobenzenes (PCBzs), 

polychlorophenols (PCPs), etc. have been considered as main chlo- 

rinated precursors [7–10] . The de novo synthesis is involved with 

the breakdown of a carbonaceous matrix with simultaneous oxida- 

tion and chlorination under the influence of metal catalysts (such 

as copper) [7–9] . 

In recent decades, effective means for controlling PCDD/Fs 

emission and meeting stringent emission regulations have been 

developed, including activated carbon injection (ACI) [11] , and the 

addition of suppressants such as calcium-based additives [12] and 

sulphur-containing compounds [13] . However, ACI technology only 

transfers gaseous PCDD/Fs to the solid phase (in fly ash), with- 

out reducing the total emission of PCDD/Fs [14] . The addition of 

suppressants will increase operation cost. The most cost-effective 

way of reducing PCDD/Fs emission is to minimize their generation 

rather than to destroy or collect them after they have been gen- 

erated. Therefore, it is essential to explore novel approaches to in- 

hibit their formation in-situ , based on their formation mechanisms. 
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Fig. 1. Schematic description of chemical looping combustion technology. 

It is widely believed that O 2 participates in carbon gasifica- 

tion and rearrangement as an oxygen source during the de novo 

synthesis process of PCDD/Fs [7–9] . Therefore, O 2 -deficient con- 

dition is very beneficial to inhibit the formation of PCDD/Fs via 

the de novo synthesis route. On the other side, the absence of O 2 

will effectively suppress the metal-catalyzed Deacon reaction (R1) 

4HCl + O 2 ↔ 2Cl 2 + 2H 2 O [15] . As known, Cl 2 has a higher activity 

for chlorination than HCl, and the chlorination of the benzene ring 

by Cl 2 is an essential step in both precursor conversion and de novo 

synthesis [7–9] . Therefore, a low Cl 2 amount (which is due to the 

O 2 -free condition) is expected to help the inhibition of PCDD/Fs. To 

sum up, creating an O 2 -free atmosphere during the combustion of 

chlorine containing solid wastes may be very advantageous from 

the perspective of PCDD/Fs inhibition. 

Chemical-looping combustion (CLC) [16] , which has been 

emerging as a promising next-generation CO 2 capture technol- 

ogy with the advantages of inherent CO 2 separation, cascaded 

utilization of energy and low NOx [17] , utilizes an oxygen 

carrier (OC, usually a metal oxide) to transport oxygen from 

the air to the fuel, avoiding direct reaction between fuel (PW 

here) and air and, indeed, creating an O 2 -free atmosphere for 

fuel combustion. We [18] therefore proposed CLC as a promis- 

ing waste management technology for in situ inhibition of 

PCDD/Fs. The designed CLC prototype usually consists of two 

separate reactors: an air reactor (AR) and a fuel reactor (FR) 

[19] , as shown in Fig. 1 . Here Me x O y denotes the OC in the 

oxidized form and Me x O y-1 in the reduced form. In the FR, fuel 

will react with Me x O y to generate CO 2 and H 2 O via reaction 

(R2) C n H m 

+ (2 n + m )Me x O y → n CO 2 + m H 2 O + (2 n + m )Me x O y -1 . 

In the AR, the reduced OC, Me x O y-1 , is re-oxidized to its 

originally oxidized form by air according to reaction (R3) 

O 2 + 2Me x O y -1 → 2Me x O y . 

Bi et al. [20] measured the formation characteristics of PCDD/Fs 

in the CLC of polyvinyl chloride (PVC) pyrolysis gas using CaSO 4 as 

OC in a two-stage reactor, where PVC was pyrolyzed in N 2 atmo- 

sphere in the 1st reactor and then the pyrolysis gas was carried 

by N 2 to the 2nd reactor to react with CaSO 4 . Although PCDD/Fs 

or their precursors were generated in the 1st pyrolysis reactor, 

the yield and International Toxicity Equivalent Quantity (I-TEQ) of 

PCDD/Fs after the CLC reactor were significantly lower than those 

in air incineration, which is attributed to the absence of O 2 . How- 

ever, the syngas/pyrogas-CLC technique requires another separate 

gasification/pyrolysis reactor, which will increase the complexity 

and operation cost of CLC system. Furthermore, using CaSO 4 as 

oxygen carrier may suffer from SO x emission and particle abra- 

sion/fragmentation [21] . Considering plastic wastes [usually con- 

taining a very high volatile content (e.g., 93%)] are quite easier 

to be pyrolyzed or gasified than other solid fuels (e.g . , coal char, 

petroleum coke, or even biomass char), we first proposed to utilize 

in situ gasification-CLC ( i G-CLC, where the pyrolysis/gasification of 

fuel and the reduction of combustible gases by OC occur in the 

same reactor) to dispose PW [22,23] . The performance of i G-CLC 

using PW as fuel and iron oxide as oxygen carrier was evaluated 

in a batch-operated fluidized bed reactor, and very high carbon 

conversion (up to 98%) and CO 2 yield (up to 97%) can be attained 

[22,23] . Further dechlorination through adsorbent-decorated OC 

was examined, and the dechlorination efficiency can reach ca. 80% 

[18] , which will further constrain the presence of Cl 2 and other 

active chlorine sources. We [23] also measured the organic com- 

pounds in the exhaust gases during the i G-CLC of PWs, and discov- 

ered that utilizing CaO-decorated iron ore as OC can effectively re- 

duce the emission of chlorobenzene (as an indicative intermediate 

of PCDD/Fs), which is attributed to the effective dechlorination via 

chlorine adsorbent ( i.e., CaO). Although these encouraging results 

provided indirect evidence to in-situ inhibition of PCDD/Fs by CLC, 

to the best of our knowledge, the distribution properties of 17 toxic 

PCDD/Fs congeners as the direct evidence have not been measured 

during the i G-CLC process of PWs to date. More importantly, the 

formation and inhibition mechanisms of PCDD/Fs in i G-CLC based 

on the experimental measurement have not been investigated pre- 

viously. 

In order to examine the feasibility of the CLC technique for in 

situ inhibiting the formation of PCDD/Fs, the following questions 

should be addressed. ( 1 ) How are 17 toxic PCDD/Fs congeners dis- 

tributed in the i G-CLC process, especially when compared to the 

conventional PW incineration? ( 2 ) How are the PCDD/Fs formed 

and inhibited in i G-CLC, respectively? To address the first ques- 

tion, the 17 toxic PCDD/Fs congeners from conventional PW incin- 

eration and i G-CLC using CaO-decorated Fe 2 O 3 /Al 2 O 3 as OC were 

sampled and quantified by a high-resolution gas chromatography/ 

high-resolution mass spectrometer (HRGC/HRMS). Then, in order 

to explore the formation and inhibition mechanisms of PCDDs 

and PCDFs in i G-CLC, a chlorine substitution model was pro- 

posed to calculate the chlorine substitution probability based on 

the PCDD/Fs measurements. Also, the Cl 2 yield measurement via 

methyl orange spectrophotometry, the organic matter analysis via 

Fourier-transform mass spectrometry, as well as particle (oxygen 

carrier and fly ash) characterization via ESEM-EDX and XPS were 

conducted to help understand the formation and inhibition mech- 

anisms of PCDDs and PCDFs in i G-CLC. 

2. Experimental 

2.1. Materials 

A medical perfusion tube (which is made of polyolefin ther- 

moplastic elastomer. Polyethylene and polybutylene are the main 

components, and a small amount of chlorine is also added to im- 

prove its performance) was selected for this study as a typical PW 

sample. The ultimate analysis of PW shows that the contents (wt%, 

d.a.f.) of C, Cl, O, S, N and H are 73.89 %, 4.92 %, 3.39 %, 0.16 %, 0.72 

% and 10.82 %, respectively. Besides, the proximate analysis com- 

ponents of PW includes volatile (93.79 wt%), ash (6.1 wt%), fixed 

carbon (0.08 wt%) and moisture (0.03 wt%). In addition, the ash 

analysis of PW shows that the contents (wt%) of SiO 2 , Fe 2 O 3 , CaO 

and Al 2 O 3 are 34.92 %, 19.23 %, 19.54 % and 15.63 %, respectively. 
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