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Abstrac t  

The objective of this study was to examine the possible formation of chlorinated organic com- 
pounds during the combustion of blends of refuse derived fuels (RDF) and coal under conditions 
similar to those of an atmospheric fluidized bed combustion (AFBC) system. A series of experi- 
ments were conducted using a '113 interfaced to FTIR. Additional experiments using a tube fur- 
nace preheated to AFBC operating temperatures were also conducted. The combustion products 
were cryogenically trapped and analyzed with a GC/MS system. The chlorination of phenols and 
the condensation reactions of chlorophenols were investigated in this study. A possible mecha- 
nism for the formation of chlorinated organic compounds such as dibenzodioxins and dibenzo- 
furans, by chlorination and condensation reactions involving phenols, was proposed. 
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In troduct ion  

The amount of municipal solid waste (MSW) generated in the United States 
each year has risen to nearly 200 million tons. The amount of waste generated and 
the rapidly declining availability of landfill space has forced municipalities to evalu- 
ate alternative waste management technologies. Incineration of unprocessed MSW 
is an area of concern since polychlorinated dibenzodioxins (PCDDs) and poly- 
chlorinated dibenzofurans (PCDFs) have been reported as products of MSW com- 
bustion [1]. 

Lindbaurer and coworkers [2] reported that co-firing MSW with 60 % coal dras- 
tically reduced PCDD/PCDF levels. Gullett and Raghunathan [3] found that sulfur 
hindered PCDD and PCDF formation even at a sulfur/chlorine ratio of 0.64. The 
mechanism thought to be responsible for the inhibition is as follows: 

SO2+C12 + H 2 0  ....> S O 3 + 2 H C 1  (1) 

This mechanism, and several others that have been proposed, recognize the ex- 
istence of molecular chlorine (and not HC1) as an important precursor to the forma- 
tion of chlorinated hydrocarbons during combustion. Although the presence of mo- 
lecular chlorine is thought to be a key starting material, the conclusive reports in 

0368--4466/97/$ 5.00 
�9 1997 Akad~miai Kiad6, Budapest 

John Wiley & Sons Limited 
Chichester 



1418 HANXU LI et al.: REFUSE-DERIVED FUELS 

the literature about the possible formation of PCDDs and PCDFs in combustion 
systems are often contradictory and confusing [4]. 

In previous work TG/FTIR/MS studies of the organic compounds evolved dur- 
ing combustion of blends of coal and refuse derived fuels revealed the production 
of phenols, furans, and various other organic materials during the combustion of 
paper and other cellulosic materials blended with coals [5, 6]. The production of 
molecular chlorine during the combustion of polyvinyl chloride was also observed. 
Phenol, furan, and molecular chlorine could provide the important precursors for 
the formation of PCDDs and PCDFs in combustion processes. TG/FTIR/MS stud- 
ies done by Lu [5] showed that more hydrocarbons are evolved at a fast heating rate 
due to incomplete combustion. These studies indicated there is a greater likelihood 
for the formation of chlorinated organic compounds at the fast heating rates, due to 
the concurrent evolution of HCI (which may be converted to molecular chlorine) 
and hydrocarbons, especially aromatics. Thus, chlorinated organic compounds may 
be formed at high heating rates, whereas products such as organic acids and alco- 
hols are generally observed at slower heating rates. 

A mechanism being proposed for the formation of chlorinated organics and pos- 
sibly PCDDs and PCDFs is given in Eqs (2--4): 

4HCI +02 ---> 2H20+2C12 (Deacon reaction) 

CtHsOH +C12 ---> chlorophenols 

(2) 

(3) 

(4) condensation of chlorophenols ---> PCDDs and PCDFs 

This paper reports results from a series of studies designed to prove, or dis- 
prove, this proposed mechanism. 

E x p e r i m e n t a l  

Apparatus and reagents 

The TG/FTIR system consisted of a TA Instruments TGA-951 system interfaced 
with a Perkin-Elmer 1650 Fourier Transform Infrared Spectrometer. A Shimadzu 
QP 5000 system with a NIST/EPA/NIH 62000 compound database was used for the 
GC/MS analysis. A twelve-inch Sola Basic Lindberg tube furnace was used for the 
preheated tube experiments. Reagents used include MC&B reagent grade phenol, 
EM Scientific HPLC grade dichloromethane, while 2,4-dichlorophenol, 4-chlo- 
rophenol, 2-chlorophenol and dibenzofuran were 99+ % grade from Aldrich. 

To closely simulate conditions in an AFBC combustor, studies were conducted 
using a preheated quartz tube in the Lindberg tube furnace. The evolved gases were 
trapped in methylene chloride, concentrated, and analyzed using the GC/MS sys- 
tem. Combustion products of phenol and chlorophenols were also investigated. The 
detailed experimental conditions are outlined in the following paragraphs. 

To examine the possibility of producing molecular chlorine via the Deacon re- 
action, as illustrated in Eq. (2), a mixture of air and 10% HC1 in N 2 (air:HC1 vol- 
ume ratio of 2:1) was introduced into the quartz tube preheated to different tern- 
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peratures in the tube furnace. The product gases were trapped in a phenol- 
methylene chloride solution and the solution analyzed for chlorophenols using the 
GC/MS system. 

To examine the gas phase chlorination of phenol, as illustrated in Eq. (3), 
100 mg portions of phenol were placed in a heated tube and evaporated in the pres- 
ence of a constant flow 0.5% CI 2 in N2. Chlorination took place in the gaseous 
phase and the products were cooled down by liquid N 2, condensed in the exit part 
of the tube, carefully washed by CH2C12, and analyzed using the GC/MS system. 

The combustion of chlorinated phenols, which may lead to the reaction illus- 
trated in Eq. (4), was examined by heating 100 mg portions of 2,4-dichlorophenol 
in the presence of air in the tube furnace. The combustion products were adsorbed 
by CH2C12 and identified using the GC/MS system. The reaction was also studied 
in a series of experiments in which 3 mg portions of 2,4-dichlorophenol were 
heated in air at a rate of 20~ rain-* in the TG and the evolved gases were moni- 
tored (on-line) using the FTIR. 

Results and discussion 

The production of molecular chlorine by heating HC1 in air followed by the 
chlorination of phenol in solution is an indication that the Deacon reaction (Eq. (2)) 
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Fig. 1 Chromatograms of the products from the reaction of HCI heated in the presence of air 
and trapped in a phenol-CHzCl 2 solution, concentrated, and analyzed by GC/MS. The 
mass assignments (NIST library matches) are as follows: 1 - eyclohexene (impurity in 
CH2C12), 2 - phenol, 3 - 2-chlorophenol, 4 - trans-l,2-diehlorocyclohexane, 
5 - 2,4-dichlorophenol, and 6 - 4-chlorophenol. The identifications were confirmed 
by matching the GC retention times of the pure compounds 

J. Thermal Anal., 49, 1997 



1420 HANXU LI et al.: REFUSE-DERIVED FUELS 

takes place in the heated tube. Figure i shows the GC/MS results from these experi- 
ments conducted at different temperatures. The chromatograms indicate that the 
higher temperatures favor an increase in the production of chlorophenols. This in- 
dicates the Deacon reaction is favored at higher temperatures, which is consistent 
with thermodynamic calculations that show the Deacon reaction is favored above 
590~ 

The gas phase chlorination of phenol (Eq. (3)) experiments produced 2-chlo- 
rophenol, 4-chlorophenol and 2,4-dichlorophenol, as identified by NIST library 
matches and GC retention times of the pure materials. The chlorination of phenol 
began at temperatures around 250~ At higher temperatures, dibenzofuran was 
produced. 
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Fig. 2 Chromatograms of the products from the combustion of 2,4-diehlorophenol and 
trapped in a CH2CI 2 solvent, concentrated, and analyzed by GC/MS. The mass as- 
signments (NIST library matches) are as follows: 1 - 2-chlorophenol, 2 - 1,3-dichlo- 
robenzene, 3 -2,4-dichlorophenol, 4 - 1,3,5-trichlorobenzene, 5 -2,6-dichlorophe- 
nol, 6 - 2,4,6-triehlorophenol, 7 - dichlorodibenzodioxin, 8 - trichloro-dibenzodi- 
oxin, 9 - tetrachiorodibenzofuran. The identifications except for the last three were 
confirmed by matching the GC retention times of the pure compounds 

To examine the possible condensation of chlorophenols during combustion reac- 
tions, as is illustrated by Eq. (4), the compound 2,4-dichlorophenol was heated in 
air inside the tube furnace. The combustion products were trapped in methylene 
chloride, concentrated, and analyzed by GC/MS. Figure 2 shows examples of chro- 
matograms for the combustion products. The products are indicated to be mainly 
2,4,6-trichlorophenol, tetrachlorodibenzofuran, and dichlorodibenzodioxin, as 
identified by NIST library searches. Tetrachlorodibenzofuran and dichlorodiben- 
zodioxin began to be formed below 400~ Combustion of 2,4-dichlorophenol was 
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also investigated by TG (Fig. 3). TG/FTIR on-line analysis of the evolved gases in- 
dicated the emission of COz, CO and H20, and HCI, as labeled on the three dimen- 
sional plot in Fig. 4 (60 seconds per file). The thermal decomposition of 2,4-di- 
chlorophenol to CO2; CO and H20, and HCI began around 500~ 
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Fig. 3 TG curve for combustion of 2,4-dichlorophenol 
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Fig. 4 Three-dimensional FTIR spectra of the combustion products of 2,4-dichlorophenol 
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Conclusions 

Based on the information presented in this paper summary statements that can 
be made include: 

�9 The Deacon reaction for the production of molecular chorine is generally fa- 
vored at temperatures over 600"C. 

�9 The gas phase chlorination of phenol is generally favored at temperatures over 
600"C. 

�9 Tetrachlorodibenzofuran, dichlorodibenzodioxin, and other chlorinated or- 
ganic compounds are formed during the combustion of 2,4-dichlorophenol. 

�9 The proposed three-step mechanism appears to be a possible pathway for the 
production PCDDs and PCDFs in combustion processes. 

The financial support for this work received from the U.S. Department of Energy (Contract 
No. DE-FG22-94PC94211) and from the Huntsman Thermal Analysis Fellowship is gratefully 
acknowledged. 
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