
A

b
o
d
a
o
S
a
(
f
©

K

1

i
o
e
h
w
i
t
T
p
t
u
c
e
t
d

0
d

Available online at www.sciencedirect.com

Journal of Hazardous Materials 149 (2007) 615–618

Inhibition of PCDD/F and PCB formation in co-combustion

M. Pandelova a,∗, D. Lenoir a, K.-W. Schramm a,b

a GSF-Forschungszentrum für Umwelt und Gesundheit, Institut für Ökologische Chemie,
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bstract

Co-combustion of coal-solid waste mixtures in pilot and laboratory-scale combustors with emphasis on monitoring of toxic chlorinated hydrocar-
on emissions such as polychlorinated dibenzo-p-dioxins and -furans (PCDD/F) and polychlorinated biphenyls (PCB) is elaborated. The objective
f the work is to investigate the so-called primary measures technique. Twenty different thermally resistant inorganic compounds were added
irectly to the fuel as inhibitors of PCDD/F formation. The fuel-types used in this study included lignite coal, pre-treated municipal solid waste
nd polyvinyl chloride (PVC). Principle component analysis (PCA) provides the basis for a feasible discussion about the efficiency of 20 inhibitors
n PCDD/F and PCB formation. The study showed that the metal oxides group investigated had no inhibitory effect. Although the single N- and
-containing compounds, used as additives for the type of lignite coal, solid waste and PVC fuel, are not very effective as inhibitors, all other N-

nd S-containing substances are capable to strongly reduce PCDD/F and PCB flue gas emission. The most effective inhibitors are (NH4)2SO4 and
NH4)2S2O3. (NH4)2SO4 present at 3% of the fuel can reduce the PCDD/F emissions to 90%. Its low cost and high efficiency favour them as useful
or full-scale combustion units.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Co-firing of solid waste with coal in power plants is a promis-
ng technique for countries lacking waste incinerators because
f special environmental and economical reasons. The energy
fficiency of coal for electric power, coupling of heat and local
eating in power plant is substantially higher as compared to the
aste used as fuel in municipal waste incinerators. Although

ncineration of small percentage of solid waste used as substi-
uted fuel has become an important method in coal power plants.
he potential of such a substituted fuel type is high enough for
roposed co-firing of waste with coal and could help to reduce
he waste disposal, preserve fossil fuel coal resources, and reduce
ncontrolled burning at dumping sites or backyard burning in all
ountries. Co-combustion of solid waste and coal also reduce the

missions of greenhouse gasses such as CO2 and CO. Despite,
he application of this process poses some environmental risks
ue to the chemical nature of the compounds formed from solid
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aste during co-combustion. For example, high concentrations
f polychlorinated dibenzo-p-dioxins (PCDD), polychlorinated
ibenzofurans (PCDF) and polychlorinated biphenyls (PCB) are
roduced during waste incineration [1]. The United States Envi-
onmental Protection Agency (EPA) in 1994 report that dioxin is
potential human carcinogen and exposure to dioxin can cause

mmune system damage and interfere with regulatory hormones
2,3]. Last few years, control over the release of dioxins into the
tmosphere has become more widespread, which has led to an
ncreasing consensus in Europe for an emission limit in flue gas
f 0.1 ng/m3 based on the toxic equivalents (TEQ) value [4].

Recently, it has been shown that mixed oxide catalysts
ased on TiO2/V2O5/WO3 lead to the destruction of chlori-
ated aromatic compounds, such as monochloro-, 1,2-dichloro-,
nd 1,2,4-trichlorobenzene in a laboratory-scale fixed bed reac-
or and a waste incineration plant [5]. The catalytic oxidation
f 1,2-dichlorobenzene has been investigated over a series of
ransition metal oxides (i.e. Cr2O3, V2O5, MoO3, Fe2O3 and

o3O4) supported on TiO2 and Al2O3 [6]. Based on the idea

o block the catalytic active sides of copper species many
esearchers have used nitrogen compounds like amines or alka-
olamines as inhibitors in order to reduce the PCDD/F emissions

mailto:pandelova@gsf.de
dx.doi.org/10.1016/j.jhazmat.2007.06.087
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Table 1
Alphabetic indicator of inhibitors used for laboratory scale experiments

A Without inhibitor
B TiO2

C ZrO2

D Na2MoO4·2H2O
E Al2O3

F H2NSO4H
G NaVO3

H H2NSO3H
I S
J H2NSO2NH2

K Pomacea

L [(CH3)2N]3P(O)
M N(CH2CH2OH)3

N Na2WO4·2H2O
O P2S5

P Na2S·H2O
Q Cr2O3

R (NH4)2SO4

S (NH4)2HPO4

T
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Statistical Package 3.11 g, Kovach Computing Service [16]
was used for the principle component analysis (PCA). PCA
reflected the effect of the 20 different inhibitors on the PCDD/F
16 M. Pandelova et al. / Journal of Ha

7–9]. Organic amines like ethanolamine, triethanolamine and
onoethanolamine are successfully used to prevent the forma-

ion of PCDD/F from pentachlorophenol on fly ash [10]. Other
nhibitors have the ability to complex with or bind to metal
ons, which catalyses the PCDD/F formation. The experimen-
al results suggest that the reaction of Cu (II) with SO2 to form
uSO4 in the presence of oxygen renders the catalyst less active
nd leads to decreasing PCDD formation. Inactivity is also due
o the reduced ability of Cu (II) and Cu (I) species to promote a
econd catalytic step of biaryl synthesis [11]. Urea and some sul-
ur and nitrogen compounds such as hydroxylamine-o-sulfonic
cid, amidosulfonic acid, sulfur and sulfamide have been suc-
essfully used as inhibitors in a laboratory-scale experiment with
refuse-derived fuel [12,13].

In this study, a laboratory-scale furnace is used to perform
series of experiments aiming to prevent the formation of

CDD/F by the use of inhibitors. The objective of this work is to
dentify the most effective low cost and low toxicity inhibitors
or PCDD/F, making them applicable for use in full-scale com-
ustion units.

. Materials and methods

.1. Reagents

The types of fuel used in this study are lignite coal from
uertollano (Spain), pre-treated municipal solid waste (Reth-
ann Plano GmbH), and used polyvinyl chloride (PVC) (waste

rom ground carpet). The lignite coal content from the total fuel
ixture was 80% by weight percentage. Such a high amount of

ignite coal was chosen because of the interest in coal combus-
ion. Although addition of solid waste supposes to be sufficient
or dioxin formation, in the laboratory scale furnace the emis-
ions were still not very high. Thus, the addition of PVC to
he lignite coal/solid waste mixture was necessary to generate

PCDD/F-level that can be potentially reduced by inhibitors
t least 3 orders of magnitudes. The chlorinated compounds
ere 20% by weight of the fuel mixture with a 13.3:6.7 ratio
f the solid waste to PVC. In the inhibitor experiments, the
nhibitor is added as 10% of the fuel. The rest 90% fuel used
s homogenised very well with additives in the sampling boat.
lthough addition of solid waste to the coal has been reported to
e optimal for dioxin formation, the dioxin emissions concen-
ration in the laboratory-scale furnace was not very high. Thus,
he addition of PVC to the lignite coal/solid waste mixture was
andatory. Twenty different compounds were investigated as

nhibitors (Table 1).
The two most effective inhibitors for PCDD/Fs and PCBs

ormation were also tested at an amount of 5%, 3% and 1% of
he fuel.

.2. Apparatus
For the experiments a laboratory-scale horizontal split-tube
urnace (Split Tube furnace (3-zone) type HZS & TVS, Carbo-
ite, England) (Fig. 1) is used. The laboratory reactor dimension
re set by quartz tube of i.d. = 14 cm and a length of 150 cm, 3/4

F
b

(NH2)2CO + S
(NH4)2S2O3

a Residue of olive oil production.

f the length of which was placed into the heating zone of the
urnace. When the desired temperature was achieved the sam-
ling boat was pushed from the cooled part of the quartz tube to
he middle of the heated zone.

The combustion experiments were performed according to
he same procedure each time in order to achieve reproducible
esults. The flue gases occurring during the experiment were
rapped into three impingers in series each filled with 70 mL
oluene. The first impinger was previously spiked with 100 �L
EN-sampling PCDD/Fs standard. The air flow was 2 L/min, the

urnace temperature was 400 ◦C, the duration of the experiment
as 30 min and the weight of the sample was 10 g.

.3. Dioxin measurement

After combustion experiment terminate the sample was pro-
essed for further specific clean-up steps [14,15]. The tetra- to
ctachloro-isomers of PCDD/F and the tetra- to hepta-PCB were
dentified and quantified in pg/g combusted material.

.4. Statistical analysis
ig. 1. Scheme of the laboratory scale furnace (1: inlet with air flow, 2: sampling
oat, 3: toluene impingers, 4: glass wool filter, 5: vacuum pump).
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Fig. 3. I-TEQ* (pg/g) values of the flue gas during thermal treatment of lignite
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ig. 2. Score plots of PCDD and PCDF of 5 samples treated without any inhibitor
nd 20 samples with 10% of different inhibitors.

ongener patterns emitted. No transformation of the data was
erformed during the statistical analysis.

. Results and discussion

PCA was used in order to give a better view of the similarity
etween the samples using the concentrations of PCDD and
CDF congeners. The statistical score plot for the laboratory-
cale experiment with 20 inhibitors is shown in Fig. 2.

The matrix for PCDDs consisted of 37 variables (PCDDs
ongeners) and 25 cases (samples) and the matrix of PCDFs
as comprised of 63 variables (PCDFs congeners) and 25 cases

samples). In both score plots two main groups of samples were
bserved. The samples without inhibitor are placed on the right
ide of the multidimensional space. Neighbouring these toxic
amples are some other points, which can be attributed to the
etal oxide inhibitors Cr2O3, TiO2, Al2O3 and pomace. In

ddition they also belong to the samples with higher concen-
rations. The samples with lower concentration of PCDD/Fs
ecame located on the left side of the score plots. Between both
roups and near to the ordinate axis and, N-, S- and metal oxide

nhibitors such as P2S5, N(CH2CH2OH)3, Na2WO4·2H2O and
rO2 were placed. These four compounds were additives that
anifested low inhibitory effects or samples with high vari-

tion in the PCDD/Fs amount. A highly agglomerated group

w
a
d
w

oal, solid waste and PVC for the samples without inhibitor and 20 different
ompounds used at 10% inhibitor of the fuel. *Sum PCDD/F and PCB.

specially in the case of PCDF, is on the left hand side. It
epresent samples with 10% inhibitor concentration, where all
nhibitors were N- and S-containing compounds, and others such
s NaVO3, Na2MoO4·2H2O, (NH4)2HPO4, [(CH3)2N]3P(O),

and Na2S·H2O. The points were very close to each other,
hich was explained by the similarity in their pattern and the

mount of PCDD/Fs formed. The N- and S-containing com-
ounds were placed much more to the left in the score plot. This
ffect correlated with the tendency observed on Fig. 3, where
he same compounds showed a strong inhibitory effect for the
nternational toxic equivalent (I-TEQ) of PCDD/Fs and PCBs
oncentrations in the flue gas.

The total amounts of PCDDs, PCDFs and PCBs generated
uring experiments with a mixture of lignite coal, solid waste
nd PVC were substantial enough to investigate the effect of
nhibition. The average I-TEQ of the sum of PCDD/Fs and
CBs was about 16 pg/g fuel or about 2.5 ng/Nm3 (Fig. 3). Such
xperiments were performed five times and the results showed
relatively low standard deviation of about ±4.96. The experi-
ental results with 10% inhibitor showed very different I-TEQ

alues; some of the compounds such as Cr2O3, TiO2, Al2O3,
nd pomace led to similar and/or greater amounts of PCDD/Fs
nd PCBs than the samples without inhibitor (Fig. 3).

Other additives such as H2NSO3H, H2NSO4H,
NH4)2HPO4, (NH2)2CO + S, (NH4)2SO4 and (NH4)2S2O3
howed a very strong inhibitory effect in the flue gases.
NH4)2SO4 and (NH4)2S2O3 exhibited stronger inhibitory
ffects on PCDD/F and PCB formation with respectively 0.34
nd 0.22 I-TEQ pg/g fuel and cause emission reduction up
o 98–99% (Fig. 3). Therefore, experiments, wherein these
nhibitors were studied at 5%, 3% and 1% of the total fuel
eight, were performed in triplicate (Fig. 4). In addition, the

xperiment without any inhibitor was repeated in order to
btain an actual value during that time of the investigation.
he average calculated concentration for the sum PCDD/F and
CB I-TEQ was 17.5 pg/g with a maximum value of 20.5 pg/g
nd minimum value of 12.7 pg/g. (NH4)2SO4 and (NH4)2S2O3

ere effective inhibitors at 10% and 5% of the fuel for PCDD/Fs

nd PCBs (Fig. 4). If the percentage of these substances was
ecreased further, the formation of chlorinated micropollutants
as also increased. According to Fig. 4, (NH4)2SO4 might also



618 M. Pandelova et al. / Journal of Hazardo

F
a
a

h
3

4

t
a
l
t
e
i
1
g
t
e
e
s
m
v
o
s
N
e
f
a
d
e
s

p
o
t
t
s
s
n

m
c
c
a

A

U

R

[

[

[

[

[

[

[

ig. 4. I-TEQ* pg/g fuel in the flue gas for the samples without inhibitor (A)
nd with inhibitor R and U at 10%, 5%, 3% and 1% of the fuel. *Sum PCDD/F
nd PCB.

ave reduced the PCDD/Fs and PCBs in flue gas emission at
% but not as effectively as at higher percentages.

. Conclusion

High concentrations of PCDD/F and PCB are detected during
he co-combustion of lignite coal and solid waste when a small
mount of PVC is additionally added to the mixture. Recent
aboratory scale study manifest also that PVC once converted
o HCl may contribute to PCDD/F formation. However, another
xperiment of co-combustion of coal and PVC in bubbling flu-
dised bed boiler suggested that an increase in PVC content of
–2% resulted in a decrease of PCDD/F emissions in the flue
as as well as in the particle phase [17]. Current results showed
hat the metal oxides group investigated herein had no inhibitory
ffect. Some of the additives such as Cr2O3, Al2O3 and TiO2
ven increased the PCDD/F emissions. It seems that the tran-
ition metal, such as copper, iron or one of the oxides of these
etals can also promote the de novo reaction. They produced

ery high amounts of the most toxic congeners and high amounts
f other less chlorinated PCDD/Fs and PCB. Some other sub-
tances belonging to the metal oxides groups such as NaVO3,
a2MoO4·2H2O and Na2WO4·2H2O showed low inhibitory

ffects, especially for PCDDs. These substances were active
or catalytic oxidation. Their chemical structure consisted of
strong oxide base such as VO3

−, MoO4
2−, WO4

2−. Probably
ue to that base, a better performance of incineration during the
xperiments occurred. However, these additives did not reduce
ufficiently PCDD/F and PCB formation.

Relatively low inhibitory effects are observed for the com-
ounds containing either S or N. Despite sulphur present at 10%
f the fuel shows great reduction of PCDD/F and PCB forma-
ion. Further, all other N- and S-containing compounds seemed

o be able to strongly reduce PCDD/Fs and PCBs flue gas emis-
ion if used as a 10% additive to a fuel containing lignite coal,
olid waste and PVC. In our study, we showed that sulphur and
itrogen compounds like (NH4)2SO4 and (NH4)2S2O3 were the

[

us Materials 149 (2007) 615–618

ost efficient inhibitors. (NH4)2SO4, present at 3% of the fuel,
ould reduce the PCDD/F and PCB emissions by 90%. These
ompounds are low cost and non-toxic materials, making them
pplicable for use in full-scale combustion units.
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