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bstract

Partitioning of PCDD/Fs (polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofuran) between vapor and solid phases in flue gas is
ffected by several factors including temperature variation. In this study, PCDD/F removal efficiencies achieved with activated carbon injection
ACI) and partitioning of vapor/solid phase PCDD/Fs in flue gases with temperature variation in a municipal waste incinerator (MWI) are evaluated
ia intensive flue gas sampling. Results indicate that most PCDD/Fs in flue gas downstream of the ACI + bag filter (BF) exist in vapor phase (over
0%) while the removal efficiencies of vapor and solid phase PCDD/Fs are 98.5–99.6% and 99.8–99.9%, respectively. The results of flue gas
amplings also indicate that there is optimal operating temperature for PCDD/F removal achieved with ACI. Additionally, a pilot-scale adsorption

ystem (PAS) is constructed in this study to evaluate the PCDD/F partitioning affected by temperature. The results of the PAS experimentation
ndicate that about 55% and 25% vapor phase PCDD/Fs passing through the filter cake (adsorbent) are transferred to solid phase at 150 and 200 ◦C,
espectively. As the temperature is increased to 250 ◦C, filter cake (adsorbent) cannot effectively adsorb vapor phase PCDD/Fs and significant
CDD/Fs are formed via de novo synthesis.
2006 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, much concern has been focused on contam-
nation by polychlorinated dibenzo-p-dioxins and polychlori-
ated dibenzo furans (PCDD/F) in the environment from the risk
erspective due to their high toxicity. Seventeen PCDD/F con-
eners with chlorine substitution in 2,3,7,8 positions are most
oxic to human being. Waste incineration processes including

unicipal waste incinerators (MWIs), medical waste inciner-
tors and industrial waste incinerators have been identified as
ne of the major anthropogenic PCDD/F sources [1]. Atmo-
pheric transport is the key factor in moving PCDD/Fs from

ources to remote regions and in contaminating terrestrial and
quatic environments and the food chain. The atmospheric fate
f PCDD/Fs is primarily governed by their vapor/solid parti-

∗ Corresponding author. Tel.: +886 3 4226774; fax: +886 3 4226774.
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ctivated carbon

ioning. Khachatryan et al. [2] indicate that the most direct route
o PCDD/F formation in the flue gases of emission sources is
he vapor phase reaction. In flue gases, PCDD/Fs may exist in
aseous form (vapor phase) or be bound to particulate matter
solid phase). To meet the stringent PCDD/F emission stan-
ards, PCDD/F emission sources are generally equipped with
arious types of air pollutant control devices (APCDs), lead-
ng to different levels of PCDD/F control. Previous study [3]
emonstrated that partitioning of PCDD/Fs between vapor and
olid phases changes significantly as the flue gas passes through
ifferent APCDs. Without the real-time analyzer for instanta-
eous measurement of PCDD/F concentration of flue gases,
CDD/F partitioning between vapor and solid phases based
n stack sampling data is highly uncertain. Limited studies
ave been completed so far to compare the phase distributions

f PCDD/Fs and other influencing factors based on flue gas
amplings.

The key parameters controlling the phase variation include
he congener’s vapor pressure, particle concentration and

mailto:mbchang@ncuen.ncu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2006.05.117
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emoval mechanism of the APCDs applied. The vapor pres-
ures of seventeen 2,3,7,8-substituted PCDD/F congeners at
5 ◦C vary from 5 × 10−10 to 2 × 10−7 Pa [4] and decrease as
hlorination level increases. The vapor pressure of the organic
ompound increases as the temperature increases [5]. Raccanelli
t al. [6] indicated that the vapor phase PCDD/Fs at the fur-
ace exit was actually lower than that measured at the inlet
f APCDs even though the flue gas temperature at the fur-
ace exit was higher than that at the inlet of APCDs. Hence,
he temperature variation is not the only factor affecting the
CDD/F partitioning between vapor and solid phase in flue
ases. That study also excludes the possibility that most vapor
hase PCDD/Fs was generated by de novo synthesis. Vapor
hase PCDD/Fs can be emitted from the stack by penetrating
he APCDs, which are mainly designed for controlling particu-
ate matter such as cyclone (CY), bag filter (BF) or electrostatic
recipitator (EP). Vapor phase PCDD/Fs can be removed by
arious effective means including adsorption with carbon-based
dsorbents, and catalytic destruction. Previous study [7] also
ndicates that activated carbon injection (ACI) technology can
ffectively remove vapor phase PCDD/Fs while BF is effective
n removing solid phase PCDD/Fs. However, the removal effi-
iencies of vapor/solid phase PCDD/F congeners achieved with
CI are not always consistent due to the difference of congeners

n terms of vapor pressure, and different adsorbing capacities of
he activated carbons used. Hence, understanding PCDD/Fs par-
itioning in vapor/solid phases is important in selecting, design-
ng and operating PCDD/F control equipment. To examine this
mportant feature, this study was motivated to investigate the
artitioning of PCDD/Fs between vapor/solid phases of flue gas.
e focus on the understanding of the partitioning and removal

fficiency of PCDD/Fs of MWI flue gas achieved with ACI at

ifferent flue gas temperatures. Besides, a pilot-scale adsorption
ystem (PAS) was constructed for evaluating the effects of gas
emperature on PCDD/F partitioning between vapor and solid
hases.

t
i
t
e

Fig. 1. Sampling points and temperature variat
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. Materials and methods

.1. MWI sampling

To evaluate the performance of the APCDs at different operat-
ng temperatures for reducing vapor/solid phase PCDD/F emis-
ions and to understand the effect of the temperature variation
f APCDs on the distribution of vapor/solid phase PCDD/Fs,
ue gas samples were collected simultaneously before and after
PCDs in the municipal wastes incinerator (MWI) investigated.
he MWI investigated was located in northern Taiwan and
tarted to operate in 1995. It consists of three incinerating units,
ach with its own heat recovery system. The capacity of each
ncinerator is 450 t/day. This MWI was originally equipped with
yclone (CY), dry lime sorbent injection systems (DSI) and bag
lters (BF) for controlling acid gas and particulate emissions. As
igh as 4.5 ng-TEQ/Nm3 of PCDD/F was measured in the stack
as of this MWI back in 1998 [8]. Hence, the ACI technology
as retrofitted in the MWI investigated for reducing PCDD/F

missions with AC injection rate of 50 mg/Nm3 to meet the strin-
ent standards of 0.1 ng-TEQ/Nm3. In this study, 12 vapor/solid
hase PCDD/F samples at different operating temperatures were
ollected at CY outlet and the stack of the MWI investigated.
he flue gas conditions and PCDD/F sampling points of MWI

nvestigated in this study are schematically shown in Fig. 1. The
ue gas sampling was conducted with the Graseby Anderson
tack Sampling System complying with the USEPA Method 23

n this study. To avoid the error and bias caused by sampling
f dioxins bound to the particulate matter, isokinetic sampling
ad to be conducted in order to collect representative samples.
elevant study [9] indicates that the partitioning of vapor phase
CDD/Fs decreases with the increase of filter loading during
he flue gas sampling. Hence, the sampling period in our system
s not over 150 min and the fiber filters are replaced one to two
imes in each flue gas sampling to minimize the pressure drop
ffect and the adsorption of PCDD/Fs onto particles.

ion of APCDs in the MWI investigated.
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Table 1
The experimental conditions of PAS experimentation

Group

1 2 3

CO2 (%) 10.5–10.9
O2 (%) 9.9–10.2
H2O(g) (%) 14.2–15.3
HCl (ppm) 1900–2500
Gas flow rate (lpm) 15
T
F

p
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Hence, the partitioning of solid phase PCDD/Fs and highly-
hlorinated PCDD/Fs would not be overestimated and the bias
aused by the high particle loading on the filter is minimized.
uring the sampling procedure, the vapor phase sample was

ollected by XAD-2 resin while the solid phase portion was
ollected by the fiber glass filter and by rinsing of the sampling
robe thereafter.

.2. PAS experimentation

A pilot-scale adsorption system (PAS) was constructed for
valuation of possible PCDD/F transferring between vapor and
olid phases during samplings with temperature variation. The
AS consists of two Graseby Anderson Stack Sampling Sys-
ems (MST 2010) as shown in Fig. 2. The simulated PCDD/F-
ontaining gas stream (vapor phase PCDD/Fs) for PAS testing
as taken from the flue gas at CY outlet of the MWI investi-
ated. The solid phase PCDD/Fs were removed by fiber glass
lter installed prior to PAS. Around 0.121–0.128 g fly ash col-

ected earlier by CY from the MWI investigated was placed on
he filter (with a filter loading about 1.54–1.63 mg/cm2 in the
lter area of 78.5 cm2) as filter cake (adsorbent) to investigate
CDD/F transferring between vapor and solid phases and for-
ation potential during sampling. The fly ash was first sifted
ith a sieve (120 mesh) and then rotated continuously for 12 h
o ensure its uniformity before use. The fly ash was then extracted
wice with toluene and then rinsed with nitric acid to make sure
t is dioxin-free before the experiment. To investigate the influ-
nce of flue gas temperature variation on the partitioning and

X
f
b
t

Fig. 2. Schematics of the pilot-sca
emperature of reactor (◦C) 150 200 250
ilter loading (mg/cm2) 1.63 1.54 1.59

ossible formation of vapor/solid phase PCDD/Fs, three differ-
nt operating temperatures (150, 200 and 250 ◦C) were selected
nd regulated by temperature controller of PAS. The sampling
eriod of PAS experimentation is around 40–50 min. The con-
itions of PAS experimentation are listed in Table 1. For the
AS experimentation, the vapor phase sample was retained by
AD-2 resin while PCDD/F retained on filter cake (adsorbent)
as presumed as solid phase sample.

.3. Sample analysis

The samples collected were spiked with known amounts of
SEPA Method 23 internal standard solution. Thereafter, the

AD-2 and filter samples were Soxhlet extracted with toluene

or 24 h. The toluene extract was then concentrated to about 1 ml
y rotary evaporation and was replaced by 5 ml hexane for pre-
reatment process. Having been treated with conc. sulfuric acid,

le adsorption system (PAS).
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Fig. 3. Variation of PCDD/F concentrations in vapor/solid phases at (a

he sample was then subjected to a series of clean-up columns
ncluding sulfuric acid silica gel column, acidic aluminum oxide
olumn and celite/carbon column. Finally, the recovery stan-
ard solutions were spiked with known amounts of Method-23
nternal standard solutions, and then analyzed for seventeen
,3,7,8-substituted PCDD/F congeners with high resolution gas
hromatography (HRGC) (Hewlett Packard 6890 plus)/high
esolution mass spectrometer (HRMS) equipped with a fused
ilica capillary column DB-5 MS (60 m × 0.25 mm × 0.25 �m,
upelco).

. Results

.1. Average PCDD/F concentrations in flue gases of the

WI investigated with temperature variation

Fig. 3 shows the average PCDD/F concentrations in flue gases
t two sampling points with temperature variation. Results of

o
s
s
(

outlet and (b) stack of different temperatures in the MWI investigated.

he flue gas samplings indicate that the PCDD/F concentra-
ions measured are 3.82–4.61 ng-TEQ/Nm3 at CY outlet and
.146–0.507 ng-TEQ/Nm3 at stack gas, respectively, with differ-
nt operating temperatures. Additionally, the particulate matter
PM) concentrations measured at CY and stack ranges from
41 to 921 and 1.2 to 3.6 mg/Nm3, respectively. PCDD/F con-
entration measured in stack gas was slightly higher than the
CDD/F emission limit (0.1 ng-TEQ/Nm3) adopted for large-
cale MWIs. Nevertheless, if we compare the results obtained
n this study with the results obtained in 1999 [8], the ACI
echnology effectively reduces PCDD/F emission. Since the
ue gas temperatures (sets 1–3) at CY outlet are quite close
206–208 ◦C); the PCDD/F concentrations measured at this sam-
ling point do not vary significantly. Only a slight increase

f PCDD/F concentration with increasing temperature is mea-
ured at CY outlet. However, the PCDD/F concentrations at
tack gases are quite different as the flue gas temperature varies
138–156 ◦C).
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utlet and stack gas of the MWI investigated with temperature variation.
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Fig. 4. Partitioning of PCDD/Fs in vapor/solid phases at cyclone o

.2. Vapor/solid phase PCDD/F removal efficiencies with
emperature variation

Fig. 4 shows the distribution of vapor/solid phase PCDD/Fs
n the flue gases at different sampling points in the MWI inves-
igated. PCDD/F congeners mostly distribute in vapor phase
about 75% of the total PCDD/Fs) at CY outlet. In stack gas,
ver 85% of PCDD/F congeners exist in vapor phase. In addi-
ion, Fig. 4 also indicates that 2,3,4,7,8-PeCDF is the major
ontributor of the TEQ concentrations in the vapor phase at all
ampling points. Fig. 5 indicates the vapor/solid phase PCDD/F
emoval efficiencies achieved with ACI + BF with temperature

ariation. Overall, the solid phase PCDD/F removal efficien-
ies observed with temperature variation are higher than that
n vapor phase. The vapor and solid phase PCDD/F removal
fficiencies achieved with ACI + BF at set 2 (operating tempera-

Fig. 5. Vapor/solid phase PCDD/F removal efficiencies achieved with ACI + BF
with temperature variation in the MWI investigated.



dous

t
i
s
t
b
fl
t
b

3
w

s
t
c

ϕ

ϕ

t
(
o

P
>
i
i
t
c
v
m
t
t
s
g
c
t

D

l

P

R
2

s
l
t
fl
d
2
a
m
(
P
l
t

3
P

t
t
e
i
p
c
c
F
e

K.H. Chi et al. / Journal of Hazar

ure: 160 ◦C) are the highest of three BF operating temperatures
nvestigated. The PCDD/F concentration emitted from stack of
et 2 is also the lowest among those three operating tempera-
ures. The results obtained demonstrate a positive correlation
etween the solid phase PCDD/F and particle concentrations in
ue gas. Based on the studies completed in other countries, cer-

ain correlation between particle and PCDD/F concentration has
een established [10].

.3. Partitioning of PCDD/Fs between vapor/solid phase
ith temperature variation

In order to evaluate the partitioning of seventeen 2,3,7,8-
ubstituted PCDD/F congeners between vapor and solid phases,
he vapor-solid distribution coefficient for each congener was
alculated from the Eq. (1):

= log

(
Cv

Cs

)
(1)

is the coefficient of vapor/solid phase PCDD/F partition; Cv
he concentration of PCDD/F congener exists in vapor phase
ng/Nm3); Cs the concentration of PCDD/F congener adsorbed
n particles (ng/Nm3).

ϕ is used to represent the coefficient of vapor/solid phase
CDD/F congeners partition in logarithm. When the ϕ value is
0, it indicates that over 50% PCDD/F congeners are distributed

n vapor phase. Previous study indicates [10] that vaporization
s the major mechanism that causes solid phase PCDD/Fs to
ransfer into vapor phase (especially for the congeners of lowly
hlorinated level, like TCDD). Hence, the coefficient of semi-
olatile compounds (like PCDD/Fs) adsorbed to particles was
ainly affected by the vapor pressures of those compounds. Fur-

hermore, the vapor pressures of PCDD/F congeners increase as
he gas temperature increases. Eitzer and Hites [11] correlated

aturation vapor pressure (P0

L) of PCDD/Fs with gas chromato-
raphic retention indexes (GC-RI) on a non-polar (DB-5) GC
olumn using p,p′-DDT as a reference standard. The correla-
ion has been modified using RI (retention index) developed by

2
G
g
i

Fig. 6. The coefficient of vapor/solid phas
Materials B138 (2006) 620–627 625

onnelly et al. [12] and Hale et al. [13]:

og P0
L = −1.34(RI)

T
+1.67 × 10−3(RI) − 1320

T
+ 8.087 (2)

0
L is the saturation vapor pressure of the organic compound (Pa);
I the retention index (from 2338 to 3196 for each seventeen
,3,7,8-substituted PCDD/F congener); T the temperature (K).

To compare the partitioning of PCDD/Fs between vapor and
olid phases in flue gases with temperature variation, data col-
ected are further analyzed. Figs. 6 and 7 show the trend between
he log(Cv/Cs) versus log P0

L of each PCDD/F congener in
ue gases downstream the CY and ACI + BF, respectively. Each
ot represents the log(Cv/Cs) versus log P0

L of each seventeen
,3,7,8-substituted PCDD/F congener in the flue gas operating
t different temperatures. In Fig. 6, the values of log(Cv/Cs) are
ostly >0 in flue gases downstream the particle control devices

CY). As the flue gases pass through the ACI + BF (Fig. 7),
CDD/Fs still mostly exist in vapor phase (over 85%), and the

og(Cv/Cs) values are all >0 and higher than that observed at
he CY outlet.

.4. Formation and transferring between vapor/solid phase
CDD/Fs by PAS experimentation

In PAS experimentation, the glass fiber filter installed prior
o the PCDD/F adsorbent effectively removes particulate mat-
er and the solid phase PCDD/Fs. Therefore, the results of PAS
xperimentation are obtained under the condition without the
nterference of particulate matter. The recovery of the vapor
hase PCDD/Fs in PAS experimentation represents the per-
entage of vapor phase PCDD/Fs that pass through the filter
ake (adsorbent) compared to that approaching to the adsorbent.
ig. 8 indicates the recovery of the vapor phase PCDD/Fs in PAS
xperimentation with the temperature variation. About 55% and

5% vapor phase PCDD/Fs were transferred to solid phase at
roup 1 (150 ◦C) and Group 2 (200 ◦C), respectively, as flue
as passed through the adsorbent (filter cake). Relevant study [9]
ndicates that when the filter loading was over 1.5 mg/cm2 during

e PCDD/F partitioning at CY outlet.
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Fig. 7. The coefficient of vapor/solid phase PCDD/F partitioning in stack gas.
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Fig. 8. Vapor phase PCDD/F recovery in P

he flue gas sampling, the partitioning of vapor phase PCDD/Fs
◦
ecreased by 60% at 120 C. It might be attributed to the fact

hat the adsorbent applied acts like filter cake made by CY ash
ith the surface area of 60 m2/g and has the tendency to adsorb
apor phase PCDD/Fs. In general, the adsorption capacity of

ig. 9. Transferring and formation of vapor/solid phase PCDD/Fs in PAS exper-
mentation at 250 ◦C.
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perimentation with temperature variation.

dsorbent decreases with increasing temperature of the system
n PAS experimentation. Fig. 9 shows that the vapor/solid phase
CDD/F concentrations increase (about four times) as the gas
tream passed through the PCDD/F adsorbent at 250 ◦C.

. Discussion

Based on the flue gas sampling results, the PCDD/F concen-
rations measured at stack gases are quite different as the flue gas
emperature varies (138–156 ◦C). Fig. 3 also indicates that there
s an optimal operating temperature (set 2) for PCDD/F removal
ith ACI. In addition, Evereart and Baeyens [14] indicate that
e novo synthesis taking place between 200 and 400 ◦C results
n the PCDF/PCDD ratio greater than 1. In the MWI investi-

ated, the temperature of flue gas at CY outlet was over 200 ◦C
hich was within the de novo synthesis temperature window

nd the PCDF/PCDD ratio in flue gas is 1.99. Hence, rela-
ively high PCDD/F concentrations measured at CY outlet in
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[

[13] M.D. Hale, F.D. Hileman, T. Mazer, T.L. Shell, R.W. Noble, J.J. Brooks,
K.H. Chi et al. / Journal of Hazar

his study were more likely attributed to the de novo synthe-
is. Operating temperature of BF also affects the vapor/solid
hase PCDD/F removal efficiencies. In set 1, the temperature in
ue gas decreases from CY outlet to stack (CY: 206 ◦C → BF:
50 ◦C, set 1). As the level of temperature variation in flue gases
s intense (�T%: −27.2%), the vapor phase PCDD/Fs likely to
ondense on particle surface in flue gas. Therefore, the acti-
ated carbon injected in DSI could not effectively remove vapor
hase PCDD/Fs (vapor phase PCDD/F removal efficiency is
elow 90%) in flue gas as the BF temperature is maintained at
50 ◦C. As the level of temperature variation (�T%: −12.9%)
ets smooth (CY: 207 ◦C → BF: 180 ◦C, set 3), the partitioning
f PCDD/Fs in flue gas does not vary significantly. Therefore, the
ctivated carbon injected could remove vapor phase PCDD/Fs
n flue gas with a reasonable efficiency (vapor phase PCDD/F
emoval efficiency is over 90%). Compared with the values of
og(Cv/Cs) observed in Figs. 6 and 7, log(Cv/Cs) generally
ncreases with increasing vapor pressure of each PCDD/F con-
ener. Because the solid phase PCDD/Fs are removed by CY
o some extent and vapor phase PCDD/Fs are mostly formed
ia de novo synthesis, PCDD/F congeners measured at CY out-
et are mostly distributed in vapor phase (over 70%). On the
ther hand, ACI + BF could effectively remove both vapor/solid
hase PCDD/Fs in flue gases, and the slopes (m: 0.31–0.75) of
og(Cv/Cs) versus log P0

L shown in Fig. 7 are all smaller than the
ases shown in Fig. 6 equipped with the particle control devices
uch as CY (m: 0.75–1.25). Previous study [7] indicated that
he m value would be the largest at the flue gas with signifi-
ant PCDD/F formation and without effective removal. Hence,
he m value can represent the characteristics of different APCDs
pplied upstream of the flue gas. The results of PAS experimenta-
ion indicate that as the PAS temperature is increased to 250 ◦C,
he recovery of vapor phase PCDD/Fs is over 100%. It might
e attributed to two causes; one is that the PCDD/F adsorbent
annot effectively adsorb vapor phase PCDD/Fs as the system
emperature is over 250 ◦C. The second possible cause is that sig-
ificant amounts of PCDD/Fs are formed via de novo synthesis
t 250 ◦C with high HCl concentration in gas stream (Table 1)
nd may eventually vaporize from the PCDD/F adsorbent to
xist as vapor phase. Additionally, high amount of PCDD/Fs
ere generated at 250 ◦C, confirming the hypothesis of de novo

ynthesis, which results in the increase of the recovery of vapor
hase PCDD/Fs to over 100%.

. Conclusions

This study aims to investigate the partitioning of PCDD/Fs
etween vapor and solid phases with temperature variation in
n MWI and PAS experimentation, respectively. ACI technol-
gy can effectively remove vapor phase PCDD/Fs while BF
s effective in removing solid phase PCDD/Fs as indicated in
he MWI sampling results. Removal mechanism of solid phase
CDD/Fs relies on filtration mechanism of the bag filters. The

olid phase PCDD/F and particle removal efficiencies achieved
ith bag filters are fairly close. The results of MWI sampling

lso indicate that there is optimal operating temperature (set
) for PCDD/F removal with ACI. MWI sampling results also

[

Materials B138 (2006) 620–627 627

ndicate that the slopes (m) of log(Cv/Cs) versus log P0
L of

CDD/F congeners can represent the PCDD/F removal and for-
ation characteristics between vapor/solid phases. In addition,

he results of PAS experimentation indicate that the tempera-
ure variation (150–250 ◦C) significantly affects the partitioning
f PCDD/Fs between vapor and solid phases. Transfer of vapor
hase PCDD/Fs to solid phase increases as the chlorination level
f PCDD/Fs congener increases at Group 1 (150 ◦C) and Group
(200 ◦C). As the temperature is increased to 250 ◦C (Group

), de novo synthesis significantly affects the partitioning of
CDD/Fs between vapor/solid phases.
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