
M
a

C
a

b

a

A
R
R
2
A
A

K
A
C
A
P
I

1

h
c
U
a
t
c
f
[
c
o
r
o
P
o
p

w
h
p
c

0
d

Journal of Hazardous Materials 197 (2011) 254– 263

Contents lists available at SciVerse ScienceDirect

Journal  of  Hazardous  Materials

j our na l ho me p age: www.elsev ier .com/ locate / jhazmat

etal  catalysts  supported  on  activated  carbon  fibers  for  removal  of  polycyclic
romatic  hydrocarbons  from  incineration  flue  gas

hiou-Liang  Lina,  Yu-Hsiang  Chengb,  Zhen-Shu  Liub,∗, Jian-Yuan  Chenb

Department of Civil and Environmental Engineering, National University of Kaohsiung, Kaohsiung 811, Taiwan, ROC
Department of Safety, Health and Environmental Engineering, Ming-Chi University of Technology, Taishan District, New Taipei City 243, Taiwan, ROC

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 31 March 2011
eceived in revised form
1 September 2011
ccepted 22 September 2011
vailable online 5 October 2011

a  b  s  t  r  a  c  t

The  aim  of  this  research  was  to  use  metal  catalysts  supported  on activated  carbon  fibers  (ACFs)  to  remove
16 species  of  polycyclic  aromatic  hydrocarbons  (PAHs)  from  incineration  flue  gas.  We  tested  three  dif-
ferent  metal  loadings  (0.11  wt%, 0.29  wt%,  and  0.34  wt%)  and  metals  (Pt,  Pd,  and  Cu),  and  two  different
pretreatment  solutions  (HNO3 and  NaOH).  The  results  demonstrated  that  the  ACF-supported  metal  cat-
alysts  removed  the  PAHs  through  adsorption  and  catalysis.  Among  the  three  metals,  Pt  was  most  easily
adsorbed  on  the  ACFs  and  was  the  most  active  in oxidation  of  PAHs.  The  mesopore  volumes  and  density
eywords:
dsorption
atalytic oxidation
ctivated carbon fiber
AHs
ncineration flue gas

of  new  functional  groups  increased  significantly  after  the ACFs  were  pretreated  with  either  solutions,
and this  increased  the  measured  metal  loading  in  HNO3–0.48%  Pd/ACFs  and  NaOH–0.52%  Pd/ACFs.  These
data  confirm  that  improved  PAH  removal  can  be  achieved  with  HNO3–0.48%  Pd/ACFs  and  NaOH–0.52%
Pd/ACFs.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Organic compounds released in waste incineration flue gas
ave received considerable attention due to their mutagenic and
arcinogenic properties. Among these organic compounds, the
.S. Environmental Protection Agency (USEPA) lists 16 polycyclic
romatic hydrocarbon (PAH) species in particular as priority pollu-
ants. Our previous study indicated that a conventional air pollution
ontrol device (APCD) comprising a spray dryer integrated with a
abric filter can achieve a removal efficiency of only 40% for PAHs
1]. To devise an improved method, we tested the use of activated
arbon fibers (ACFs) as adsorbents and found that although the
verall removal efficiency of the PAHs increased up to 90%, the
emoval efficiencies for some PAH species were negative [2].  More-
ver, additional processes are necessary to deal with the adsorbed
AHs. As an alternative approach, we investigated the efficiency
f removal by oxidation with metal catalysts (Pt, Pd, and Cu) sup-
orted on ACFs for the 16 PAH species from incineration flue gas.

Catalytic oxidation of organic compounds to carbon dioxide and
ater is most appealing owing to its low reaction temperature and

igh removal efficiency which depends mainly on the catalyst sup-
ort, nature of the active site, and the preparation method. The most
ommon supports used in catalytic oxidation of organic compounds

∗ Corresponding author. Tel.: +886 2 29089899x4698; fax: +886 2 29041914.
E-mail address: zsliu@mail.mcut.edu.tw (Z.-S. Liu).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.09.083
are Al2O3, zeolites, and granular activated carbons (GACs) [3–6].
However, the use of other materials such as ACFs has also been
studied in a minor extension [7–9]. Compared with the common
support materials mentioned above, ACFs present a much larger
specific surface area and have a more uniform micropore structure,
faster adsorption and desorption rates, a faster equilibrium rate,
and high fluid permeability [8–11].

Two  groups of catalysts used widely for the oxidation of organic
compounds are noble metals (Pt, Pd, Rh, and Au) and base metals
(Mn, Co, Cu, Fe, and Ni). The former possess higher catalytic activ-
ity and selectivity for the oxidation of organic compounds at low
temperature [12]. However, because of their much higher cost, the
latter have been more widely investigated for oxidation of organic
compounds [13–15].  Kim investigated the catalytic activity of Cu,
Mn,  Fe, V, Mo,  Co, Ni, and Zn supported on �-Al2O3 in the oxidation
of benzene, toluene, and xylene. The most promising was  found to
be Cu/�-Al2O3 on the basis of its activity [14]. Thus, Pt, Pd, and Cu
supported on ACFs were studied in this research.

Many studies on the use of activated carbons (ACs) as supports
have found that the catalytic properties of metals are influenced by
the physical and chemical properties of the supports. The chemical
characteristics of the supports can be modified by different pre-
treatments, including functionalization and oxidation treatments

[6,16–18]. Wu  et al. investigated catalytic oxidation of BTX using
Pt supported on ACs that were heated to 400 or 800 ◦C under N2
flow and washed with HF acid. Their experimental results showed
that the high-temperature pretreatment of the AC supports was

dx.doi.org/10.1016/j.jhazmat.2011.09.083
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zsliu@mail.mcut.edu.tw
dx.doi.org/10.1016/j.jhazmat.2011.09.083
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Table 1
Code and compositions of various catalysts.

Catalyst ACFs pretreatment Metal loading (wt%)

Expected value Actual valuea

Original ACFs – – –
0.11% Pd/ACFs – 1.0 0.11
0.29% Pd/ACFs – 1.5 0.29
0.34% Pd/ACFs – 2.0 0.34
1.63% Pt/ACFs – 2.0 1.63
0.53% Cu/ACFs – 2.0 0.53
HNO3–0.48% Pd/ACFs HNO3 2.0 0.48
NaOH–0.52% Pd/ACFs NaOH 2.0 0.52

F
h
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ffective in increasing the activity of the catalyst [6].  Hermans
t al. functionalized AC supports with HNO3 or H2O2 solutions and
eported that the catalytic activity could be correlated with the ini-
ial carbon acidity and Pd dispersion, which were improved in the
NO3-modified supports [17].

Metal catalysts supported on ACFs exhibit higher catalytic oxi-
ation efficiency than those supported on GACs. Our earlier studies
howed that common APCDs were very inefficient in the removal of
AHs [1].  Furthermore, the control of organic compounds with ACFs
as carried out only using laboratory-scale rings, and the simul-

aneous removal of all 16 PAH species has rarely been examined.
n this study we therefore set out to test the effectiveness of the
CF-supported metal catalysts in the removal of all 16 PAH species

rom flue gas from a fluidized-bed incinerator to simulate practi-
al conditions. We  tested three different metal loadings (0.11 wt%,
.29 wt%, and 0.34 wt%), three metals (Pt, Pd, and Cu), and two
lternative pretreatment solutions (HNO3 and NaOH).

. Experimental

.1. Preparation of ACF-supported catalysts

Commercial ACFs supplied by Taiwan Carbon Technology Co.
td., Taiwan, were used as the support. Before the preparation of
he catalysts, the ACFs were cleaned with deionized water and then
ried in an oven at 105 ◦C for 24 h. To improve the physical and
hemical properties of the ACFs, some were separately pretreated
ith HNO3 and NaOH solution. The pretreatment was performed by

mmersing the ACFs in 1 M HNO3 or NaOH solution for 48 h. Then,
he ACFs pretreated with HNO3 or NaOH were again washed with
eionized water until the pH of the effluent water was  around 7.0
nd were then dried in the oven at 105 ◦C for 24 h [19]. Afterwards,
he ACFs were impregnated with the three metal species (Pt, Pd,
nd Cu) by the excess-solution impregnation method as follows:
The reagent of H2PtCl4 was mainly used as the metal precursor in
previous studies [6,9]. Thus, the reagents of PtCl4, Pd(NO3)2·2H2O,
and Cu(NO3)2·5/2H2O were individually dissolved in deionized
water to which the ACFs support was added. The solution was
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ig. 1. Experimental system of fluidized-bed incinerator and reactor of ACFs supported c
eater;  (5) thermal feedback controller; (6) thermocouple; (7) feeder; (8) reactor of ACFs
a Metal loading was  determined by ICP.

stirred at 300 rpm in a water bath at room temperature for 1 h.
Finally, the ACFs were filtered out and dried in an oven at 105 ◦C
for 24 h. Table 1 lists the nomenclature and compositions of the
catalysts tested in this study.

2.2. Preparation of artificial feedstocks

To simulate actual flue gas, polypropylene (PP) was used as arti-
ficial incinerator feedstocks in this experiment. The feed materials
were enclosed in a polyethylene (PE) bag. The total weight of each
sample fed to the incinerator was  0.82 g.

2.3. Experimental apparatus and procedure

Fig. 1 illustrates the incineration system, which consisted of
a laboratory-scale fluidized-bed incinerator connected to a reac-
tor containing the ACF-supported catalysts. The height and inner
diameter of the incinerator were 70 and 10 cm,  respectively. The
dimensionless velocity of inlet gas with respect to the umf  at
operating conditions was  2.5. The height and inner diameter of

the catalytic reactor were 70 and 80 mm,  respectively. The space
velocity, defined as the volumetric flow rate of feed divided by
the catalyst volume, was 27,300 h−1. The catalyst weight and the
reaction temperature were 17.0 g and 160 ± 20 ◦C, respectively.

9 

 

10 

atalysts. (1) Air compressor; (2) flowmeter; (3) combustion chamber; (4) electrical
 supported catalysts; (9) sampling; (10) induced fan.
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Fig. 2. Sampling train for PAHs. (1) Sampling probe; (2) heated filter and heating
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tively high surface area supports were hardly observed because of
ose; (3) thermometer; (4) cooling tube and XAD-4 adsorption tube; (5) 200 ml
istilled water; (6) silica gel; (7) flow meter; (8) connect to vacuum pump.

ilica sand (200 g) was used for the fluidized-bed material and the
emperature of the sand bed was determined by a thermocouple.
he combustion chamber was heated to the desired temperature
800 ◦C) by electrical heaters. Room-temperature air was intro-
uced at 60 L/min with an excess air ratio of 50%. When the air
emperature reached a steady state, the artificial feedstock was
ed into the incinerator at the rate of one bag every 15 s. Sub-
equently, the combustion gases were treated in the catalytic
eactor, and then released into the atmosphere. The experiment
as performed continuously until the sampling tasks were com-
leted.

.4. Sampling and analytical methods

The flue gas, containing fly ash and PAHs, was simultaneously
ampled by the USEPA modified method 5 (MM5)  both prior to
nd after passing through the catalytic reactor. To avoid the fluc-
uation of PAHs concentration over time, the sampling time and
eriod of each test were the same. The sampling time of each
est, after and before the passage of the flue gas through the cat-
lytic reactor were at 5–15 min  and 20–30 min  after the catalytic
eactor was turn on, respectively. The sampling period of each
est was 10 min. The removal efficiencies of PAHs was defined as
PAHs = [(PAHsinlet − PAHsoutlet) × 100]/PAHsinlet. Fig. 2 shows the
ampling train. The gas passed through a heated filter packed with
berglass to collect particles and then through a cooling tube to cap-
ure the remaining PAHs on XAD-2 adsorbent. Next, the sampled

aterials, including particles and XDA-2 adsorbent, were extracted
ver 20 h using the Soxhlet extraction process. The extraction solu-
ion was concentrated to 1 ml  using a KD evaporator concentrator.
hese samples were then analyzed using a gas chromatograph with
 flame ionization detector (Shimadzu GC-2014). The R2 of all cali-
ration curves are above 0.99 and the concentration of all extraction
olutions are above the detection limit of GC.
Materials 197 (2011) 254– 263

2.5. Catalysts characterization

The Brunauer–Emmett–Teller (BET) surface area and the
Barrett–Joyner–Halenda (BJH) pore volume of various ACFs were
determined using an ASAP 2010 vacuum volumetric sorption
instrument from the N2 adsorption–desorption isotherms at 77 K.
Before N2 sorption analysis, the samples were degassed at 220 ◦C for
24 h and cooled at room temperature under vacuum. The mesopore
volumes of various ACFs were determined using the BJH method.
The volume of micropores was calculated using the t-plot method.
The ACFs were pretreated by microwave digestion (CEM MARS),
and then the digestion liquid was analyzed by inductively coupled
plasma (ICP; Optima 2100DV, Perkin Elmer) to estimate the metal
loading in the ACFs. The standard addition method was employed,
and a recovery efficiency of 100 ± 15% was obtained. A micrograph
of the ACFs was  obtained using a field-emission scanning elec-
tron microscopy (FE-SEM; Model JSM-6700F, JEOL, Tokyo, Japan)
operated at 5 kV and equipped with an X-ray energy-dispersive
spectrometer (EDS).

The metal species on the ACFs were identified by an X-ray
powder diffractometer (SIEMENS D5000) equipped with a Cu
K� radiation source (� = 1.5418 Å). The powdered samples were
pressed onto suitable holders and were scanned within the 2� angle
range 10–90◦, in steps of 0.04◦. The scanning speed was 4◦ min−1. To
obtain information about the metal oxidation state, the X-ray pho-
toelectron spectroscopy (XPS) examination for the catalysts were
carried out using a VG Scientific ESCALAB 250 spectrometer with
Al K� X-ray (1486.6 eV).

A Fourier-transform infrared spectrometer (FTIR; DIGILAB
FTX350, American DIGILAB) was  used to identify the surface func-
tional groups on the ACFs. The infrared spectra of the ACFs were
recorded in the range between 800 and 4000 cm−1. The FTIR anal-
ysis was  performed after grinding the ACFs and mixing with KBr
powder to prepare sample-KBr pellets. Before the spectra were
recorded, these pellets were dried in the oven at 105 ◦C for 12 h.
The ACFs were mixed with KBr at an approximate ratio of 1/99.

3. Results and discussion

3.1. Characterization of ACF-supported metal catalysts

3.1.1. BET surface area measurement
The BET surface area and porous structure of the ACFs is sum-

marized in Table 2. The results show that the order of the BET
surface area of the Pd based catalysts is original ACFs > 0.11%
Pd/ACFs > 0.29% Pd/ACFs > 0.34% Pd/ACFs. The reduction of surface
area indicated here might be due to the filling of the ACF pores with
the metal particles. The above conjecture can be confirmed from the
total pore volumes in Table 2. Comparatively, the BET surface area
and the mesopore volume of the Pd based catalysts increased sig-
nificantly after the ACFs were pretreated with HNO3 and NaOH. A
possible explanation is that the inorganic substances on the ACFs
were removed.

3.1.2. XRD analysis
The X-ray diffraction patterns of the fresh catalysts are shown

in Fig. 3. It was  observed that only graphite crystallite was present
in the catalysts (2�  = 24◦–26◦ and 43.3◦). The loss of intensity in
the 1.63% Pt/ACFs may be due to the higher loading of metal over
the 1.63% Pt/ACFs or the effects of PtCl4 precursor. Previous studies
have reported that the reflections of lower metal loadings on rela-
their highly dispersed surface phase [6,20–23]. We  therefore sug-
gest, from our results, that the metal particles were well dispersed
on the ACFs.
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Table  2
BET surface area, micropore and mesopore volume of ACFs by N2 isotherms.

Catalyst SBET
a (m2/g) VT

b (cm3/g) t-Plot method Vmeso (2–50 nm) (cm3/g)

Smicro
c (<2 nm)  (m2/g) Vmicro (<2 nm)  (cm3/g)

Original ACFs 1235 0.607 577 0.253 0.354
0.11% Pd/ACFs 1193 0.564 678 0.290 0.274
0.29% Pd/ACFs 1189 0.567 632 0.270 0.297
0.34% Pd/ACFs 1154 0.554 644 0.265 0.289
1.63% Pt/ACFs 1102 0.514 657 0.275 0.239
0.53% Cu/ACFs 1045 0.498 681 0.298 0.200
HNO3–0.48% Pd/ACFs 1444 0.715 646 0.265 0.451
NaOH–0.52% Pd/ACFs 1230 0.607 500 0.203 0.404
Spent original ACFs 1054 0.553 545 0.294 0.259
Spent 0.34% Pd/ACFs 885 0.463 489 0.263 0.200
Spent HNO3–0.48% Pd/ACFs 993 0.524 343 0.190 0.334
Spent NaOH–0.52% Pd/ACFs 880 0.462 547 0.291 0.171

3

F
p
o

a Specific surface area by BET method.
b Total pore volume, VT = Vmicro + Vmeso.
c Micropore surface area.

.1.3. XPS analysis
The binding energy of Pd (3d5/2) for 0.34% Pd/ACFs shown in
ig. 4(a) was 337.7 eV, which can be assigned to PdO2/Pd+4. The
eak at 73.3 eV shown in Fig. 4(b) represents the characteristic
f oxidized state (PtO2/Pt+4) of 1.63% Pt/ACFs [24]. These results
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Fig. 3. XRD spectra of various catalysts.
confirm the existence of the oxidized metal phases onto the ACFs-
supported the catalysts.

3.1.4. FTIR analysis
Fig. 5 shows the FTIR spectra of the fresh catalysts of 0.34%

Pd/ACFs, HNO3–0.48% Pd/ACFs, and NaOH–0.52% Pd/ACFs. In the
FTIR spectra of HNO3–0.48% Pd/ACFs and NaOH–0.52% Pd/ACFs,
faint new bands appear between 1400 and 2000 cm−1. It has been
reported that bands at 1100–1450 cm−1 could be related to C–O
stretching. Peaks at 1550–2050 cm−1 corresponded to C O stretch-
ing of carboxylic acid and lactone [17,25].  Previous study showed
that the enhanced acid surface nature could be responsible for
the improved catalytic activity [17]. In this study, the FTIR spec-
tra in Fig. 5 can explain that the removal of PAHs was improved
significantly when using the catalysts HNO3–0.48% Pd/ACFs and
NaOH–0.52% Pd/ACFs.
3.1.5. FESEM and EDS analysis
Figs. 6 and 7 show the FE-SEM micrograph and EDS  images of

0.34% Pd/ACFs, HNO3–0.48% Pd/ACFs and NaOH–0.52% Pd/ACFs.
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Fig. 4. XPS spectra of ACF-supported catalysts (a) 0.34% Pd/ACFs (b) 1.63% Pt/ACFs.
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Fig. 6. FESEM micrograph of the catalysts: (a) 0.34% Pd/ACF
Materials 197 (2011) 254– 263

Fig. 6 also confirms that the Pd particles were well dispersed on
the surface of the ACFs. The presence of the Pd element was  also
determined by SEM-EDS, as shown in Fig. 7.

3.2. Removal of PAHs

3.2.1. Effect of Pd loading
Fig. 8 shows the effects of Pd loading on PAHs removal. The

results indicate that the removal of PAHs was  improved slightly
using Pd catalysts supported on ACFs. For the Pd/ACFs catalysts
with different Pd loadings, the PAHs removal follows the order:

0.29% Pd/ACFs > 0.34% Pd/ACFs > 0.11% Pd/ACFs. Table 1 shows that
the measured metal loadings of the three catalysts, 0.11% Pd/ACFs,
0.29% Pd/ACFs and 0.34% Pd/ACFs, were 0.11 wt%, 0.29 wt%  and
0.34 wt%, respectively. Moreover, Table 2 shows that the mesopore

s (b) HNO3–0.48% Pd/ACFs (c) NaOH–0.52% Pd/ACFs.
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Fig. 7. SEM-EDS image of the catalysts: (a) 0.34% Pd/ACFs
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Fig. 8. Effects of Pd loading on PAHs removal.
 (b) HNO3–0.48% Pd/ACFs (c) NaOH–0.52% Pd/ACFs.

volume of 0.11% Pd/ACFs, 0.29% Pd/ACFs and 0.34% Pd/ACFs were
0.2738 cm/g, 0.2966 cm/g and 0.2886 cm/g, respectively. The order
of the PAHs removal of three Pd loadings is in accordance with the
mesopore volume of the ACFs catalysts. As a result, when the dif-
ference in Pd loading between the ACFs catalysts was unapparent,
the mesopore volume played an important role in determining the
PAHs removal was  supposed in this study.

Previous studies have shown that the molecules adsorbed on
activated carbon would proceed through a sequence of diffusion
steps from the bulk phase into the mesopores and then to the
micropores. These micropores cannot be completely utilized in
adsorption and the fractional coverage of these micropores may

depend on the length of the diffusion path. A longer diffusion path
will result in a greater probability for the pore blockage to occur.
Therefore, with the existence of mesopores in activated carbon, the
diffusion path from mesopores to the carbon interior will be shorter
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compounds (four-, five-, and six-benzene rings), and Tables 4 and 5
show that the concentration of lower-ring compounds in the incin-
0.53%Cu/ACFs1.63%Pt/ACFs0.34%Pd/ACFsoriginal-ACFs

Fig. 9. Effects of three metal catalysts on PAHs removal.

han that when the diffusion comes directly from the bulk phase to
he carbon interior without the aid of mesopores [26,27]. The high-
st PAHs removal of 0.29% Pd/ACFs can be explained by the fact that
he 0.29% Pd/ACFs contains higher mesopore volume (Table 2), thus
hortening the diffusion path for PAHs to get access to the ACFs inte-
ior. The existence of mesopores in ACFs is important in enhancing
he PAHs removal, especially for the larger molecules.

.2.2. Effects of three metal catalysts
Fig. 9 illustrates the effects of three metal catalysts on the

emoval of PAHs. The results reveal that the order of removal is
.63% Pt/ACFs > 0.53% Cu/ACFs > 0.34% Pd/ACFs > original ACFs. Pre-
ious studies have reported that platinum is the most active metal
or oxidation of all the hydrocarbons except methane [28]. Table 2
hows the BET surface area and porosity of ACFs. From this it seems
hat efficacy of PAH removal is not associated with the specific sur-
ace area of the ACFs. Our earlier study demonstrated that the BET
urface area did not affect the removal of PAHs when the concentra-
ion of PAHs (in relation to ACFs) was low and the BET surface area
as sufficient to support PAHs removal [2].  In the present exper-

ment, the measured metal loadings of the three catalysts, 0.34%
d/ACFs, 1.63% Pt/ACFs, and 0.53% Cu/ACFs, were 0.34 wt%, 1.63 wt%
nd 0.53 wt%, respectively (see Table 1). Our results suggest that Pt
as more easily adsorbed on ACFs than Pd or Cu.

.2.3. Effects of pretreatment solutions
The mesopore volumes of the ACFs increased significantly after

reating with HNO3 and NaOH solutions (Table 2). The FTIR spectra
hown in Fig. 5 indicate that new functional groups were observed
n HNO3–0.48% Pd/ACFs and NaOH–0.52% Pd/ACFs. These results
xplain why the measured metal loading in HNO3–0.48% Pd/ACFs
nd NaOH–0.52% Pd/ACFs was higher than that in 0.34% Pd/ACFs

Table 1).

Fig. 10 illustrates the effects of the pretreatment solutions. The
ata indicate that the removal of PAHs was improved significantly
hen using the catalysts HNO3–0.48% Pd/ACFs and NaOH–0.52%
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Fig. 10. Effects of pretreatment solution on PAHs removal.
Fig. 11. Effects of Pd loading on removal efficiency of sixteen species of PAHs.

Pd/ACFs. The FE-SEM micrograph and SEM-EDS image shown in
Figs. 6 and 7 illustrate that lower Pd dispersion and the formation of
bigger Pd agglomerates in HNO3–0.48% Pd/ACFs and NaOH–0.52%
Pd/ACFs. These results are in agreement with previous studies,
which reported that high-activity catalysts for naphthalene oxida-
tion required a lower Pt dispersion and a larger-than-average active
Pt particle size [28,29].  This relates to the fact that naphthalene is
a relatively large molecule compared with many of the reactants
previously investigated on Pt-based catalysts and a larger particle
size is required for adsorption and oxidation to take place [29].

3.3. Effective removal of 16 species of PAHs

Figs. 11–13 show the effects of Pd loading, the use of three
metal catalysts and pretreatment solution, respectively, on the effi-
cient removal of 16 species of PAHs. The results indicate that the
removal efficiencies of the higher-ring compounds (such as BaA,
Chr, BbF, BkF, BaP, InP, and BghiP) can be improved significantly by
the ACFs-supported metal catalysts. In this study, the BET surface
area and the pore volume of four spent catalysts (original ACFs,
0.34% Pd/ACFs, HNO3–0.48% Pd/ACFs and NaOH–0.52% Pd/ACFs)
were also analyzed by an ASAP 2010 instrument. Table 2 shows that
the BET surface area and the mesopore volume of four spent cata-
lysts decreased significantly. This can confirm that 16 PAH species
mainly adsorbed onto the mesopores. Moreover, Table 3 lists the
physical and chemical properties of the 16 PAH species. Table 3
demonstrates that the molecular size of lower-ring compounds
(two- and three-benzene rings) is smaller than that of higher-ring
eration flue gas is much higher than that of higher-ring compounds.

Fig. 12. Effects of three metal catalysts on removal efficiency of sixteen species of
PAHs.
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Table  3
The physical and chemical properties of PAHs [1,30].

Compound Abbreviation Chemical
formula

Width
(Å)

Length
(Å)

Thickness
(Å)

Molecular
weight

Melting
point (◦C)

Boiling
point (◦C)

Vapor pressure
(mmHg, 25 ◦C)

Structure

Naphthalene NaP C10H8 7.428 9.195 3.884 128.16 80 218 7.1 × 10−2

Acenaphthylene AcPy C12H8 8.488 9.238 4.221 152.20 93 275 6.7 × 10−3

Acenaphthene AcP C12H10 8.624 9.242 3.882 154.21 96 279 2.2 × 10−3

Fluorene Flu C13H10 7.521 11.431 4.241 166.22 117 295 6.0 × 10−4

Phenanthrene PhA C14H10 8.031 11.752 3.888 178.22 100 340 1.2 × 10−4

Anthracene AnT C14H10 7.439 11.651 3.882 178.22 218 342 6.0 × 10−6

Fluoranthene FluA C16H10 9.240 11.158 3.884 202.26 110 393 9.2 × 10−6

Pyrene Pyr C16H10 9.279 11.662 3.888 202.26 156 404 4.5 × 10−6

Benzo(a)anthracene BaA C18H12 8.717 13.942 3.887 228.29 159 435 2.1 × 10−7

Chrysene Chr C18H12 8.039 13.939 3.922 228.29 256 448 6.4 × 10−9

Benzo(b)fluoranthene BbF C20H12 9.964 13.817 3.884 252.32 168 393 –

Benzo(k)fluoranthene BkF C20H12 9.242 13.618 3.887 252.32 217 480 9.6 × 10−11

Benzo(a)pyrene BaP C20H12 9.297 13.882 3.891 252.32 177 496 5.6 × 10−9

Indeno(1,2,3-cd)pyrene InP C22H12 9.927 13.780 3.884 276.34 162 534 –

Dibenzo(a,h)anthracene DbA C22H14 8.726 15.898 3.890 278.35 262 535 –

887 

T
r
a
t

T
I

Benzo(g,h,i)perylene BghiP C22H12 10.484 11.779 3.
hus, the probability of lower-ring PAHs proceeded into the inte-
ior of the ACFs was higher, and the amount of lower-ring PAHs
dsorbed on ACFs was higher than that of higher-ring PAHs. Then,
he adsorptive site would be occupied by the lower-ring PAHs.

able 4
nlet and outlet PAHs concentrations and removal efficiency of 16 PAH species over ACFs

Species Original ACFs 0.11% Pd/ACFs 

Cinlet

(mg/Nm3)
Coutlet

(mg/Nm3)
RE (%) Cinlet

(mg/Nm3)
Coutlet

(mg/Nm3)
RE (%

NaP 18.0 3.3 82 18.0 1.9 89 

AcPy  1.5 0.4 73 1.0 0.4 64 

AcP  1.2 0.0 100 0.0 0.0 0 

Flu  0.2 0.1 61 0.1 0.1 -8 

PhA  2.8 1.5 46 2.3 3.0 -29 

AnT  0.0 0.0 0 0.0 0.0 0 

FluA  2.6 2.0 24 3.5 1.7 52 

Pyr  2.3 1.3 43 4.5 1.0 77 

BaA  0.3 0.3 0 0.0 0.0 0 

Chr 0.0  0.0 0 0.0 0.0 0 

BbF  0.0 0.0 0 0.0 0.0 0 

BkF  0.2 0.2 0 0.0 0.0 0 

BaP 0.0  0.0 0 0.0 0.0 0 

InP  0.0 0.0 0 0.0 0.0 0 

DbA 0.0  0.0 0 0.0 0.0 0 

BghiP 0.0  0.0 0 0.0 0.0 0 
276.34 273 542 1.01 × 10−10
However, when the ACFs-supported metal catalysts was  used to
remove 16 species of PAHs, the lower-ring PAHs adsorbed on the
ACFs could be catalyzed, and then the adsorptive site of ACFs would
be liberated. The probability of higher-ring PAHs adsorbed on ACFs

-supported Pd catalyst.

0.29% Pd/ACFs 0.34% Pd/ACFs

) Cinlet

(mg/Nm3)
Coutlet

(mg/Nm3)
RE (%) Cinlet

(mg/Nm3)
Coutlet

(mg/Nm3)
RE (%)

15.0 2.7 82 20.0 5.0 75
2.5 0.5 81 2.5 0.9 64
0.5 0.0 100 0.0 0.0 100
0.1 0.1 7 0.1 0.0 34
1.0 2.4 -142 2.8 1.5 47
0.0 0.0 0 0.0 0.0 0
2.8 1.9 31 3.5 0.0 100
3.0 1.2 59 3.0 0.0 100
3.0 0.0 100 0.0 0.0 0
3.8 0.0 100 0.0 0.0 0
3.8 0.0 100 0.0 0.0 0
0.0 0.0 0 0.5 0.5 0
2.2 0.0 100 2.2 0.0 100
1.8 0.0 100 0.5 0.5 0
0.0 0.0 0 0.0 0.0 0
0.0 0.0 0 0.5 0.5 0
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Table  5
Inlet and outlet PAHs concentrations and removal efficiency of 16 PAH species over various catalysts.

Species 1.63% Pt/ACFs 0.53% Cu/ACFs HNO3–0.48% Pd/ACFs NaOH–0.52% Pd/ACFs

Cinlet

(mg/Nm3)
Coutlet

(mg/Nm3)
RE (%) Cinlet

(mg/Nm3)
Coutlet

(mg/Nm3)
RE (%) Cinlet

(mg/Nm3)
Coutlet

(mg/Nm3)
RE (%) Cinlet

(mg/Nm3)
Coutlet

(mg/Nm3)
RE (%)

NaP 18.0 2.0 89 16.0 3.9 76 17.0 0.8 95 20.0 0.4 98
AcPy 2.7  0.3 88 0.4 0.4 62 2.0 0.2 91 2.9 2.0 32
AcP 0.0  0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0
Flu 0.2  0.1 75 0.1 0.1 -59 0.7 0.1 86 1.0 0.0 100
PhA  1.5 1.6 -8 1.2 0.9 22 3.5 0.1 96 3.5 0.5 87
AnT  0.0 0.0 0 0.0 0.0 0 1.4 0.1 96 1.1 0.1 87
FluA  1.0 0.7 31 3.5 1.3 62 3.5 0.1 97 3.2 0.4 87
Pyr 1.0  0.4 63 3.0 0.5 82 3.5 0.1 98 3.6 0.4 89
BaA 2.5  0.0 100 1.5 0.0 100 1.1 0.0 99 0.0 0.0 0
Chr 1.5  0.0 100 0.9 0.0 100 0.9 0.0 100 1.2 0.1 89
BbF  1.5 0.0 100 0.9 0.0 100 0.9 0.0 100 1.2 0.2 86
BkF 0.0  0.0 0 0.5 0.0 100 0.3 0.0 100 0.5 0.5 0
BaP  3.5 0.0 100 3.2 0.0 100 3.0 0.0 100 3.0 0.4 87
InP  2.0 0.0 100 1.5 0.0 100 

DbA  0.0 0.0 0 0.0 0.0 0 

BghiP  3.5 0.0 100 0.8 0.0 100 
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ig. 13. Effects of pretreatment solution on removal efficiency of sixteen species of
AHs.

ould increase during the catalysis process. As a result, the ACFs-
upported metal catalysts could improve significantly the removal
fficiencies of the higher-ring PAHs.

Figs. 11 and 12 illustrate that the removal efficiency of three-
ing PAHs (such as Flu and PhA) are negative using 0.11% Pd/ACFs,
.29% Pd/ACFs, 1.63% Pt/ACFs and 0.53% Cu/ACFs. The result can
e explained by the fact that the Flu and PhA might be the major
xidation byproducts during catalysis. Diehl et al. investigated the
atalytic oxidation of heavy hydrocarbons over Pt/Al2O3 [28]. They
ound that the catalytic oxidation of fluorene was quite different
rom that of other hydrocarbons. Detailed analysis showed that flu-
renone was the major oxidation product even at very high fluorene
onversion. Thus, the higher outlet concentrations of Flu and PhA
ere found in this research. It is necessary to analyze the outlet

oncentrations of all the byproducts in detail to understand their
eactivity for heavy aromatics.

. Conclusions

The adsorption and catalytic oxidation of 16 polycyclic aromatic
ydrocarbons (PAHs) in incineration flue gas by ACF-supported
etal catalysts were investigated in this study. Experimen-

al results showed that the order of removal of the PAHs for

hree metal loadings was  0.29% Pd/ACFs > 0.34% Pd/ACFs > 0.11%
d/ACFs > original ACFs. The order of the PAHs removal of three
d loadings was in accordance with the mesopore volume of the
CFs catalysts. Our results also suggest that Pt was more easily

[

[

0.0 0.0 0 2.5 0.2 91
0.0 0.0 0 0.0 0.0 0
0.0 0.0 0 3.0 0.0 100

adsorbed on ACFs than Pd and Cu, and Pt was the most active metal
in oxidation of the PAHs. The mesopore volumes and density of new
functional groups on the ACFs increased significantly after treating
with HNO3 and NaOH solutions, and led to increase metal load-
ings in HNO3–0.48% Pd/ACFs and NaOH–0.52% Pd/ACFs. These data
confirmed improved PAHs removal with HNO3–0.48% Pd/ACFs and
NaOH–0.52% Pd/ACFs. Moreover, the ACFs-supported metal cata-
lysts could improve significantly the removal efficiencies of the
higher-ring PAHs (such as BaA, Chr, BbF, BkF, BaP, InP, and BghiP).
However, future research will need to make a detailed analysis of all
the byproducts of the sixteen species of PAHs to understand their
reactivity more fully.
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