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Abstract

As a prelude to the optimization of a continuous decontamination system, catalytic hydrogenations of selected tri-, tetra- and penta-cyclic
aromatic hydrocarbon compounds over commercial alumina supported palladium were investigated under mild conditions (∼90◦C/0.42 MPa
H2) and interpreted in the light of reports from the literature. Acenaphthylene, acenaphthene, anthracene, phenanthrene, chrysene and
benzo[�]pyrene were hydrogenated, virtually completely, to saturated polycyclic hydrocarbon compounds with no appreciable evidence
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f carbon–carbon bond rearrangement during equilibration. With comparable operating conditions, triphenylene was only partia
enated; the central ring remained unsaturated. The effects of reaction temperature, time of equilibration and supporting gases on hy
ere evaluated. Whereas near-critical CO2 had no perceptible influence on rate/course of the reaction, nitrogen decreased the reac
omewhat.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The polycyclic aromatic hydrocarbons (PAHs) represent
class of organic compounds that consist of two or more

used aromatic rings. Representatives of this class of toxicant
an be detected in almost all components of our environ-
ent [1]. They are components of coal tar, creosote and

rude oil, and are formed by the incomplete combustion of
rganic materials and as by-products of heat assisted indus-

rial processing. Because of their carcinogenic and mutagenic
roperties, PAHs have long been regarded as environmen-

al priority pollutants[2] that require metabolic activation
o electrophilic intermediates[3–5] and subsequent covalent
dduct formation with cellular DNA to elicit their adverse
iological activity [6,7]. Although several different activa-

ion pathways have been identified, strong evidence points to
he prominent role of bay- and fjord-region dihydrodiol epox-
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ides as ultimate mutagenic and carcinogenic metabolite[8]
of PAH compounds.

1.1. Hydrogenations of fused rings

The partial saturation of fused ring aromatic compou
does not suffer from as dramatic a loss of reson
stabilization as do mono-ring compounds so that
hydrogenation of naphthalene to 1,2-dihydronaphthale
exothermic. This accounts for the more facile hydrogena
of polyaromatic hydrocarbon compounds relative to si
ring aromatic systems. For high H2 pressure (1200 ps
homogeneous hydrogenations (100◦C), relative to benzen
conversion to cyclohexane (=1) the rates for naphtha
(C10H8) hydrogenation to tetralin (C10H12) was 7 wherea
subsequent hydrogenation of tetralin to decalin (C10H18)
was 0.35. Similarly, the relative rate of anthracene (C14H10)
hydrogenation to tetrahydroanthracene (C14H14) was 21
and subsequent hydrogenation to octahydroanthra
was determined to be 3. Hydrogenation of phenanth
304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2005.06.022
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(C14H10) to sym-tetrahydrophenanthrene (C14H14) was
1.3 or to asymmetric tetrahydrophenanthrene was 0.7
[9].

There has been extensive research on the catalytic
hydroprocessing of lower molecular weight PAHs (predom-
inantly anthracene and phenanthrene)[10–14]. The product
distribution of PAHs hydrogenation is highly dependent
on catalyst type, temperature and solvent. Hydrogenation
processes are believed to be stepwise but intermediates with
partially hydrogenated rings are often not detected[15]. For
heterogeneous hydrogenation of tri-cyclic substrates, reduc-
tion was seen to occur in a ring by ring manner. Phenanthrene,
in a series of equilibria, was hydrogenated sequentially to
tetra- to octa- and finally to perhydrophenanthrene. The
secondary hydrogenation of dihydrophenanthrene was
not observed; instead, dehydrogenation to phenanthrene
was the major product[16]. Similarly, dihydroanthracene
was considered to be equilibrated with anthracene that
was hydrogenated, in stepwise fashion, to tetrahydro- to
sym- or asymmetric octahydro- and to perhydroanthracene.
For hydroaromatics, the temperature above which dehy-
drogenation was favoured over hydrogenation, decreased
with increasing number of fused ring. For phenanthrene,
the crossover temperature was determined to be∼400◦C
[17].

The intramolecular rearrangement of hydroaromatic com-
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expanded several fold with dense-phase CO2 in which this
solvent is totally miscible. Moreover, the reactants/products
can be separated readily from the reaction medium by pres-
sure reduction. Because aromatic hydrogenations are highly
exothermic[26], reaction is favoured and selectivities can be
increased by operation at lower temperatures yet for hydro-
genations on a larger scale some means of heat dissipation
can become necessary. The heat capacities of scCO2 can also
be pressure-tuned to be more liquid-like[27] and to min-
imize product hold up. For porous solid catalysts product,
selectivity can also be optimized to mitigate pore-diffusion
limitations and the accumulation of coke-forming precursors
that can inactivate catalytic sites. Catalytic inactivation has
been reported during hydrogenations over Pt0/Al2O3 in near-
critical CO2 [28] that might have resulted from the possible
formation of one or more possible surface species including
formates, carbonates and/or CO in the presence of CO2 + H2.
Several insightful reviews[29–31] have been published
recently.

The contamination of soil with PAHs can result from atmo-
spheric fallout, coking and petroleum refining/upgrading
wastes, tar and asphalt waste particles, waste disposal and
sludge [32] where they are recalcitrant. Despite the fact
that PAHs can be biodegraded, their persistence in soil,
as measured in terms of half-life, can exceed eight years
[33]. Our previous research[34,35]on catalytic hydrodechlo-
r tha-
l n of
p over
s dium
o lysts
e

ce-
d ated
p per-
c was
t ring
P ntici-
p than
d king
r

2

2

enan-
t
a rich
C from
M -
c m-
b isher
S

ounds can take two forms corresponding to process
ing contraction (ex. tetrahydrophenanthrene to its me
yclopentanic isomer over sulfided Ni-Mo/Al2O3 at 430◦C
18]) or the process of ring shift (interconversion
nthracene derivatives and phenanthrene derivatives) th
een observed in the presence of a variety of catalys
00–300◦C, [19] in acid at 482◦C [20], thermally induce
quilibration[21] or in the presence of AlCl3 [22].

.2. Supercritical CO2 as a reaction medium

The use of mixtures of molecular hydrogen with su
ritical carbon dioxide (scCO2) as a medium to perfor
ydrogenation possesses several attractive properties
se of scCO2 has often been considered to be an i
hase because of its mild critical properties (TC = 31◦C,
C = 7.4 MPa), non-toxicity, non-flammability, modest c
nd a lack of restrictive regulations. Molecular hydro

s completely miscible in near-critical CO2 [23], and can
esult in a very high initial rate of reaction – up to 1400 m
f formic acid have been produced from CO2 per mol of
atalyst per hour[24]. The same reaction under identi
onditions but in liquid organic solvents is much slower p
ipally the results of decreased diffusion rates and the lim
olubility of H2 in most organic solvents. Solvent polar
f the reaction medium can be fine tuned with ease in
ear-critical region (generally 1.05–1.2TC [25]) by simply
hanging the pressure. To achieve suitable substrate
ility, the reaction medium can be modified by adding

nert co-solvent. As an example, acetonitrile can be vol
ination of pentachlorophenol (PCP), octachloronaph
ene, decachlorobiphenyl and subsequent reductio
henol, naphthalene or biphenyl by hydrogenation
elected transition metals had demonstrated that palla
n gamma-alumina was the most active of the cata
valuated.

As a prelude to the development/optimization of pro
ures for the continuous detoxification of PAH contamin
articulate matter (soil or sediment) by extraction with su
ritical carbon dioxide, the objective of the current study
o investigate the hydrogenation of selected 3–5 fused
AHs under mild temperatures and pressures. It was a
ated that with these conditions, hydrogenation (rather
ehydrogenation) would predominate and that hydrocrac
eactions and/or rearrangements would be minimized.

. Experimental

.1. Chemicals

Acenaphthylene, acenaphthene, anthracene, ph
hrene, triphenylene, chrysene and benzo[�]pyrene, (Fig. 1)
ll ACS Reagent grade, were obtained from Sigma–Ald
o., Oakville, ON. Pure hydrogen gas was purchased
EGS, Montŕeal, QC, Pd0/�-Al2O3 (5%, w/w) was pur

hased from Alfa-Aesar, Ward Hill, MA, USA (catalog nu
er 11713), and organic solvents were obtained from F
cientific, Ottawa, Ont.
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Fig. 1. Structures of selected polyaromatic hydrocarbons (PAHs).

2.2. Reactor and operation

The stainless steel (ss) reactor consisted of a 50 ml, high
pressure cylindrical vessel with a demountable top that had
been modified with the addition of two ss tubes (1/16 in.
i.d.) that served as gas inlet and outlet. The tubes were
each terminated with a high pressure needle valve. In opera-
tion, substrate (0.5 mg), hexane (1 ml), catalyst (25 mg) and
a teflon-coated magnetic stirring bar was added to the ves-
sel and then the vessel was equilibrated in a water bath at
the desired operating temperature of the experiment. Pure H2
gas (0.42 MPa) was added and the reaction was continued for
0.5–6 h. To terminate the reaction, the pressure was released
through a silica capillary restrictor (50�m i.d.× ∼25 cm)
into an organic trapping solvent. The trapped reaction prod-
ucts were combined with organic washes from the reaction
vessel and monitored by gas chromatography (GC)–MS and
–FID.

2.3. GC analysis

GC–MS was performed on a Varian model 3900 gas
chromatograph fitted with a model 8400 autosampler and
a model 2100T ion trap detector. The DB-5 capillary column
(30 m× 0.25 mm i.d.; 0.25�m film thickness) was eluted
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3. Results and discussion

3.1. Rationale for the selection of the experimental
approach

It was anticipated that PAH contaminated soil might be
remediated by extraction with supercritical carbon diox-
ide. The process would be more attractive if the toxicants
were to be detoxified during the extraction process. We
have optimized procedures for the detoxification of chlori-
nated aromatics (PCBs and chlorinated phenols) in scCO2
by hydrodechlorination over bimetallic mixtures (Ag0/Fe0,
Pd0/Fe0, Pd0/Mg0) [34] or noble metal catalyst (Pd0/�-
Al2O3, Pt0/�-Al2O3 or Ni0/SiO2/Al2O3) [35]. Yet extrac-
tions do not mobilise only chlorinated aromatics – other
classes of non-polar toxicants would be equally susceptible
to extraction. It was anticipated that PAH compounds could
be detoxified by dearomatization if hydrogen was included
in the scCO2 mobile phase.

An advantage of the scCO2 approach would be the com-
plete miscibility of hydrogen gas with this fluid. It was desired
to mimic processing in near- or scCO2 with gaseous organic
solvent (hexane) as the reaction medium. In consequence,
trials were performed in the presence of a large excess of cat-
alyst in a hexane–hydrogen atmosphere. The low operating
pressure (0.42 MPa) was anticipated to be sufficient to assure
a pera-
t ly to
m

3

e
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ith helium at 1.0 ml min . After an initial hold for 1 min a
0◦C, the column temperature was ramped, at 10◦C min−1

o 300◦C, and held for a further 3 min prior to cool dow
he temperature of the injector, transfer line and dete
ere maintained at 250, 250 and 150◦C, respectively. Elut

ng components were identified tentatively by compar
f experimental mass spectra with spectra catalogued
ational Institue of Standards and Technology (NIST) o
aturn mass spectral libraries and corroborated, when
ble, by co-chromatography with authentic standard. Q

itation of the sample was performed on a Hewlett-Pac
odel 5890 gas chromatograph with FID under the iden

hromatographic conditions.
n appreciable hexane liquid phase at all operating tem
ures, so that the reaction mixture was stirred vigorous
inimize diffusion limitations.

.2. Anthracene hydrogenation

The influence of reaction temperature (50–90◦C) was
valuated for the hydrogenation of 0.5 mg (2.8�mol)
nthracene over 25 mg Pd0/�-Al2O3 during 30 min (Table 1
hich summarizes the means± one relative standard dev
tion (R.S.D.) of three replicate trials). After this tim

he anthracene (Fig. 1) had been hydrogenated virtua
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Table 1
Product distributions (mol% + R.S.D.) that resulted from anthracene (0.5 mg, 2.80�mol) hydrogenation at various temperatures in the presence of Pd0/�-Al2O3

(25 mg)/H2 (0.42 MPa), during 0.5 h

Product 50◦C 60◦C 70◦C 80◦C 90◦C

Anthracene, dodecahydro, 0.12± 75.3 1.5± 55.8 N.D.a N.D. N.D.
Anthracene, octahydrob, 1 14.8± 2.6 8.2± 20.5 N.D. N.D. N.D.
Anthracene, octahydro, 2 14.6± 12.3 2.4± 32.8 N.D. N.D. N.D.
Anthracene, octahydro, 3 57.4± 3.0 40.4± 5.6 5.3± 19.0 N.D. N.D.
Anthracene, octahydro, 4 Tracec Trace N.D. N.D. N.D.
Anthracene,1,2,3,4-tetrahydro, Trace Trace Trace N.D. N.D.
Anthracene, tetradecahydrob, 1 0.50± 30.2 9.6± 13.0 27.1± 3.8 37.0± 2.7 36.4± 5.7
Anthracene, tetradecahydro, 2 N.D. N.D. Traceb Trace Trace
Anthracene, tetradecahydro, 3 1.6± 59.3 18.4± 11.1 53.4± 4.3 68.8± 4.2 60.2± 2.2
Anthracene, tetradecahydro, 4 N.D. N.D. Trace Trace Trace
Anthracene, tetradecahydro, 5 0.10± 45.4 1.7± 21.3 7.8± 11.7 6.6± 32.8 5.8± 6.8
Anthracene, tetradecahydro, 6 N.D. 0.92± 13.8 1.5± 2.2 1.9± 26.0 1.7± 13.2

Recovery (%) 89.2± 4.5 83.2± 3.0 95.1± 4.8 114.3± 6.4 104.1± 3.1
a N.D., none detected.
b Anthracene, octahydro, compounds 1–4 and tetradecahydro, compounds 1–6 are listed in order of elution under the chromatographic conditions of the

experiment.
c Trace (less than the limit of quantitation, 0.05 mol%).

completely at the higher operating temperatures, but par-
tially hydrogenated intermediates were detected in the prod-
uct mixtures from reactions at 50–70◦C. The products
were 1,2,3,4-tetrahydroanthracene (present in trace quan-
tity at lower reaction temperatures), octahydroanthracene
(four isomers detected) and tetradecahydroanthracene (six
isomer detected). Products of hydrocracking that might
have included alkyl-naphthalenes or their reduced congeners
alkyl-tetralins or -decalins[36] were not detected. Neither
were there any products of mass greater than 192.3 (per-
hydroanthracene). Hydrogenation at 80 or 90◦C resulted
in complete hydrogenation to tetradecahydroanthracene of
which two isomers dominated (Table 1). None of the mass
spectra of intermediates or products were characterized by
a prominent fragment (or base peak) corresponding to the
loss of 15 atomic mass units (amu) from the molecular ion
which suggested that ring contraction (to form methylcy-
clopentane derivatives) did not contribute to the distribution
of products. The mixture of isomer of perhydrogenated com-
pounds was somewhat troubling in that only five configura-
tional isomers of perhydroanthracene are known compounds
[37]. It seems possible that the sixth isomer resulted from an
intramolecular isomerization to form a hydrogenated phenan-
threne specie. The octahydro isomer mixture apparently con-
tained both symmetric and asymmetric species as evidenced
by fragments corresponding to the loss of 43 and 57 amu
f two
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m ained
f a
s -
s ers.
I r (in
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d ed to
b ed on

the FID response to the substrate rather than to each of the
products.

Extended reaction times (1 or 2 h) was assessed at 70◦C
(Table 2). After 1 h, all the substrate had been transformed
to perhydroanthracene species. Hydrogenation for a further
1 h did not change the distribution of products perceptibly.
The same two tetradecahydroanthracene isomers dominated
the distribution. For extended reaction with these condi-
tions, hydrogenation was complete, virtually all the substrate
was accounted for among the products and no evidence
hydrocracking or addition product formation was obtained.
At 90◦C, complete anthracene hydrogenation was observed
after 20 min and in contrast, the absence of catalyst resulted
in the production of only traces (∼0.9 mol%,Table 2) of
tetrahydro specie. When chromatographically homogeneous
octahydroanthracene served as substrate, the same six iso-
mers of perhydro species were observed as the only reaction
products after 20 min at 90◦C/0.42 MPa H2 (data not shown).

3.3. Phenanthrene, acenaphthene or acenaphthalene
hydrogenation

As was observed for anthracene, phenanthrene hydrogena-
tion, at 90◦C, 0.42 MPa H2, over Pd0/�-Al2O3 catalyst was
virtually complete within 20 min (Table 3). Five tetradecahy-
d h had
f have
b -
d in of
h pling
t

o hene
( ace-
n
a ring
rom the molecular ion and indicated the presence of
used saturated rings[16] and must have come from asy
etric isomers. The mass spectra of other peaks cont

ragments corresponding tom/e 28 amu characteristic of
aturated ring fused with an aromatic ring[16] and are pre
umed to have come from symmetrical octahydro isom
t seems possible that the traces of the fourth isome
rder of elution) corresponded to symmetrical octahydr
rophenanthrene. The recovery of products was judg
e acceptable given the fact that quantitation was bas
rophenanthrene isomers were detected, three of whic
ormed in appreciable quantities. Six structural isomers
een reported for perhydrophenanthrene[38]. Two octahy
rophenanthrene isomers that had formed after 10 m
ydrogenation had disappeared in the subsequent sam

imes.
As anticipated, the hydrogenation (90◦C, 0.42 MPa H2)

f a mixture of acenaphthylene (75%) and acenapht
20%) to totally hydrogenated products dodecahydro
aphthylene (five isomers detected,Table 4) proved to be
ppreciably more facile than the two other three fused
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Table 2
Product distribution (mol% + R.S.D.) that resulted from anthracene (0.5 mg, 2.8�mol) in H2 (0.42 MPa) in the presence/absence of 25 mg Pd0/�-Al2O3 catalyst
for 1–2 h at 70◦C or 10–30 min at 90◦C

Products 1 h (70◦C) 2 h (70◦C) 10 min (90◦C) 20 min (90◦C) 30 min (90◦C, no catalyst)

Anthracene N.D.a N.D. N.D. N.D. 88.2± 4.0
Anthracene, dodecahydro, N.D. N.D. N.D. N.D. N.D.
Anthracene, octahydro, 1 N.D. N.D. 0.26± 110.6 N.D. N.D.
Anthracene, octahydro, 2 N.D. N.D. N.D. N.D. N.D.
Anthracene, octahydro, 3 N.D. N.D. 2.2± 108.7 N.D. N.D.
Anthracene, octahydro, 4 N.D. N.D. N.D. N.D. N.D.
Anthracene, tetradecahydro, 1 31.0± 9.0 32.7± 6.9 33.8± 9.1 39.6± 7.0 N.D.
Anthracene, tetradecahydro, 2 Traceb Trace Trace Trace N.D.
Anthracene, tetradecahydro, 3 64.2± 7.8 62.2± 14.6 54.0± 11.3 65.7± 5.6 N.D.
Anthracene, tetradecahydro, 4 Trace Trace Trace Trace N.D.
Anthracene, tetradecahydro, 5 7.4± 23.7 7.2± 6.3 5.1± 22.6 6.6± 4.5 N.D.
Anthracene, tetradecahydro, 6 2.0± 21.7 1.9± 26.4 1.4± 35.7 2.0± 3.5 N.D.
Anthracene, 1,2,3,4-tetrahydro N.D. N.D. N.D. N.D. 0.88± 33.8

Recovery (%) 104.6± 5.7 104.0± 11.3 96.6± 7.9 114.5± 5.9 89.0± 3.9
a N.D., none detected.
b Trace (less than limit of quantitation, 0.05 mol%).

Table 3
Distributions of products (mol%± R.S.D.) that resulted from phenanthrene (0.5 mg, 2.80�mol) in H2 atmosphere (0.42 MPa) at 90◦C in the presence/absence
of 25 mg Pd0/�-Al2O3 catalyst for 10–30 min

Products 10 min 20 min 30 min 30 min (no catalyst)

Phenanthrene 0.91± 11.4 N.D.a N.D. 98.7± 7.6
Phenanthrene, octahydro-, 1 <0.30 N.D. N.D. N.D.
Phenanthrene, octahydro-, 2 20.0± 3.2 N.D. N.D. N.D.
Phenanthrene, tetradecahydro-, 1 16.1± 3.7 29.6± 5.5 29.0± 5.9 N.D.
Phenanthrene, tetradecahydro-, 2 15.4± 3.1 27.9± 3.1 25.7± 4.2 N.D.
Phenanthrene, tetradecahydro-, 3 31.1± 2.8 56.8± 3.3 51.5± 4.9 N.D.
Phenanthrene, tetradecahydro-, 4 1.0± 7.6 1.7± 30.6 1.6± 12.1 N.D.
Phenanthrene, tetradecahydro-, 5 1.1± 11.2 2.1± 8.9 2.0± 16.5 N.D.
Perhydrophenanthrene isomers 64.7

Recovery (mol%) 85.6± 2.6 118.2± 2.7 109.8± 5.0 98.7± 7.6

Results based on phenanthrene calibration.
a N.D., none detected.

systems (anthracene and phenanthrene). On the basis of bond
length considerations, acenaphthalene can best be described
as a naphthalene weakly conjugated with an outer double
bond. The protons on C(1) and C(2) of the outer double bond

resonate at lower field than the aromatic protons of the naph-
thalene moiety and from neutron activation experiments, the
C(1)–C(2) bond is longer than a normal double bond which
may reflect the strain imposed by the naphthalene framework

Table 4
Products distribution (mol%± R.S.D.) that resulted from the of acenaphthylene 0.5 mg (3.9�mol) and 0.13 mg (0.87�mol) acenaphthene at 90◦C, H2

(0.42 MPa) in the presence/absence of 25 mg Pd0/�-Al2O3 for 3–30 min

Products 3 min 5 min 15 min 30 min (no catalyst)

Acenaphthylene N.D. N.D. N.D. 12.6± 63.5
Acenaphthene N.D. N.D. N.D. 96.3± 5.2
Acenaphthylene, decahydro 1 19.7± 10.3 N.D.a N.D. N.D.
Acenaphthylene, decahydro 2 2.7± 6.2 N.D. N.D. N.D.
Acenaphthylene, dodecahydrob 1 33.1± 11.4 60.82± 3.2 64.71± 3.3 N.D.
Acenaphthylene, dodecahydro 2 3.70± 6.4 6.79± 52.2 9.20± 121.2 N.D.
Acenaphthylene, dodecahydro 3 27.6± 10.2 34.04± 2.9 31.8± 28.6 N.D.
Acenaphthylene, dodecahydro 4 N.D. 12.21± 5.9 11.92± 3.2 N.D.
Acenaphthylene, dodecahydro 5 4.20± 11.2 5.15± 1.8 5.16± 4. 8 N.D.
Acenaphthylene, hexahydro 19.73± 8.1 N.D. N.D. 3.0± 5.1

Recovery (%) 110.9± 8.6 119.0± 2.5 122.8± 2.3 111.8± 7.2

Quantitation was based on calibration with acenaphthylene.
a N.D., none detected.
b Isomers of perhydroacenaphylene are listed in order of increasing chromatographic retention.
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on the double bond[39]. Furthermore, it is known that the
resonance energy (RE) for acenaphthalene is only slightly
higher than the RE for naphthalene[40] indicating that the
aromatic character comes mainly from the naphthalene moi-
ety. The hydrogenation process was essentially complete
within 5 min. After 3 min of reaction, partially hydrogenated
products decahydro- (two isomers) and hexahydroacenaph-
thylene were detected. Presumably, the two isomers of the
decahydro-species corresponded tocis and trans ring junc-
tions within the two saturated rings; the hexahydro species
presumably was 1,2,2a,3,4,5-hexahydroacenaphthalene[41]
and the increased reaction rate reflected the increased strain
inherent in the tri-cyclic 6:6:5 fused ring system.

3.4. Chrysene or triphenylene hydrogenation

Chrysene and triphenylene were selected for evaluation as
representatives of tetra-cyclic aromatic compounds. For chry-
sene, the same hydrogenation conditions (90◦C/0.42 MPa
H2), resulted in complete hydrogenated to octadecahy-
drochrysenes (seven isomers detected) in 1.5 h. Two dodec-
ahydrochrysene isomers, that were detected after 1 h of reac-
tion, were absent after 1.5 h of hydrogenation and only per-
hydrochrysene was observed (Table 5A). Presumably the
two isomers of dodecahydro-intermediate corresponded to
products in which either a terminal ring or an internal ring
r e iso-
m been
r ent
( -28)
[ t M-
8 After
1 ing
r
t

effi-
c ot-

riphenylene (C18H24) which accumulated rapidly within the
reaction mixture. Only a single isomer was detected, which
presumably was the structure with the central ring unsatu-
rated and other three peripheral rings hydrogenated. There
was a trace (0.08 mol%) of completely hydrogenated product
octadecahydrotriphenylene after 0.5 h that increased gradu-
ally to∼17% over 6 h. The decreased rate of hydrogenation of
the internal ring is thought to arise from the puckered periph-
eral rings that impede access of intermediate to the catalyst
surface active site. It is also generally accepted that hydro-
genation of substituted benzene rings is appreciably slower
than the hydrogenation of polycyclic systems but in this
case, the decrease in rate is more dramatic than for the other
systems described above. The apparent recovery of excess
substrate (>100 mol%,Table 5B) is considered to reflect the
fact that quantitation was performed with triphenylene rather
than with hydrogenated product(s) for lack of an appropri-
ate standards. The presumption that FID response to product
can be approximated by FID response to substrate was not
realized in this system.

3.5. Benzo[α]pyrene hydrogenation

Arbitrarily, benzo[�]pyrene (C20H12) was chosen to
represent penta-cyclic fused ring systems. This sub-
strate was completely hydrogenated to fully saturated
p s
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d hy-
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D nation .5 mg) in
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P 1 yst)
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10

10

B
N

N
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Q .
ials.
emained unsaturated. Of the two dodecahydrochrysen
ers, the structure with an internal aromatic ring has

eported to result in formation of a prominent propyl fragm
M-43) as well as a pronounced ethylenic fragment (M
18]. The other isomer was characterized by a prominen
2 fragment and the absence of an ethylenic fragment.
h, the ratio of the isomer with the internal aromatic r

elative to the isomer with a terminal aromatic ring was∼3
o 1.

By contrast, triphenylene was hydrogenated less
iently (Table 5B). The main product was dodecahydr

able 5
istribution of products (mol%± R.S.D.a) that resulted from the hydroge

2 (0.42 MPa) in the presence/absence of 25 mg Pd0/�-Al2O3 catalyst for

roducts 30 min 1 h

Chrysene N.P.b N.D.c

Chrysene, decahydro N.P. 13.2± 26.6
Chrysene, octadecahydro N.P. 94.3± 8.3

Recovery (%) N.P. 107.6± 5.2

Triphenylene N.D. N.P.
Triphenylene, dodecahydro 124.6± 20.6 N.P.
Triphenylene, octadecahydro 0.08 N.P.

Recovery (%) 124.6± 20.6 N.P.

uantitation was based on A, chrysene or B, triphenylene calibration
a R.S.D., one relative standard deviation based on three replicate tr
b N.P., not performed.
c N.D., none detected.
roducts (eicosahydrobenzo[�]pyrene, C20H32, 12 isomer
etected, six of which were dominant). For shorter reac

imes (0.5 or 2 h) at 90◦C, partially hydrogenated pro
cts tetradecahydrobenzo[�]pyrene (C20H26) were detecte
eight isomers) that decreased with extended reactio
orm the perhydrogenated products. No other partially hy
enated intermediates were observed in the trials at 9◦C
Table 6) and no hydrogenation was evident, after 2 h
he absence of catalyst (data not shown). Moderate incr
n temperature caused appreciable changes in the pr
istribution so that for extended reaction time (4 h), de

of tetra-cyclic ring compounds, chrysene (0.5 mg) or triphenylene (0
t at 90◦C

.5 h 2 h 6 h 2 h (no catal

D. N.P. N.P. 91.9± 5.9
D. N.P. N.P. N.D.
6.0± 6.2 N.P. N.P. N.D.

6.0± 6.2 N.P. N.P. 91.9± 5.9

.P. N.D. N.D. 95.7± 3.8
.P. 134.4± 11.6 104.7± 10.1 N.D.
N.P. 15.0± 37.5 17.2± 6.7 N.D.

.P. 149.4± 11.4 121.9± 9.5 95.7± 3.8
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Table 6
Distribution of products (mol%) of benzo[�]pyrene (0.5 mg, 2.0�mol) hydrogenation in H2 (0.42 MPa) at 90◦C in the presence/absence of 25 mg Pd0/�-Al2O3

catalyst for 0.5–4 h

Temperature (◦C)/time (h) Eicosahydro Tetradeca Dodeca Deca Octa
∑

products

90/0.5 8 74 N.D.a N.D. N.D. 82
90/2 70 12 N.D. N.D. N.D. 82
90/4 113 N.D. N.D. N.D. N.D. 113
120/0.5 6 93 N.D. 1 N.D. 100
120/2 7 91 N.D. 2 N.D. 100
120/4 16 62 N.D. 1 N.D. 79
150/0.5 1 80 N.D. 19 N.D. 100
150/2 2 64 0.6 32 2 101
150/4 10 61 1 28 N.D. 100
200/0.5 3 85 2 8 3 101
200/2 3 12 5 24 56 100
200/4 9 84 1 5 0.6 99
250/0.5 N.D. 85 1 12 1 99
250/2 N.D. 4 1 11 83 99
250/4 N.D. 0.5 7 50 42 97

Results were based on calibration with benzo[�]pyrene.
a N.D., none detected.

drogenation became increasingly favoured. At 120, 150 or
200◦C tetradecahydro products dominated the product mix-
ture and at 250◦C, decahydro isomers dominated. Thus,
complete hydrogenation was favoured by lower temperature
and an extended reaction time.

3.6. Hydrogenation of phenanthrene in admixture with
carbon dioxide or nitrogen

A final series of experiments evaluated the influence of
carbon dioxide on the rate/course of phenanthrene hydro-
genation in the presence of excess H2 (0.42 MPa) at 90◦C
(Table 7). The reaction mixture was over-pressured with
CO2 (to 0.42–24.1 MPa) or N2 (to 10.3 MPa) and hydro-
genated at 90◦C for 10 min. Whereas increased pressure

caused somewhat less efficient trapping of products, the
fraction of totally hydrogenated products (perhydrophenan-
threnes) among the product mixture remained constant. Thus,
the presence of added CO2 had no perceptible influence on
the rate/course of the hydrogenation. In previous studies of
the hydrodechlorination (HDC) of pentachlorophenol with
this catalyst, it had been observed that rates of overall reac-
tion, HDC plus dearomatization, were reduced somewhat by
the presence of supercritical carbon dioxide[35]. It is consid-
ered that the active surface sites for hydrodechlorination and
for hydrogenation/dearomatization are different. Seemingly,
the hydrogenation site(s) were not influenced by added CO2
but surprisingly, the presence of N2 (10.3 MPa) caused the
rate (but not the course) of hydrogenation to be decreased for
this substrate.

Table 7
Recoveries (mol%± R.S.D.a) from the hydrogenation of phenanthrene (0.5 mg) at 90◦C over Pd0/�-Al2O3 (25 mg) in H2 (0.42 MPa) that had been over-
pressured with CO2 (to 0.42–24.1 MPa) or N2 (to 10.3 MPa)

Products CO2 (MPa) N2 (MPa)

0.42 3.4 10.3 17.2 24.1 10.3

Phenanthrene, tetradecahydro- 1 12.8± 19.5 14.7± 4.6 10.0± 24.0 9.0± 3.4 10.3± 4.2 9.9± 2.9
Phenanthrene, tetradecahydro- 2 14.3± 14.8 15.5± 1.0 11.6± 13.9 9.8± 2.4 10.9± 4.9 10.4± 6.0
Phenanthrene, tetradecahydro- 3 23.7± 15.0 26.7± 1.0 21.7± 11.3 13.6± 6.5 16.0± 6.7 14.1± 7.6
P
P

S

P
P

S

T

R

ials.
henanthrene, tetradecahydro- 4 7.6± 5.4 7.5± 5.4
henanthrene, tetradecahydro- 5 8.7± 4.2 9.4± 0.9

ubtotal 67.0± 10.4 73.7± 1.1

henanthrene, octahydro- 1 10.2± 6.8 9.9± 2.9
henanthrene, octahydro- 2 33.7± 14.8 32.3± 14.3

ubtotal 43.9± 12.1 42.1± 10.3

otal 110.9± 2.2 115.9± 4.4

atio (perhydro/total) 60.0± 8.7 63.7± 3.4
a R.S.D., one relative standard deviation based on three replicate tr
7.7± 2.7 7.3± 5.4 7.4± 3.5 7.2± 1.9
8.2± 2.6 8.3± 2.0 8.6± 3.7 7.4± 2.3

59.3± 5.6 48.2± 3.0 53.1± 4.2 49.0± 3.5

11.1± 8.9 10.9± 5.3 10.2± 10.2 15.6± 16.0
17.0± 2.1 16.3± 2.9 17.3± 4.6 44.4± 2.7

28.1± 4.8 17.3± 4.6 27.5± 6.4 60.0± 6.1

87.4± 2.2 75.3± 3.2 80.6± 4.5 109.0± 4.9

67.8± 3.3 63.9± 0.4 65.9± 1.6 44.9± 1.5
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4. Conclusion

At moderate temperature, the catalytic hydrogenation of
lower molecular weight PAH compounds over palladium was
highly selective and efficient. PAHs were readily reduced
to saturated hydrocarbons without hydrocracking to form
alkylated hydrocycle(s). The greater the number of fused
rings in the substrate, the longer the reaction time needed
to achieve complete hydrogenation. Apparently, the termi-
nal rings of the substrates were hydrogenated more rapidly
than the interior ring(s) and substituted benzenic intermedi-
ates were hydrogenated more slowly than their polyaromatic
substrates. At higher temperature, partial hydrogenation was
increasingly favoured. None the less, the toxicities of even
partially hydrogenated intermediates can be anticipated to be
reduced appreciably relative to their polyaromatic substrates.
However, during soil remediation, noble metal catalysts are
prone to poisoning and masking of active sites by volatile
compounds of sulfur, chlorine, silicon, phosphorus and heavy
metals.
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