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Effects of temperature and soil on yields and identities of light gases (H2, CH4, C2H2, C2H4, C2H6, CO, and CO2) and polycyclic aromati
ydrocarbons (PAH) from thermal treatment of a pyrene-contaminated (5 wt%) soil in the absence of oxygen were determined for
ynthetic soil matrix prepared to proxy U.S. Superfund soils. Shallow piles (140–170 mg) of contaminated soil particles and as co
non-contaminated) soil (140–160 mg), neat pyrene (10–15 mg), neat sand (230 mg), and pyrene-contaminated sand (160 mg),
n a ceramic boat inside a 1.65 cm i.d. pyrex tube at temperatures from 500 to 1100◦C under an axial flow of helium. Volatile produc
pent 0.2–0.4 s at temperature before cooling. Light gases, PAH and a dichloromethane extract of the residue in the ceramic
nalyzed by gas chromatography or high pressure liquid chromatography (HPLC). Over 99% pyrene removal was observed when
few tens of seconds in all investigated cases, i.e., at 500, 650, 750, 1000, and 1100◦C for soil, and 750 and 1000◦C for sand. Howeve

ach of these experiments gave significant yields (0.2–16 wt% of the initial pyrene) of other PAH, e.g., cyclopenta[cd]pyrene (CPP), whic
utates bacterial cells and human cells in vitro. Heating pyrene-polluted soil gave pyrene conversions and yields of acetylene
ther PAH exceeding those predicted from similar, but separate heating of neat soil and neat pyrene. Up to 750◦C, recovered pyrene, oth
AH, and light gases accounted for all or most of the initial pyrene whereas at 1000 and 1100◦C conversion to soot was significant.
inetic analysis disentangled effects of soil–pyrene interactions and vapor phase pyrolysis of pyrene. Increase of residence time
o be the main reason for the enhanced conversion of pyrene in the case of the presence of a solid soil or sand matrix. Light
eleased due to the thermal treatment, such as acetylene and methane, lead the formation of other, pyrene-derived PAH, e.g., m
yclopenta[cd]pyrene, and benzo[a]pyrene. Implications of these findings for the chemistry of soil thermal decontamination and for diag
otential defects in soil thermal cleaning, e.g., incomplete elimination of targeted pollutants and formation of adverse by-pro
iscussed.
2005 Elsevier B.V. All rights reserved.

eywords: PAH; Pyrene; Soil; Thermal decontamination; Kinetics

. Introduction

Many physical, biological, and thermal processes for
oil cleanup have been proposed with several demonstrated
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at commercial scale. Thermal treatment provides
decontamination efficiencies exceeding 99%. The req
treatment times can range from a few seconds, to severa
of seconds, to multiple minutes, for treatment tempera
of ca. 750–1000, 400–600, and 150–300◦C, respectivel
[1,2]. Catalysts and exogenous reagents (e.g., O2) shorten
cleaning times or inhibit release of adverse by-products
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fulfill regulatory objectives, soil remediation technologies
must eliminate targeted pollutants with high efficiencies
without releasing unacceptable amounts of hazardous
by-products to the ambient environment.

Several studies have investigated effects of temperature,
heating rate, total pressure, pollutant type, and soil com-
ponents[3–9]. Physical transport of pollutants away from
individual soil particles and through packed soil beds have
been simulated mathematically[2,3,5]. However, chemical
reactions of contaminants during their separation from soil
have typically not been fully accounted for in such simula-
tions, even though such chemistries may give rise to adverse
by-products, e.g., carcinogenic or mutagenic polycyclic aro-
matic hydrocarbons (PAH)[9]. For instance, evidence has
been found that soil itself may contribute to the production
of PAH with increased toxicity during thermal treatment of
PAH-contaminated soil[9].

The objective of the present study was to elucidate how
bioactive PAH are generated from a non-bioactive PAH con-
taminant during soil thermal treatment. Effects of tempera-
ture (500–1100◦C) and soil itself on the yields and identities
of light gases (H2, CH4, C2H2, C2H4, C2H6, CO, and CO2),
and of pyrene, cyclopenta[cd]pyrene (CPP), and nine other
polycyclic aromatic hydrocarbons (PAH) from controlled
thermal treatment of a pyrene-contaminated soil were exper-
imentally determined. Reactive gases, including Owere
e for
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volatile products but no light hydrocarbon exhibited yields
of >0.1 wt% of soil[12].

The present study used a 63–125�m size fraction of this
soil, obtained by mechanical dry sieving. A 53–180�m size
fraction of sand was obtained by sieving Ottawa sand (EM
Science). Pyrene (99%, Aldrich) served as an exogenous con-
taminant for both soil and sand. Analysis of this pyrene by
high pressure liquid chromatography (HPLC) and gas chro-
matography coupled to mass spectrometry (GC/MS) detected
at least two contaminants: 4H-cyclopenta[def]phenanthrene
and at least one unidentified peak eluting from the GC column
just before pyrene[9].

Before heating, neat soil samples were preconditioned by
drying for 2 days over Drierite® (anhydrous calcium sulfate)
in a dessicator. Soil to be contaminated was thus precondi-
tioned, then contaminated (see below), and then redried in a
dessicator for 2 days before heating. Pretreatment was found
to stabilize soil moisture content to approximately 1 wt%.
The soil was contaminated with pyrene using a procedure of
Saito et al.[7,8]. An unbroken layer of about 5 g of soil was
then covered with a concentrated solution of pyrene (about
45 g/L) in dichloromethane (DCM) and then sealed for 12 h
to provide time for the soil to adsorb pyrene from the solvent.
The solvent was then allowed to evaporate slowly over 8–10 h
in an inverted wide mouth jar. The initial contamination
level (CL ), expressed as a percentage of soil (sand) plus
c
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omparison with soil heating under reactive atmosph
o assess the impact of heterogeneous catalytic effe
omparison to the presence of reactive species in the soil
rol experiments with pyrene-contaminated sand have
onducted. Pyrene is a common by-product of fuel-rich c
ustion processes and often present in heavy oils, tars
ome sludges at U.S. hazardous waste sites[7]. Global kinet-

cs parameters for three hypothesized pathways for py
estruction: vapor phase pyrolysis, catalysis by sand
atalysis by or reaction with, soil or its decomposition pr
cts were investigated. Implications of the results for
hemistry of thermal soil decontamination and for detec
f potential defects in soil thermal cleaning are discusse

. Methods and materials

The soil was a U.S. EPA synthetic soil matrix, f
f anthropogenic contamination and prepared elsewhe
eflect attributes of soils encountered at U.S. Superfund
10,11]. This material has been also used in other stu
f soil decontamination[7–12]. The elemental compositio
nd the amounts of various minerals (sand, gravel, silt
oil, and clays) blended to synthesize this soil have
eported previously[10–12]. It contains 0.38% of organic ca
on some of which is believed to decompose to light g
uring thermal treatment[12]. Rapid pyrolysis of this so
nder 0.122 MPa of helium at 350–1050◦C led to the identi
cation of H2, CO, CO2, CH4, C2H6, C2H4, and C2H2 in the
0
ontaminant was 4.8± 0.1 wt% (4.9± 0.1 wt%). The CL0
as determined by assuming all the pyrene dissolve

he DCM was adsorbed by the substrate. The result fo
as confirmed by HPLC analysis of the amount of pyr

ecovered by DCM extraction of a sample of contamin
oil.

Small batches (ca. 140–170 mg) of pyrene-contamin
oil and, as controls, neat (non-contaminated) soil
40–160 mg), neat pyrene (ca. 10–15 mg), neat sand
30 mg), or pyrene-contaminated sand (ca. 160 mg),
eparately heated at one or more temperatures from 5
100◦C. To exclude that the contamination procedure sig

cantly effects soil behavior upon heating, a “pretreated
oil”, i.e., a sample of soil subjected to the same proce
sed to pollute it with exogenous pyrene but with the py
mitted, was heated at 1100◦C.

Specimens were heated in a ceramic boat conta
ithin a quartz tube (80 cm long× 1.65 cm i.d.) horizontall
ounted within a 32 cm long tubular electric furnace (Fig. 1).
hroughout heating, a continuous flow of helium conve
aporized products from the boat to two downstream co
ion stations: first a cold finger (CF), i.e., a water-cooled g
ube for trapping less volatile products including pyrene
ther PAH; and then a gas sampling bag (1 L Tedlar b
upelco) for capture of light gases as well as PAH not reta
y the cold finger. The gas sampling bag was connected
xit of the quartz tube just before the specimen was introd
o the furnace (see below) and was removed about 20
hereafter. Assuming plug flow, the average residence tim
olatiles between the boat and the cold finger was 0.2–
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Fig. 1. Experimental setup.

The ceramic boat containing a known weight of sample
was inserted into the quartz tube upstream of the furnace
entrance while a continuous helium flow purged air from
the tube. The furnace was preheated to 500, 650, 750, 1000,
or 1100◦C (±20◦C) measured with a typeK thermocouple
located within the furnace but outside the quartz tube. When
the furnace reached the desired temperature, the ceramic boat
was transferred into an axially isothermal high temperature
region of the furnace (Region I,Fig. 1). To prevent exposure
of the tube internals to ambient air, this was done by moving
an external magnet to force a magnet within the tube (Fig. 1),
a procedure typically requiring about 1 s. After a known time,
heating of the specimen was terminated and then the furnace
opened to rapidly cool the quartz tube. Once the tube had
reached ambient temperature, the ceramic boat was weighed
to determine the total weight loss, and then kept in a sealed
flask at 4◦C for later analysis.

Gases recovered from the gas sampling bag were ana-
lyzed by gas chromatography (GC) using a flame ionization
detector (FID) and a thermal conductivity detector (TCD)
to, respectively, quantify CH4, C2H2, C2H4, C2H6 and H2,
CO, CO2. The GC/FID analysis used an HP-5890 series
chromatograph fitted with a GasProTM polar capillary col-
umn (CSC 9609-02). The temperature program was 40◦C
for 4 min, followed by a 15◦C/min ramp to 225◦C and then
holding for 4 min. The injector (split–splitless) and detector
t n
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f a N
c 0 m
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gas chromatographic measurements conducted in the present
work, the head column pressure was≈69 kPa (10 psi). A stan-
dard mixture (Supelco) containing CH4, C2H2, C2H4, C2H6,
H2, CO, and CO2 in N2 was used to calibrate the FID and
TCD analyzers for quantitative determinations.

Material was recovered from the CF for chemical analy-
sis by washing the outside surface of the CF with DCM. In
some experiments, deposits of soot, i.e., fine particles of car-
bonaceous material, were observed on the CF. These deposits
were washed into a receptacle with DCM and then subjected
to ultrasonic extraction (two 10-min exposures at room tem-
perature using a Sonifier®, Branson Ultrasonics Corp., at
350–450 W). The soot was then removed from the extract
liquor by filtration. The DCM solutions were analyzed for
PAH using gas chromatography coupled to mass spectrom-
etry (GC–MS) and high performance liquid chromatogra-
phy (HPLC). The GC–MS analyses used a Hewlett-Packard,
HP-5890 series II chromatograph equipped with an HP-5
column connected to a mass spectrometer. The temperature
program was 5 min at 35◦C followed by a 6◦C/min ramp
to a temperature of 180◦C and there holding for 15 min.
The injector and transfer line temperatures were heated to
180 and 170◦C, respectively. The column gas flow rate was
2 mL/min and the injection volume was 1�L. The HPLC
analysis used a Hewlett-Packard HP-1090 M series II liquid
chromatograph equipped with a Vydac 201TP54 polymeric
C bile
p -
e by
a flow
r
G lic
a
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d tan-
d or all
o

emperatures were 265 and 285◦C, respectively. Nitroge
erved as carrier gas (2 mL/min in the column), and
njected volume was 350�L. The GC/TCD analyses us

Perkin-Elmer Sigma I chromatograph fitted with two
erent columns each operated isothermally, also with2
arrier gas. A 60/80-mesh molecular sieve 5A column (3
ong and 31 mm o.d.) at 50◦C for 15 min was used for H2
nd CO analysis. An 80/100 mesh Porapak R column (

ong and 31 mm o.d.) at 5◦C for 10 min (using liquid nitro
en cooling) was used exclusively for CO2 analysis. For bot
olumns, the injector was kept at 150◦C and the detector
75◦C while the auxiliary temperature was 136◦C. For all
18 (length: 25 cm and inner diameter: 4.6 mm). The mo
hase program consisted of 60% H2O:40% acetonitrile, lin
arly ramped to 100% acetonitrile in 40 min, followed
nother 40 min ramp to 100% dichloromethane. The
ate was 1.5 mL/min and the injection volume was 25�L.
C–MS and HPLC identified a wide variety of polycyc
romatic hydrocarbons (PAH) in the DCM solutions[13].
yrene and cyclopenta[cd]pyrene concentrations were det
ined quantitatively, using HPLC with a UV–vis absorpt
iode array detector (DAD), calibrated with external s
ards, whereas relative concentrations were obtained f
ther species.
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Table 1
Effect of 500 and 650◦C heating on pyrene removal and cyclopenta[cd]pyrene (CPP) yieldsa

500◦Cb 650◦Cb

Neat soil Neat pyrene Soil + pyrenec Neat soil Neat pyrene Soil + pyrenec

Initial sample
Mass (mg) 161.8 12.3 143.5 179.8 9.9 154.3
Weight loss (%) 2.5 100 8.5 3.3 100 4.1

Pyrene recovery (%)
Cold fingerd nde 103± 8 93± 7 nd 109± 9 77± 6
Residuef nd nd 1 nd nd Tracesg

CPP yieldd nd nd 0.2± 0.1 nd nd 0.7± 0.1
a Gaseous products (for other temperatures, seeTables 2–4) were detected only from soil + pyrene at 650◦C. Yields in (wt% of sample) were: CH4 0.0176,

C2H6 0.015, C2H4 0.028, and C2H2 0.0026 (Total: 0.0632).
b Vapor phase residence time (from sample boat to cold finger): 0.4 and 0.33 s at 500 and 650◦C, respectively.
c Initial contamination level: 4.8± 0.1 wt% of soil.
d Weight percent of initial pyrene charged and corrected for 50% collection efficiency of cold finger (see text).
e Not detected.
f In sample boat, wt% of initial pyrene charged.
g Traces means less than approximately 5�g present in total, i.e.,≈100 ng per 20�L injection assuming an extracted volume of 1 mL.

3. Results

Tables 1–5display the percentage of the initial charge
of pyrene (PY0) recovered from the cold finger (CF PY)
and the residue in the sample boat, as well as the yields and
identities of various by-products (light gases, PAH, and soot),
from heating pyrene-contaminated soil (“soil + pyrene”) at
furnace temperatures of 500, 650, 750, 1000, or 1100◦C.
For selected conditions, also data on pyrene recoveries and
by-products yields for heating the following controls are
provided: neat (i.e., uncontaminated) soil, neat pyrene, neat

sand, contaminated sand (“sand + pyrene”), and, inTable 4,
for “pretreated neat soil” (defined above). Information
regarding experimental conditions and sources of uncer-
tainty in these data is given in the footnotes ofTables 1–5.
Note that with the exception of assays for pyrene in the
sample residues, all the PAH yield data were corrected to
account for material not collected on the cold finger. Such
collection efficiency has been determined previously using
the same experimental setup as in the present work[9]. In
short, volatiles escaping the cold finger (blowby) were deter-
mined in two separate heating experiments of soil + pyrene

Table 2
Effects of 750◦C heating on pyrene removal and product yieldsa

Neat soil Neat pyrene Soil + pyreneb Neat sand Sand + pyreneb Neat pyrene (tres= 3.0 s)a

Sample mass (mg) 151.5 13.0 170.0 231.1 160.4 9.5
Weight loss (%) 9.1 100 13.1 1.5 3.2 100

Pyrene recovery
Cold fingerc ndd 73± 6 60± 5 nd 43± 3 3.6± 0.2
Residuee nd nd Tracesf nd Traces nd

CPP yieldc nd 0.2± 0.1 1.4± 0.1 nd 0.2± 0.1 nd

Gas yieldsg (wt% of sample)
H2 nd 0.18 0.01 nd nd nd
CO nd nd nd nd nd 0.59
CO2 0.4502 nd 0.44 nd nd 9.24

T

s, exce
sand.
llection

g per 2
CH4 0.0016 0.0224 0.037
C2H6 0.003 nd 0.036
C2H4 0.0056 0.028 0.0756
C2H2 nd nd 0.0104

otal gas yields (%) 0.4502 0.2304 0.609
a Vapor phase residence time (from sample boat to cold finger): 0.3
b Initial contamination levels: 4.8± 0.1 wt% of soil and 4.9± 0.1 wt% of
c Weight percent of initial pyrene charged and corrected for 50% co
d Not detected.
e In sample boat, wt% of initial pyrene charged.
f Traces means less than approximately 5�g present in total, i.e.,≈100 n
g From sampling bag.
0.0016 0.0112 0.016
nd 0.009 nd
0.0028 0.129 0.0028

0.0026 0.0026 0.0182

0.0070 0.1518 9.867

pt for neat pyrene where a residence of 3.0 s was used.

efficiency of cold finger (see text).

0�L injection assuming an extract volume of 1 mL.
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Table 3
Effects of 1000◦C heating on pyrene removal and product yieldsa

Neat soil Neat pyrene Soil + pyreneb Sand + pyreneb

Sample mass (mg) 149.1 15.2 143.2 156.6
Weight loss (%) 20 100 23.7 6.8

Pyrene recovery
Cold fingerc ndd 24± 2 13± 1 14± 1
Residuee nd nd Tracesf nd

CPP yieldc nd 0.2± 0.1 1.2± 0.1 1.2± 0.1

Gas yieldsg (wt% of sample)
H2 0.03 1.89 0.09 0.12
CO nd nd 0.364 nd
CO2 3.08 nd 7.48 0.88
CH4 0.0128 0.296 0.1104 0.0832
C2H6 nd nd 0.003 0.003
C2H4 0.0084 0.0252 0.0308 0.0812
C2H2 0.0104 0.039 0.0702 0.1014

Total gas yield (%) 3.1416 2.2502 8.1484 1.2688
a Vapor phase residence time (from sample boat to cold finger): 0.24 s.
b Initial contamination levels: 4.8± 0.1 wt% of soil and 4.9± 0.1 wt% of sand.
c Weight percent of initial pyrene charged and corrected for 50% collection efficiency of cold finger (see text).
d Not detected.
e In sample boat, wt% of initial pyrene charged.
f Traces means less than approximately 5�g present in total, i.e.,≈100 ng per 20�L injection assuming an extract volume of 1 mL.
g From sampling bag.

at 1000◦C and neat pyrene at 650◦C. Almost identical PAH
compositions of the cold finger and sampling bag catches,
showing that there is not preferential loss of PAH from the
cold finger, e.g., depending on molecular mass[9]. The
weight of PAH in the sampling bag was about 70% that
on the cold finger, implying a CF collection efficiency for

PAH of [100/(100 + 70)] = 59%[9]. In light of the collective
uncertainties of the present PAH determinations, a collection
efficiency of 50% has been assumed in the present work.

PAH yield data inTables 1–5are considered reliable
within a factor of 2. However, due to the use of external stan-
dards for both species and taking into account the precision

Table 4
Effects of 1100◦C heating on pyrene removal and product yieldsa

Pretreated neat soil Neat soil Neat pyrene Soil + pyrene

Run-1 Run-2 Run-1b Run-2b

Sample mass (mg) 173.9 139.1 150.0 10.7 158.0 161.0
Weight loss (%) 20.9 18.8 21.3 100 22.9 23.7

Pyrene recovery
Cold fingerc ndd nd nd 11± 1 12± 1 nd
Residuee nd nd nd nd nd nd

CPP yieldc nd nd nd 0.2± 0.1 1.4± 0.1 nd

Gas yieldsf (wt% of sample)
H2 0.04 0.03 0.02 2.78 0.2 0.16
CO 0.308 0.588 nd nd 0.308 0.784
CO2 8.36 9.24 7.48 nd 7.04 11.0
CH4 0.016 0.016 0.0144 0.4224 0.0928 0.080
C2H6 nd nd nd nd nd nd
C2H4 0.0028 0.0028 0.0028 nd 0.0056 0.0028
C2H2 0.0026 0.0182 0.0182 0.0858 0.0936 0.0702

T .097

2 s.

llection
otal gas yield (%) 8.7294 9.895
a Vapor phase residence time (from sample boat to cold finger): 0.2
b Initial contamination levels: 4.8± 0.1 wt% of soil.
c Weight percent of initial pyrene charged and corrected for 50% co
d Not detected.
e In sample boat, wt% of initial pyrene charged.
f From sampling bag.
7.5354 3.2882 7.74 12

efficiency of cold finger (see text).



V. Risoul et al. / Journal of Hazardous Materials B126 (2005) 128–140 133
Ta

bl
e

5
E

ffe
ct

s
of

fu
rn

ac
e

te
m

pe
ra

tu
re

an
d

su
bs

tr
at

e
on

P
A

H
yi

el
ds

an
d

so
ot

de
te

ct
io

n
a

P
A

H
yi

el
db

(w
t%

of
P

Y 0
)

65
0◦

C
75

0◦
C

10
00

◦ C
11

00
◦ C

N
ea

tp
yr

en
e

S
oi

l+
py

re
nec

N
ea

tp
yr

en
e

S
oi

l+
py

re
nec

S
an

d
+

py
re

nec
N

ea
tp

yr
en

e
S

oi
l+

py
re

nec
S

an
d

+
py

re
nec

N
ea

tp
yr

en
e

S
oi

l+
py

re
nec

N
ap

ht
ha

le
ne

ndd
nd

nd
nd

nd
nd

nd
nd

0.
1

0.
1

P
he

na
nt

hr
en

e
nd

nd
nd

nd
nd

nd
nd

nd
0.

02
0.

1
C

yc
lo

pe
nt

a[d
ef

]p
he

na
nt

hr
en

e
nd

nd
nd

nd
nd

nd
nd

nd
0.

03
0.

1
M

et
hy

lp
yr

en
es

nd
16

nd
4

nd
nd

0.
1

T
ra

ce
s

e
nd

0.
1

D
ic

yc
lo

pe
nt

ap
yr

en
es

nd
2

nd
5

nd
nd

nd
T

ra
ce

s
nd

0.
7

B
en

zo
[a]

py
re

ne
nd

T
ra

ce
s

nd
T

ra
ce

s
nd

nd
0.

1
nd

nd
0.

1
B

en
zo

[gh
i]-

pe
ry

le
ne

T
ra

ce
s

nd
1

T
ra

ce
s

T
ra

ce
s

0.
2

0.
1

0.
1

0.
1

0.
2

In
de

no
[1

,2
,3

-cd
]p

yr
en

e
nd

nd
nd

1
T

ra
ce

s
nd

0.
1

0.
2

0.
03

0.
1

B
ip

yr
en

yl
sf

nd
nd

4
T

ra
ce

s
nd

3
0.

7
1.

4
3.

0
0.

6
S

oo
to

bs
er

ve
dg

N
o

N
o

N
o

N
o

N
o

Y
es

Y
es

Y
es

Y
es

Y
es

a
N

o
P

A
H

an
d

so
ot

w
er

e
de

te
ct

ed
in

50
0

◦ C
he

at
in

g
of

ne
at

py
re

ne
or

so
il

+
py

re
ne

.
b

Y
ie

ld
s

ar
e

se
m

i-q
ua

nt
ita

tiv
e

es
tim

at
es

,i
.e

.,±
a

fa
ct

or
of

2
(s

ee
te

xt
),

fo
r

P
A

H
re

co
ve

re
d

fr
om

th
e

co
ld

fin
ge

r.
c

In
iti

al
co

nt
am

in
at

io
n

le
ve

ls
:4

.8±
0.

1
w

t%
of

so
il

an
d

4.
9±

0.
1

w
t%

of
sa

nd
.

d
N

ot
de

te
ct

ed
.

e
T

ra
ce

s
m

ea
ns

le
ss

th
an

ap
pr

ox
im

at
el

y
5

�
g

pr
es

en
ti

n
to

ta
l,

i.e
.,≈1

00
ng

pe
r

20
�

L
in

je
ct

io
n

as
su

m
in

g
an

ex
tr

ac
tv

ol
um

e
of

1
m

L.
f

M
ol

ec
ul

ar
st

ru
ct

ur
es

fo
r

si
x

of
th

es
e

C
32

H
18

di
m

er
s

of
py

re
ne

ar
e

gi
ve

n
in

R
ef

.
[9

].
g

V
is

ua
lly

de
te

ct
ed

on
th

e
co

ld
fin

ge
r

su
rf

ac
e

or
re

ac
to

r
tu

be
w

al
ls

.

of the gravimetric determination of total masses, fractions of
pyrene, and CPP in the DCM extracts are reliable to within
±10%.

The efficiency of soil decontamination can be estimated
from the CF PY and residue PY data inTables 1–5for heat-
ing soil + PY. CF PY provides a lower bound on thespecific
decontamination efficiency, i.e., the percentage of the initial
pyrene eliminated from the soil. This estimate is conservative
because during heating, owing to chemical reactions within,
on, or external to the soil, pyrene will be converted to products
that report to the soil residue, the CF, or the reactor walls. If all
pyrene in the heated soil residue is detected, 100% (residue
PY) provides a check on the percentage of pyrene eliminated
from the soil. Note however, thattotal decontamination effi-
ciency, i.e., the percentage elimination from the soil of all
exogenous matter, i.e., PY as well as PY-derived products,
such as other PAH, will be less than the specific decontamina-
tion efficiency when products of PY conversion are retained
in the treated soil.

4. Discussion

4.1. Neat pyrene

Table 1shows that at 500 and 650◦C, neat pyrene is totally
v eight
l ene
( ild
c res
u side
f
( cal
r
w
w r less
a
a
B s, it is
a up to
c d
t Y
a ,
P .
T hown
i ,
1 om
s
(
b
a
f
w and
1 terial
a nt
d two,
olatilized from the sample boat because the sample w
oss is 100% and recovery of the initial charge of pyr
PY0) from the CF is 100± 10%. These observations bu
onfidence in the substantial reliability of the procedu
sed to collect, recover, and analyze vaporized pyrene. A

rom minuscule conversion to benzo[ghi]perylene at 650◦C
Table 5), there is no significant loss of PY by chemi
eactions at these temperatures. At 750, 1000, 1100◦C, the
eight loss for neat pyrene is also 100% (Tables 2–4), but
ith increasing temperature, the CF catch accounts fo
nd less of PY0, while yields of light gases (Tables 2–4)
nd yields or diversity of PAH products increase (Table 5).
ecause no pyrene was detected in the residue sample
pparent that increasing amounts of this compound, i.e.,
a. 27, 76, and 89%, respectively (Tables 2–4), are converte
o other substances.Table 6shows the percentage of P0
ccounted for by CF PY, residue PY, cyclopenta[cd]pyrene
AH other than CPP (obtained fromTable 5), and light gases
he sum total of these five categories of products, also s

n Table 6, cannot account quantitatively for all of PY0 at 750
000, and 1100◦C, but there are notable contributions fr
pecific PAH. At 750◦C, bipyrenyls and benzo[ghi]perylene
Table 5) account for 5% of PY0. At 1000 and 1100◦C
ipyrenyls (Table 5) represent 3%, and H2 (Tables 3 and 4)
bout 2 and 3%, respectively, and soot (Table 5) an unknown

urther amount. Small amounts (ca. 0.2 wt% of PY0) of CPP
ere recovered from the cold finger in the 750, 1000,
100◦C experiments. CPP is a potent mutagen to bac
nd human cells in vitro[14,15]. Recognizing that the prese
ata on PAH yields can be uncertain by up to a factor of



134 V. Risoul et al. / Journal of Hazardous Materials B126 (2005) 128–140

≥50% accountability for PY0 is reasonable. The 500, 650,
and 750◦C data readily meet this criterion whereas the 1000
and 1100◦C results fall short. Soot (Table 5) may account
for much or all of the missing PY0 at these two temperatures.

4.2. Neat soil

Weight loss from heating uncontaminated soil increases
from 2.5 to about 20% (mean of two runs) as furnace tem-
perature increases from 500 to 1100◦C (Tables 1–4). This
soil matrix contains about 0.39 wt% organic carbon[12], so
the formation of PAH upon heating cannot be ruled out a
priori. However, no PAH were detected in any of the neat
soil runs. Light gases were not detected at 500 and 650◦C
(Table 1), and the yields of most light gases at 750, 1000, and
1100◦C were insignificant as a percentage of the observed
soil weight loss (Tables 2–4). An exception is the yield of
CO2 at 1100◦C which amounted to 8.4 wt% of soil (mean
of two runs) and equivalent to 1.9 mol/kg charge (Table 4).
This would still account for less than half the 20% measured
weight loss of soil at this temperature. Additional information
about volatiles that may contribute to thermal weight loss of
neat soil is available from previous work by Bucalá et al.[12].
These authors studied similar temperatures (350–1050◦C)
as in the present work but employed much faster heating
rates (1000◦C/s) as well as a considerably different appara-
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by recovery on the cold finger (CF PY), i.e., 93± 7, 77± 6,
60± 5, 13± 1, and 12± 1%, respectively, at 500, 600, 750,
1000, and 1100◦C (Table 6), clearly declined substantially
with increasing temperature. Thus, with increasing temper-
ature more and more pyrene is converted to other products,
i.e., light gases, PAH, and substances not extracted by DCM,
such as soot. At 650◦C, the different methylpyrene (MePY)
and dicyclopentapyrene isomers (DiCPP), respectively,
account for 16 and 2 wt% of the PY charged (Table 5) raising
the imputed PY0 accountability to a very respectable 96%
(Table 6). At 750◦C, the yields of CPP (Table 2), MePY,
DiCPP, and indeno[1,2,3-cd]pyrene (Table 5), respectively,
are 1.4, 4, 5, and 1 wt% of PY0, so that these four PAH plus
CF PY (Table 2) account for over 71% of PY0 (Table 6). As
shown inTables 2–4, the sum of all light gases was found
to contribute between less than 1% at 750◦C and≈10% at
1100◦C. The diversity of PAH products (Table 5) increases
with increasing temperature with five and six different
compounds detected in non-trace quantities at 1000 and
1100◦C, respectively. However, at 1000 and 1100◦C PY
recoveries on the CF were only 13 and 12%, respectively
(Tables 3 and 4). The gas plus PAH yields are too low to
account for the remaining 87 and 88% of the PY0. We believe
that PY-derived soot (Table 5) is responsible for much of
this under-recovery of PY0. Yields of CPP increase with
increasing temperature from 500 to 750◦C and then remain
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us, i.e., an electrical screen heater that rapidly diluted
uenched newly released volatiles. Thus, comparisons
e handled with care. In agreement with the present w

hey found soil weight loss and CO2 yields of about 21.4%
nd 10 wt% of soil, respectively, at 1030◦C. In contrast to

he present observations, they found appreciable yiel
O at 1030◦C, i.e., ca. 30–40% (by mass) of the CO2 yield,
nd non-negligible yields of CO at lower temperatures,
.4 wt% of soil at 750◦C. At 1030◦C, Bucaĺa et al.[12] also

ound about 3–4 wt% of soil as “tars”, i.e., a less volatile
id product that condensed on the walls of the soil hea
hamber. They estimated that H2O could account for anoth
wt% of soil and closed overall material balances wi
bout 5%. In light of the work of Bucalá et al.[12], prod-
cts not analyzed for in the present study, such as wate

ars, could account for perhaps 1/4 of the soil weight lo
100◦C leaving roughly another 35% of the weight loss
e accounted for. The present findings of lower gas y
t lower temperatures, of low absolute yields of CO2 and
O, and of much higher CO2/CO ratios, may reflect di

erences in the two experimental techniques, or a pos
nder-recovery of CO in the present study.

.3. Pyrene-contaminated soil

As evidenced from the absence of pyrene in the
esidues (save for 1% of PY0 at 500◦C), heating at all tem
eratures resulted in specific decontamination efficien

.e., elimination of PY0 from the soil, of 99–100% (Table 6).
owever, the percentage of eliminated PY accounted
t around 1.2–1.4 wt% of PY0 at 1000 and 1100◦C. With
he remarkable exception of similar yields with sand +
t 1000◦C, CPP yields from the various controls, i.e., n
Y, sand + PY, and neat soil[9] were either undetectable
ubstantially smaller than those from soil + PY at the s
eating conditions. Benzo[a]pyrene (BaP) was detected

race amounts when heating PY-contaminated soil at 65
50◦C and in yields of 0.1 wt% of PY0 at 1000 and 1100◦C
Table 5). Further, BaP was not a product of heating PY a
t any of these four temperatures or of heating sand
ontrols at 750 and 1000◦C (the two temperatures studi
or pyrene-contaminated sand,Table 5). These observation
how that heating soil contaminated with a non-bioac
AH generates at least two by-product PAH that are bioac

.e., BaP and CPP that are known to mutate bacterial cells[14]
nd human cells[15] in vitro. BaP is also a human carcinog

16]. Plausible enabling roles for soil itself in these and o
eatures of soil thermal decontamination are discussed b

.4. Pyrene-contaminated sand

Control experiments with pyrene-contaminated sand,
ared by means of the same procedure as the contam
oil (see above), have been conducted at 750 and 100◦C.
any soils are rich in sand, for instance the present m

ontains about 31 wt% of it[12]. The comparison of therm
reatment of pyrene-contaminated soil with control runs u
eat pyrene (described above) and pyrene-contaminate
llows for the assessment of the role of heterogeneous e
nd of possible contributions of light gases present in the
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Table 6
Material balances for pyrene and weight loss of pyrene-contaminated soil or sanda

Weight percent of initial pyrene (PY) in indicated product Weight loss of PY-contaminated soil or sand

Sample Furnace
temperature
(◦C)

CF PY Residue PYb CF CPP Other CF
PAH

Light
gases

Total Soot observed WLc predicted (%)c WLo observed (%) Initial pyrened (%)

Pyrene 500 103± 8 nde nd nd nd nd No naf na na
Soil + PY 500 93± 7 1 0.2± 0.1 nd nd 94.2± 7 No 7.18 8.5 −27.5
Pyrene 650 109± 9 nd nd Tracesg nd 109± 9 No na na na
Soil + PY 650 77± 6 Traces 0.7± 0.1 18 0.06 95.8± 6 No 7.94 4.1 +80.0
Pyrene 750 73± 6 nd 0.2± 0.1 5 0.23 78.4± 6 No na na na
Soil + PY 750 60± 5 Traces 1.4± 0.1 10 0.61 72.0± 5 No 13.46 13.1 +7.5
Sand + PY 750 43± 3 Traces 0.2± 0.1 Traces 0.15 43.4± 3 No 6.33 3.2 +63.9
Pyrene 1000 24± 2 nd 0.2± 0.1 3.2 2.3 29.7± 2 Yes na na na
Soil + PY 1000 13± 1 Traces 1.2± 0.1 1.1 8.15 23.4± 1 Yes 23.84 23.7 +2.92
Sand + PY 1000 14± 1 nd 1.2± 0.1 1.7 1.27 18.2± 1 Yes ≥6.33 6.8 ≥−9.59
Pyrene 1100 11± 1 nd 0.2± 0.1 3.3 3.29 17.8± 1 Yes na na na
Soil + PY: I 1100 12± 1 nd 1.4± 0.1 2.1 7.74 23.2± 1 Yes 22.70 22.9 −4.17
Soil + PY: II 1100 nd nd nd nd 12.1 12.1 Yes 22.70 23.7 −20.83

a Data fromTables 1–5. See text and footnotes ofTables 1–5for details on furnace operation, sample acquisition and chemical analysis.
b Residue in sample boat after experiments.
c This value is obtained by adding the weight losses separately measured for soil or sand and neat pyrene at the same temperature, weighted by the mass fraction of soil or sand and pyrene in the pyrene-

contaminated soil/sand. In the case of sand, a weight loss for neat material was only measured at 750◦C and amounted to 1.5 wt%. This value was corrected to a basis of sand + 4.9 wt% pyrene and the resulting
1.43 wt% used for all temperatures.

d Predicted–experimental percent weight loss relative to initial pyrene contamination, i.e., 4.8 wt% in the case of soil and 4.9% in the case of sand.
e Not detected.
f Not available.
g Traces means less than approximately 5�g present in total, i.e.,≈100 ng per 20�L injection assuming an extract volume of 1 mL.
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matrix [12] in the formation of toxic by-products, such as
cyclopenta[cd]pyrene and benzo[a]pyrene. The absence of
PY in the sand residues (other than traces of PY at 750◦C)
shows that heating at 750 and 1000◦C (Tables 2 and 3)
eliminates essentially all of the pyrene from this substrate.
Pyrene recovered from the cold finger (CF PY), respectively,
accounted for 43± 3 and 14± 1% of PY0 at these two tem-
peratures (Table 6). Further, in light of their environmental
importance, observed yields of other PAH must be con-
sidered significant, e.g., cyclopenta[cd]pyrene was 0.2 and
1.2 wt% of PY0 at 750 and 1000◦C, respectively (Table 6),
and at 1000◦C benzo[ghi]perylene, indeno[1,2,3]pyrene, and
bipyrenyls yields of 0.1, 0.2, and 1.4 wt% of PY0 were
found, respectively (Table 5). This leaves 57% of the PY0
still unaccounted for at 750◦C, respectively (100—column
8,Table 6). Plausible sources of this missing PY0 are deduced
by comparing the observed and predicted weight loss for
PY-contaminated sand. The latter is obtained by adding the
weight losses separately measured for sand and for neat PY
at the same temperature, weighted by the mass fraction of
sand and PY in the PY-contaminated sand. A weight loss
for neat sand was only measured at 750◦C and amounted
to 1.5%. Correcting this value to a basis of sand + PY (i.e.,
1.43 wt%) and adding in the contribution of the 4.9% PY con-
tamination, results in a predicted weight loss of 6.33%. The
3.2% weight loss for sand + PY actually observed at 750◦C
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clays, etc. Therefore, an experiment was performed to assess
whether the soil contamination procedure affected soil behav-
ior during thermal treatment. A specimen of the EPA syn-
thetic soil matrix was treated according to our standard pro-
cedure for installing a known weight of PY in the soil, except
the PY was omitted. The resulting soil specimen, “pretreated
neat soil” inTable 4, was then heated at a furnace tempera-
ture of 1100◦C using our standard procedures. Aside from a
seven-fold smaller acetylene yield, the weight loss and yields
of light gaseous products are similar to those for heating neat
soil at this furnace temperature (Table 4).

4.6. Effects of increased volatiles residence time

To assess effects of vapor phase reactions of PY or its
reaction products, in the region between the sample holder
and the CF, a sample of neat pyrene was heated at a furnace
temperature of 750◦C using 1/10 the helium carrier gas flow
rate normally used at this temperature. In addition to the gas
phase residence time, carrier gas flow rate affects the dilution
of PY vapor adjacent to the sample holder, and thus the
concentration of PY vapor at the exit of the sample holder
and the rate of PY mass transfer from the sample holder. The
sample holder presents a blunt body obstacle to the carrier
gas flow. Changes in the carrier gas flow rate may therefore
also modify the importance of flow recirculation in the vicin-
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s 3.13% less, corresponding to 63.9% (3.13/4.9) of P0.
his 64% shortfall is in remarkably close agreement with
7% of PY0 unaccounted for by volatile produces and
CM extract of the substrate. These findings suggest th
50◦C in the presence of sand there is substantial conve
f the PY to non-volatile product(s) that are not extract

rom the residue with DCM. Such products may incl
igh MW organic compounds or solid carbon-rich ma
.g., soot or similar carbonaceous material. The obse
eight loss for sand + PY (6.8%) at 1000◦C exceeds that
redicted by the above procedure (≥6.33%) (Table 6). This
uggests that few if any pyrene reaction products are ret
n the sand or ceramic boat. This inference is based o
hemically reasonable assumption that sand weight loss
ncrease slightly from 750 to 1000◦C (hence the “greater tha
r equals” sign), but not significantly. However, at 1000◦C
olatile products and residue DCM extract accounted for
8% of the PY0 (column 8,Table 6) even though all pyren
as eliminated from the sand (Table 3). Thus, about 82% o

he initial charge of PY must be accounted for by a p
ct that is neither retained in the soil residue nor quant
s light gases or CF PAH. We conclude that soot p
les account for this “missing” PY at 1000◦C. This soot is
elieved to be generated primarily in the high tempera
egion between the boat and the CF (Region II,Fig. 1).

.5. Effects of method of soil contamination

The pyrene solvent (DCM) could conceivably mod
he soil by dissolving native organic components, swe
ty of the boat, which could in turn affect PY evaporat
nd mixing with the carrier stream. Nevertheless, for pre
urposes, it is assumed that the main effect of the 10
ecrease in carrier gas flow rate was a factor of 10 inc

n the residence time of PY vapor in Region II, i.e., betw
he sample boat and collection on the cold finger (Fig. 1).
ompared to the normal vapor phase residence time of

he ca. 3 s case does not change the PY weight loss (100
he amount of PY detected in the sample boat residue (n
owever, there was a dramatic decrease in the amou
Y recovered from the CF, namely from 73± 6 wt% of
Y0 at 0.3 s to only 3.6± 0.2 wt% PY0 at 3 s. Moreover, th
ignificant yield of the mutagen CPP (0.2± 0.1 wt% PY0)
t 0.3 s declined to zero at 3 s. These observations su

he conclusion that appreciable secondary reactions of
apors occur in Region II at 750◦C in the case of increasin
esidence times, resulting in destruction of pyrene an
t least one PY-derived PAH, i.e., CPP. It is not eas
xegete the differences in the gaseous product yields at
wo residence times (Table 2) because the most promine
ifferences are in the yields of oxygen-containing ga

.e., CO and CO2 which were not detected with neat PY
.3 s at 750◦C (or at any of the other four temperature
ut were observed in yields of 0.59 and 9.24 wt% P0
or the 3.0 s 750◦C PY experiment. Contamination
mbient air (unlikely given the experimental procedure)
ubsequent oxidation could explain at least partially
iscrepancy. Unfortunately, detailed analyses for other
Table 5) were not performed for the 3 s residence time
xperiment.
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4.7. Soil–pyrene interaction effects during
decontamination

Several pieces of evidence suggest that chemical, and
possibly, physical interactions between the soil and pyrene
impact decontamination efficiency as well as yields and iden-
tities of resulting by-products.Table 6(columns 10–12) com-
pares the observed weight loss (WLo) of PY-contaminated
soil with a predicted weight loss (WLc), calculated assuming
no effect of soil on PY removal and no effect of PY on soil
weight loss. WLc is obtained by adding the weight losses
separately measured for soil/sand and neat pyrene, weighted
by their mass fractions in the contaminated soil or sand. At
temperatures of 750, 1000, and 1100◦C, WLo and WLc are
in good agreement. However, at 650◦C, WLc is substantially
higher than WLo whereas most of the initially charged pyrene
(PY0) (96%) is readily accounted for by pyrene and other
PAH, particularly methylpyrenes, collected at the cold finger
(Tables 1 and 5). Thus, we conclude that the shortfall in WLo
at 650◦C is caused by errors in the gravimetric determina-
tion of this quantity, at least partially due to relative small
absolute values (Table 1). At 500◦C, WLo exceeds WLc by
an amount equivalent to 27% of PY0 even though 93% of
PY0 was collected on the CF and only 1% was recovered
from the soil residue. A plausible explanation is that at this
temperature PY augments the weight loss of soil but also
e t
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conversion is even greater with sand at 750◦C and that there
is no significant difference between soil + PY and sand + PY
at 1000◦C. This suggests that silica in the soil may be espe-
cially active for PY conversion at lower temperatures, i.e.,
500–750◦C. The effects of soil and sand on specific prod-
ucts are considered next.

The fraction of PY0 accounted for by “other” PAH,
(Table 6, column 6: other CF PAH) is similar for neat PY
and PY + soil, i.e., within a factor of 3 or better, except at
650◦C, where yields of other PAH are insignificant for heat-
ing neat PY but 18 wt% of PY0 for contaminated soil, again
suggesting soil–PY interactions during heating, because no
PAH have been detected from heating neat soil at temper-
atures from 250 to 1000◦C [9]. Further, for several exper-
iments there are considerable differences in the yields of
individual PAH when heating neat pyrene in comparison
to soil + pyrene. For example, at all five temperatures the
yields of CPP from soil + PY exceed those from neat PY
by a factor of 5 or more (Table 6). Other notable differences
in PAH yields (in wt% of PY0) for heating PY + soil versus
neat PY are (Table 5): at 650◦C: methylpyrenes (16 ver-
sus nd) and dicyclopentapyrene (2 versus nd); at 750◦C:
methylpyrenes (4 versus nd), dicyclopentapyrenes (5 ver-
sus nd), benzo[ghi]perylene (traces versus 1), indeno[1,23-
cd]pyrene (1 versus nd), and bipyrenyls (traces versus 4);
at 1000◦C: methylpyrenes (0.1 versus nd), benzo[a]pyrene
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xperimental uncertainties similar to those at 650◦C canno
e excluded. Increase of weight loss in the presence of p
as been reported by Saito et al.[8] but for a very differ-
nt apparatus. These authors measured weight loss, pr
ields, and products compositions from heating neat or
aminated (4.75 wt% PY) samples of this same soil m
t 1000◦C/s to temperatures from 400 to 1000◦C, unde
0 kPa of helium using an electrical screen heater reacto
llowed for rapid dilution and quenching of newly relea
olatiles. They found that at about 530◦C WLo began to
xceed WLc and that the “excess” WL became greater w

ncreasing temperature up to about 700◦C. They propose
ugmentation of soil volatilization by pyrene or pyrene re

ion products above a certain temperature as an explan
or this behavior.

.7.1. Catalysis of pyrene conversion
In the present experiments, the apparent (imputed) py

onversion can be estimated as 100%—the PY recovere
rom the CF and the residue in the sample boat.Table 6dis-
lays the results for heating neat PY, PY + soil, and PY +
t various temperatures. The presence of soil enhance
onversion at every temperature except 1100◦C. The effec
s strong at 500 and 650◦C, considerable at 750◦C, and

odest but clear at 1000◦C. These observations sugges
atalytic effect of one or more soil minerals (including sil
ee below) in augmenting PY conversion at lower tem
tures. At the highest temperature (1100◦C) the kinetics o
Y pyrolysis are already sufficiently rapid to make catal

edundant.Table 6further shows that the enhancement of
s

0.1 versus nd), indeno[1,2,3-cd]pyrene (0.1 versus nd
nd bipyrenyls (0.7 versus 3); 1100◦C: phenanthrene (0
ersus 0.02), methylpyrenes (0.1 versus nd), dicyclo
apyrenes (0.7 versus nd), benzo[a]pyrene (0.1 versus nd
nd bipyrenyls (0.6 versus 3). All of these differences in P
ields are large enough to suggest the existence of diff
hemical pathways when heating neat PY versus PY +
nteractions between the PY or its decomposition prod
nd the soil or products of soil decomposition, during h

ng are plausible causes for these differences.
To further assess the hypothesis of a catalytic ef

ote that similar PY elimination efficiencies, PY rec
ries on the CF, CPP yields, and other PAH pro
pectra, were recorded for heating PY-contaminated
nd PY-contaminated sand at 1000◦C (Tables 5 and 6).
owever, at 750◦C differences with possible mechanis

mplications are discernible. To wit, in comparison
oil + PY, the sand + PY experiment resulted in subs
ially lower yields of CPP, H2, methane, and acetyle
Table 2) and of methylpyrenes, dicyclopentapyren
nd indeno[1,2,3-cd]pyrene (Table 5), as well as in n
etectable benzo[a]pyrene or bipyrenyls (Table 5). Further

he sand + PY PAH product composition measured
50◦C was more similar to that obtained for neat

han for soil + pyrene. Other than benzo[ghi]perylene
ndeno[1,2,3-cd]pyrene and bipyrenyls (traces, traces
d for sand + PY versus 1, nd and 4 wt% for neat pyre
o PAH were detected in both cases (Table 5). Because th
oil itself contains substantial silica (31 wt%), agreem
etween soil + PY and sand + PY results and differe
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with data from the heat treatment of pure PY, is consistent
with a catalytic effect of silica. On the other side, agreement
between sand + PY and neat PY results suggests some
other effect unique to soil, e.g., catalysis by a non-silica
mineral or participation of products of soil decomposition,
not available in sufficient concentrations from sand, PY, or
sand + PY. For instance, at 750◦C, C2H2 was not detected
in the gaseous products resulting from heating PY, but
was four-fold more abundant from heating soil + PY than
from sand + PY (Table 2). Thus, acetylene addition to PY
or its reaction products may contribute appreciably to the
production of CPP at 500, 650, and 750◦C when heating
soil + PY, whereas silica-catalyzed cracking may reduce the
yields of PY-derived benzo[ghi]perylene, bipyrenyls, and
benzo[a]pyrene when heating soil + PY at 650, 750, and
1000◦C, and sand + PY at 750 and 1000◦C (Table 5). The
higher yields of methane from soil + PY versus neat PY at
650 and 750◦C suggest that reactions of methyl radicals
with PY may be responsible for the much higher yields of
methylpyrenes from soil + PY in comparison to the heat
treatment of pure PY at 650 and 750◦C (Table 5).

4.8. Assessment of chemical pathways for pyrene
conversion
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CPP when heating neat PY at 1000◦C, but CPP/PH molar
ratios of order 15–20 when heating sand + PY or soil + PY
at the same temperature. In the present study, PH was not
detected at temperatures below 1100◦C (Table 5), and at this
temperature the CPP/PH molar ratios were about 8–10 for
heating neat PY and PY + soil, respectively (Table 7). Thus,
in the presence of soil or sand, acetylene production from PY
occurs without equimolar production of PH or the rates of
PH destruction exceed those of its formation at temperatures
below 1100◦C.

Pope et al.[17] computed thermodynamic driving forces
for transformations of various PAH by isomerization and
acetylene addition under conditions relevant to soil ther-
mal treatment, using molecular mechanics methods to esti-
mate key thermodynamic properties of the PAH. The present
results are consistent with their prediction that at temper-
atures from 500 to 1100◦C CPP production by acetylene
addition to PY is strongly favored thermodynamically.

A semi-quantitative kinetic analysis is presented in
Supplementary data. Kinetic parameters for the following
global pathways for pyrene conversion have been determined:
(1) vapor phase pyrolysis, (2) catalysis by sand, and (3) catal-
ysis by or reaction with, soil or its decomposition products.

Overall, it has been found that in the investigated temper-
ature range the main reason for enhanced pyrene conversion
in the presence of soil or sand beds consists in increased
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and 1100◦C benzo[a]pyrene, a known human carcinogen,
show that bioactive by-products can be formed during ther-
mal treatment of soil contaminated with a non-mutagen, i.e.,
pyrene. Therefore, soil thermal cleaning operations should
be designed to completely destroy or decontaminate the
initial contaminant as well as hazardous by-products of the
heating process. Plausible means to this end include append-
ing or interdicting soil pyrolysis by oxidation, e.g., in the
main heating chamber and/or in downstream after-treatment
chambers and/or by adsorption of unwanted by-products
on active carbon (for subsequent further decontamination).
Also important are means for on-line detection of PAH
and other unwanted by-products in the treatment reactor
and in process effluent streams, e.g., using laser-induced
fluorescence (LIF)[18,19]. In soil thermal decontamination
as in all technologies the efficaciousness of these and other
means of performance implementation and assessment must
be evaluated at the largest scale of planned operation.
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(≥1000◦C), quantitative assays for soot (which were not per-
formed here) are needed to account for all products of PY
conversion. Contributions of vapor phase pyrolysis and reac-
tion within the soil bed to pyrene conversion were assessed by
means of a kinetic analysis provided inAppendix A. Increase
of residence time was found to be the main reason for the
enhanced conversion of pyrene in the case of the presence of a
soil or sand matrix. Arrhenius expressions describing pyrene
conversion in the vapor phase as well as in a soil bed have been
deduced. Other, pyrene-derived PAH, e.g., methylpyrenes,
cyclopenta[cd]pyrene, and benzo[a]pyrene, were formed
by reaction with light gas species, such as acetylene and
methane, released during the thermal treatment of soil.
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