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Abstract

For a limiting case of thermodynamic equilibrium, the importance of two classes of thermal
chemical reactions that modify the structure and bioactivity of polycyclic aromatic hydrocarbons
Ž . Ž .PAH was assessed computationally. These reactions are molecular weight MW growth by

Ž . Ž .acetylene addition, and intramolecular rearrangement isomerization . Temperatures 300–11008C ,
Ž .and the chemical environment C H rH molar ratios were selected for relevancy to thermal2 2 2

treatment of PAH-contaminated soils under oxygen-free conditions. Molecular mechanics methods
w Ž .xMM3 92 were used to compute thermochemical properties for calculation of equilibrium
constants, i.e., heats of formation, standard entropies, and heat capacities for 30 PAH with
empirical formulae C H , C H , C H , C H , C H , and C H . Included were 1114 10 16 10 18 10 18 12 20 10 20 12

PAH containing only six-membered rings and 19 PAH containing both five- and six-membered
rings. For each of these PAH the calculations predict that with increasing temperature, isomeriza-
tion increases the AcomplexityB of the PAH mixture, i.e., the relative abundance of each PAH
isomer in the mixture other than the most stable isomer, increases. Isomerization also partially

w xtransforms non-mutagens to mutagens, e.g., pyrene and benzo e pyrene to fluoranthene and
w x w x Ž .benzo a pyrene, respectively, and partially converts cyclopenta c,d pyrene CPEP and chrysene,

both human cell mutagens, to one and three additional human cell mutagens, respectively.
Acetylene addition transforms the non-mutagens phenanthrene and pyrene to the mutagens
triphenylene and CPEP, respectively. Some of the predicted PAH have been observed elsewhere
among the products of aromatics pyrolysis. This study elucidates PAH reactivity for comparison
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with measurements, and identifies PAH reactions to be monitored and avoided in soil thermal
decontamination and other waste remediation processes. q 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Controlled thermal treatment is an effective means for destruction andror removal of
organic pollutants from soil. However, soil heating may generate unwanted by-products,
e.g., from soil pyrolysis or incomplete destruction of the contaminant. Adverse chemical
reactions are possible at temperatures from as low as 3008C to 5008C, owing to catalysis
by soil minerals, to as high as 10008C or more, where vapor phase pyrolysis and partial
oxidation proceed readily. Parasitic chemistries may be especially problematical in

Ž .thermal remediation of soils contaminated by polycyclic aromatic hydrocarbons PAH .
w xSome PAH are mutagens 1,2 or carcinogens, or both, but bioactivity depends upon

PAH molecular structure. During soil thermal treatment, PAH chemical reactions may
decontaminate PAH, or transform them to toxic PAH or other hazardous substances that

Ž . Ž . Ž .Fig. 1. Structural formulae for PAH compounds considered in the present work: a C H , b C H , c14 10 16 10
Ž . Ž . Ž .C H , d C H , e C H , and f C H . Compound names are given in Table 1.18 10 18 12 20 10 20 12
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Ž .Fig. 1 continued .

demand further cleanup to avoid unacceptable process effluents. An understanding of the
propensity of PAH to undergo such reactions during soil thermal treatment is important
in achieving efficient thermal cleaning of PAH-polluted soils without emitting hazardous
by-products.

Soil thermal treatment has physical and chemical features similar to those encoun-
tered in other thermal processing environments such as combustion and pyrolysis, where

Ž . Ž . w xPAH can grow in molecular weight MW by addition of acetylene C H 3–5 , as2 2
w xwell as intramolecular rearrangements 1,6–9 , which interconvert PAH isomers. To

better assess the possibility that PAH reactions during soil thermal treatment may give
rise to toxic or other unwanted by-products, we performed a systematic study of the
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thermochemistry of plausible PAH transformation reactions for chemical environments
Žand temperatures of practical interest. To that end, thermodynamic properties D H 8, S8,f

.C 8 for 30 unsubstituted PAH with masses ranging from 178 to 252 amu werep
Ž . w xcomputed in the present study using MM3 92 10 , which has been shown to reliably

w x w xpredict heats of formation of PAH 10 , the heat of formation 11,12 and heat capacity
w x w x13 of the large aromatic molecule C fullerene, and the advantage 14 , i.e., the lower60

w xstandard enthalpy of formation, of the known structure of C H decacyclene 15 over36 12

other candidate structures. Relative stabilities of groups of PAH isomers with the same
Ž .empirical formula C H , C H , C H , C H , C H , and C H were14 10 16 10 18 10 18 12 20 10 20 12

determined as a function of temperature. For thermodynamic studies at high tempera-
tures, the effects of entropy must be included. Knowledge of the heats of formation of

w xthe PAH is insufficient, and can even lead to erroneous results 16 . The calculation of
vibrational frequencies, needed for obtaining standard entropies and heat capacities, can
be very expensive for large molecules when higher levels of theory are used. The

Ž .MM3 92 method provides all the information needed for the present study with more
than sufficient accuracy at reasonable computational cost.

Acetylene and molecular hydrogen released by decomposition of the soil or its
contaminants may promote PAH MW growth. Thus, the partial pressures of C H and2 2

H under conditions relevant to soil thermal treatment are needed to assess driving2
w xforces for PAH MW growth. From studies on specimens of the same soil with 17,18

w xand without 19 pyrene contamination, the amounts of CH , C H , and C H were4 2 2 2 4
Ž .little changed up to ;20% by the addition of pyrene to the soil. Therefore, the results

w xof an experimental study of thermal treatment of a neat synthetic soil matrix 19
w xprepared elsewhere 20 to reflect attributes of soils at US Superfund Sites, were used to

determine, as accurately as possible, concentrations of C H and H , for use in2 2 2

computations to determine equilibrium concentrations of reactants and products for
representative PAH MW growth reactions. This soil matrix has been used in various

w xexperiments 17–19,21,22 .

2. PAH species and their thermochemical properties

The aromatic species considered here are all unsubstituted PAH containing either
Ž . Ž .6-membered rings only PAH6 or five- and six-membered rings PAH5r6 . All the

possible PAH6 are included, as are PAH5r6 most likely to be stable, which are those
with ace-rings or with a five-membered ring in which each carbon atom is part of an

w xadjoining six-membered ring, such as in fluoranthene, benzo ghi fluoranthene, or coran-
Ž w x .nulene dibenzo ghi,mno fluoranthene . The molecular structures of the PAH are given

in Fig. 1. For C H , the only PAH5r6 structures considered are those with a20 12
w xfluoranthene-type five-membered ring. The mutagenicities of the PAH in human cell 2

w xand bacterial cell 1 assays are listed in Table 1, along with the IUPAC names of the
PAH.

Values for H 8, S8, and C 8 for these PAH, calculated with the molecular mechanicsf p
Ž .program MM3 92 are presented in Table 2. The heats of formation and entropies are for
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Table 1
Mutagenicity and IUPAC nomenclature for the PAH species shown in Fig. 1. Notation for mutagenicity in

w x w xhuman cell test 2 : qspositive, ysnegative, x snot tested. Results for bacterial assay 1 : y spositive,
nsnegative

Ž .Species name Mutagenicity IUPAC name s

C14H10-A x anthracene
C14H10-B – phenanthrene
C16H10-A y,n pyrene
C16H10-B y,y fluoranthene

w xC16H10-C x,y acephenanthrylene, cyclopenta jk phenanthrene
w xC16H10-D x aceanthrylene, cyclopenta de anthracene

w xC18H10-A q,y cyclopenta cd pyrene
w xC18H10-B y,y benzo ghi fluoranthene

w xC18H10-C x cyclopenta cd fluoranthene
w x w xC18H10-D x cyclopenta fg aceanthrylene, dicyclopenta de,mn anthracene
w x w xC18H10-E x cyclopenta hi aceanthrylene, dicyclopenta de,kl anthracene
w x w xC18H10-F x cyclopenta hi acephenanthrylene, dicyclopenta jk,mn phenanthrene

C18H12-A x naphthacene
w xC18H12-B q benz a anthracene
w xC18H12-C q benzo c phenanthrene

C18H12-D q chrysene
C18H12-E q triphenylene

w xC20H10-A x corannulene, dibenzo ghi,mno fluoranthene
w xC20H10-B x dicyclopenta cd,mn pyrene
w xC20H10-C x dicyclopenta cd, fg pyrene
w xC20H10-D x dicyclopenta cd, jk pyrene

w xC20H10-E x indeno 6,5,4,3-ghij fluoranthene
w xC20H10-F x indeno 1,7,6,5-fghi fluoranthene

w xC20H12-A q,y benzo a pyrene
w xC20H12-B x benzo e pyrene

C20H12-C y perylene
w xC20H12-D q,y benzo k fluoranthene
w xC20H12-E q benzo j fluoranthene
w xC20H12-F x benzo a fluoranthene
w xC20H12-G q benzo b fluoranthene

an ideal gas at standard temperature and pressure, i.e., 298 K and 1 atm. As in previous
w x Ž .work 12 , MM3 92 predicts a planar structure for C H -B; the value of S8 in Table 218 10

is corrected to account for the change in symmetry due to the actual structure being
non-planar. Calculations for each of the PAH required ;5–15 CPU min on a DEC
5000 workstation, with three to six successive runs performed to ensure convergence.
The experimental heats of formation for C H -A, C H -B, C H -A, C H -B,14 10 14 10 16 10 16 10

w xand the five C H species 23 are used in the following thermodynamic analyses.18 12

3. Isomerization as a pathway for PAH modification

Ž . w xFor temperatures pertinent to soil thermal decontamination 2278C to 12278C 19 ,
Table 3 presents the relative stabilities of each selected PAH as the equilibrium ratio of
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Table 2
Ž .Thermochemical properties for PAH in Fig. 1, calculated by MM3 92 . Units: H 8 in kcalrmol; S8 and C 8 inf p

calrmol K

Ž .Species H 8 S8 298 C 8, C 8, C 8, C 8, C 8, C 8, C 8,f p p p p p p p

300 K 400 K 500 K 600 K 800 K 1000 K 1500 K

C14H10-A 54.97 94.88 45.22 59.62 71.76 81.64 96.25 106.28 120.67
C14H10-B 50.41 96.61 45.17 59.52 71.65 81.54 96.16 106.21 120.62
C16H10-A 57.83 97.59 49.37 65.22 78.55 89.38 105.34 116.20 131.60
C16H10-B 71.20 100.59 49.92 65.85 79.19 89.98 105.80 116.55 131.77
C16H10-C 76.81 102.15 50.21 66.15 79.48 90.23 105.97 116.66 131.81
C16H10-D 82.77 105.16 50.33 66.25 79.55 90.29 106.01 116.69 131.83
C18H10-A 87.26 104.97 54.48 71.90 86.40 98.09 115.14 126.64 142.77
C18H10-B 93.57 105.62 54.35 71.74 86.23 97.92 114.99 126.52 142.72
C18H10-C 110.12 105.85 55.07 72.55 87.05 98.68 115.59 126.96 142.93
C18H10-D 122.20 106.22 55.56 72.97 87.40 98.98 115.78 127.09 142.98
C18H10-E 109.47 105.34 55.34 72.78 87.25 98.86 115.72 127.06 142.97
C18H10-F 103.13 105.15 55.18 72.65 87.15 98.79 115.68 127.03 142.96
C18H12-A 75.74 108.69 57.62 75.79 91.06 103.48 121.80 134.32 152.17
C18H12-B 68.20 111.84 57.53 75.66 90.92 103.35 121.69 134.23 152.11
C18H12-C 71.50 110.66 57.34 75.50 90.81 103.28 121.66 134.23 152.12
C18H12-D 66.62 111.19 57.62 75.68 90.91 103.32 121.64 134.19 152.07
C18H12-E 67.17 110.80 57.69 75.70 90.91 103.31 121.61 134.14 152.03
C20H10-A 119.97 105.42 59.56 78.24 93.75 106.26 124.50 136.75 153.80
C20H10-B 122.33 109.00 59.62 78.60 94.26 106.80 124.94 137.06 153.93
C20H10-C 118.46 108.48 59.52 78.45 94.11 106.66 124.84 137.00 153.91
C20H10-D 119.21 108.57 59.62 78.61 94.28 106.83 124.96 137.08 153.94
C20H10-E 135.61 112.66 60.06 78.88 94.43 106.91 124.99 137.10 153.96
C20H10-F 136.04 110.96 60.16 78.97 94.51 106.98 125.05 137.15 153.99
C20H12-A 75.33 114.60 61.83 81.37 97.81 111.18 130.83 144.19 163.06
C20H12-B 73.12 114.32 61.82 81.33 97.75 111.12 130.78 144.13 163.01
C20H12-C 78.30 113.89 61.90 81.41 97.83 111.19 130.82 144.17 163.03
C20H12-D 86.04 114.29 62.23 81.94 98.44 111.79 131.33 144.57 163.26
C20H12-E 88.96 116.50 62.38 82.00 98.44 111.76 131.28 144.51 163.21
C20H12-F 91.75 116.35 62.44 82.05 98.49 111.81 131.31 144.54 163.23
C20H12-G 84.10 115.81 62.24 81.89 98.37 111.72 131.27 144.52 163.23

the concentration of that PAH compound to the concentration of the most stable PAH
w xisomer of the same empirical formula. The computer program THERM 24 was used

with the thermochemical data of Table 2 to calculate the equilibrium constants needed to
estimate these concentration ratios. For each PAH of a given empirical formula in Table
1 there are two or more isomers, one of which remains the most stable over the entire
range of temperatures studied here. For several temperatures from 500 to 1500 K, Table
4 presents the mole fraction of each isomeric mixture accounted for by the most stable
isomer. The AmixtureB is all PAH isomers from Fig. 1 of the stated empirical formula.
Table 4 clearly shows that for a given compound, the most stable isomer accounts for
less and less of the mixture with increasing temperature. For C H , C H , C H16 10 18 10 18 12

Ž .and C H Table 4 , there is also a general trend of the most stable isomer accounting20 10

for less of the mixture with increasing MW at a fixed temperature. These findings have
significant practical implications. They show that during soil thermal treatment, the
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number and concentration of PAH contaminants may change because one or more initial
PAH pollutants are transformed to several isomers, especially at elevated temperatures
and for higher MW PAH. The extent to which the isomerizations predicted by
equilibrium calculations will be realized depends upon whether or not isomerization
kinetics are rapid enough at the prevailing physical and chemical conditions. For

w xexample, PAH isomerizations exhibit high activation energies in the gas phase 1,9 ,
suggesting that equilibration of isomers will become more favored at higher treatment
temperatures. If soil mineral matter catalyzes PAH isomerization, equilibration may
become possible at lower temperatures if the PAH remain in contact with the soil for
sufficient time. This in turn depends upon the relative rates of mass transfer of PAH
away from the soil vs. chemical isomerization on the soil. Higher temperatures would
again favor a closer approach to the situation predicted by equilibrium because of the
typically stronger temperature dependence of chemical vs. mass transfer rates. One
plausible role for soil in promoting PAH isomerizations is in stabilizing the structurally
complex intermediates expected in some reaction trajectories. For example, rearrange-
ments involving PAH6 would probably proceed through an intermediate having a

w xseven-membered ring 8 .

4. The chemical environment for MW growth processes

PAH undergo MW growth by acetylene addition giving H as a by-product. Thus,2

ambient partial pressures of C H and H , as well as temperature are needed to2 2 2
w xcompute thermodynamic driving forces for this growth pathway. Bucala et al. 19´

measured cumulative yields of CO, CO , CH , C H , C H , C H , and tars from2 4 2 2 2 4 2 6
Ž .rapid heating c. 10008Crs of a Superfund related soil matrix, as affected by tempera-

Ž .ture 3508C to 10508C , and best fitted the yield data to global kinetic rate expressions.
Volatiles concentrations or partial pressures were not directly measured, but these
quantities can be estimated for the present calculations. The approach was to use the

w xkinetic parameters obtained by Bucala et al. 19 to predict the continuous variation of´
cumulative volatiles yields with temperature–time history. Volatiles concentrations at
the soil particle surface were then deduced by assuming the cumulative yields are

Ž .proportional to ambient soil surface volatiles concentrations integrated over time. This
analysis assumed that any effects of heat or mass transfer resistances on the observed
volatiles yields are negligible or enfolded in the global kinetic rate expressions. In
actuality, rates of diffusive mass transfer are species dependent, owing to the depen-
dence of the diffusion coefficient on species MW and on a measure of the probability of

Ž .species collisions contributing to mass transfer i.e., the cross-section for diffusion .
w xBecause Bucala et al. 19 did not directly measure H yields, their hydrogen´ 2

w xelemental balances 19 were analyzed to obtain a reasonable estimate for the amount of
H produced by soil pyrolysis. The amount of oxygen not accounted for in the element2

Žbalance was assumed to be from H O formed chemically during pyrolysis in addition2
.to the H O from the moisture . The amount of elemental hydrogen not accounted for by2

H in this water plus that assayed in other products was then assumed to be H . The2

resulting molar concentrations and relative amounts of H and C H calculated by these2 2 2
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Table 4
Mole fraction of an equilibrium mixture of the PAH in Fig. 1 of a given empirical formula that is composed of

Ž .the most stable PAH isomer see text for discussion

Ž . Ž .T K T 8C Most stable PAH isomer for each empirical formula

C14H10-B C16H10-A C18H10-A C18H12-D C20H10-C C20H12-B

500 227 0.9985 1.0000 0.9976 0.7724 0.6373 0.8856
700 427 0.9925 0.9999 0.9857 0.6961 0.5633 0.7956
800 527 0.9876 0.9996 0.9751 0.6637 0.5356 0.7559
900 627 0.9817 0.9989 0.9619 0.6342 0.5122 0.7198

1000 727 0.9751 0.9973 0.9467 0.6074 0.4920 0.6868
1100 827 0.9679 0.9943 0.9299 0.5829 0.4742 0.6563
1200 927 0.9605 0.9893 0.9120 0.5608 0.4582 0.6279
1300 1027 0.9529 0.9816 0.8932 0.5407 0.4435 0.6012
1500 1227 0.9378 0.9555 0.8538 0.5059 0.4166 0.5518

procedures are presented in Table 5. The ratio mol H rmol C H is much higher than2 2 2
w xthat found in combustion environments 5 , so there could be less chemical driving force

for MW growth in thermal treatment of soils. However, residence times for PAH–
C H –H contacting during soil thermal treatment are potentially considerably longer2 2 2

Ž .than those typical in flames ;10 ms . From a kinetic perspective this factor plus the
possible catalytic activity of the soil could still create a chemical environment favorable
to PAH MW growth reactions.

Ž . Ž .The ratio mol H rmol C H , or equivalently p H rp C H , is a key parameter in2 2 2 2 2 2
w xconsidering PAH growth 16 . However, there needs to be a way to determine either

Ž . Ž . w xp H or p C H . Bucala et al. 19 measured C H , C H , and C H yields. Using´2 2 2 2 2 2 4 2 6

the same assumptions and calculation procedures as above, these total amounts can be
converted into ratios of partial pressures of these three C species.2

The possibility that the C hydrocarbons are in partial equilibrium was explored by2

considering the overall reaction:

2C H sC H qC H AŽ .2 4 2 2 2 6

The total amounts of C H , C H , and C H were calculated from the kinetic2 2 2 4 2 6
w xparameters of Bucala et al. 19 , for a case corresponding to zero holding time in their´

experiments, i.e., cumulative yields generated by heating soil from room temperature to

Table 5
Relative amounts of C H and H evolved by pyrolysis of a Superfund-related soil matrixa

2 2 2

Table in Peak Holding wt.% wt.% mol C H r mol H r mol H r2 2 2 2
Ž . Ž .Bucala T K time s C H H 100 g neat soil 100 g neat soil mol C H´ 2 2 2 2 2

w xet al. 19
y7 y53 1033 5 0.0162 0.095 6.22=10 4.73=10 76.1
y7 y54 1033 5 0.0096 0.157 3.68=10 7.80=10 211.6
y7 y45 955 0 0.0035 0.258 1.34=10 1.28=10 950.7

a w x Ž .Based on experimental data of Bucala et al. 19 see text for discussion .´
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Ž .a final peak temperature T , and then immediately beginning cool-down. Fig. 2 plotsm
w Ž . x Ž .logarithmically against peak temperature, the quantity K exp rK , where K exp isp p p

w Ž .2 xp p r p a ratio of partial pressures calculated from Bucala et al.’s´C H C H C H2 2 2 6 2 4

w xexperiments 19 , and K is the same ratio of partial pressures calculated from freep

energies of formation using the thermochemical data of Table 2. Thermochemical
w xproperties for C H , C H , C H , and H are taken from Kee et al. 25 . The partial2 2 2 4 2 6 2

pressures of the C hydrocarbons deduced from experiment increasingly approach2
� Ž . 4partial equilibrium, i.e., K exp rK s1 , with increasing T . This suggests that atp p m

Ž .higher temperatures, reaction A cannot be ruled out as a source of acetylene in soil
thermal treatment, assuming there is a plausible source of ethylene such as from

Ž . w xdecomposition of organic contaminant s or from pyrolysis of the soil itself 19 . Fig. 2
w Ž . xshows that the ratio K exp rK )1 for peak temperatures from 3008C to 11008C.p p

This implies that the experimental values of p , p and p are not thermody-C H C H C H2 2 2 6 2 4

Ž .Fig. 2. Ratio of the experimental equilibrium constant, K exp , to the thermodynamic equilibrium constantp
Ž .K , for the reaction 2C H sC H qC H , as affected by peak temperature, T . The quantity K exp sp 2 4 2 2 2 6 m p

Ž .2 w xp p r p was calculated using partial pressures estimated from Bucala et al.’s 19 experimental´C2H2 C2H6 C2H4

studies of the pyrolysis of uncontaminated soil; K was calculated from free energies of formation, using thep
Ž .thermochemical data of Table 2 see text for discussion .
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namically equilibrated, i.e., that p andror p exceed, or p falls below,C H C H C H2 2 2 6 2 4

Ž . Ž .equilibrium value s . The closer approach of K exp to K with increasing temperaturep p
Ž .Fig. 2 is expected because slower kinetics at the lower temperatures inhibit thermody-
namic equilibration.

Ž .Another method for estimating values for p H needed for the PAH reaction2

calculations, is to use the derived relative partial pressures of C H , C H , and C H2 2 2 4 2 6
Ž .to compute the p H required for the following reactions to be in equilibrium:2

C H sC H qH aŽ .2 6 2 4 2

C H sC H qH bŽ .2 4 2 2 2

C H sC H q2H cŽ .2 6 2 2 2

Ž .The resulting calculated values for p H are shown in Fig. 3. There is considerable2
Ž . Ž .spread in the p H values. At a given temperature, the p H calculated from reaction2 2

Ž . Ž . Ž . Ž .c is the geometric mean of the p H values calculated from reactions a and b .2

Ž . Ž .Fig. 3. Partial pressures of H , p H in atm, calculated by assuming partial equilibrium for the reactions a2 2
Ž . Ž . w xC H sC H qH ; b C H sC H qH ; c C H sC H q2H , using data from Bucala et al. 19 to´2 6 2 4 2 2 4 2 2 2 2 6 2 2 2

Ž .estimate the partial pressures of C H , C H , and C H see text for discussion .2 2 2 4 2 6
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Ž . Ž .Further, at a fixed temperature, the ratio of the p H value calculated from reaction a2
Ž . Ž .to that from reaction b is equal to the ratio K exp rK plotted in Fig. 2. Therefore,p p

Ž .the accuracy of using an equilibrium approximation to estimate p H is limited by the2

extent to which the C hydrocarbon concentrations themselves deviate from equilibrium.2
Ž . Ž .In the calculations below, the geometric mean value of p H derived from equation c ,2

Ž .will be used. The equilibrium p H exceeds 1 atm at higher values of T , which is2 m
w xphysically unrealistic for the experimental conditions of Bucala et al. 19 . Therefore,´

Ž . Ž .these equilibrium p H values must be viewed as upper bounds for p H , at least at2 2

higher temperatures.

5. Overall reactions for PAH growth

Six overall reactions for PAH MW growth are listed in Table 6. Calling the PAH
reactant P1 and the PAH product P2, the equilibrium constant, in terms of partial

Ž .pressures p i of reactant or product i, is, for reactions 1, 2, 3, and 6

p P2 p HŽ . Ž .2
K sp p P1 p C HŽ . Ž .2 2

and, for reactions 4 and 5

p P2 p HŽ . Ž .2
K sp 2

p P1 p C HŽ . Ž .2 2

) Ž . Ž .The thermodynamic driving force for growth can be seen in the ratio K sp P2 rp P1 .p
Ž . Ž .Setting Xsp H rp C H ,2 2 2

K p
)K sp X

for reactions 1, 2, 3, and 6, or

K p
)K s p HŽ .p 22X

for reactions 4 and 5.

Table 6
Six representative PAH growth reactions

a Reaction

1 C14H10-BqC H sC16H10-AqH2 2 2

2 C16H10-AqC H sC18H10-AqH2 2 2

3 C18H10-AqC H sC20H10-CqH2 2 2

4 C14H10-Bq2C H sC18H12-EqH2 2 2

5 C16H10-Aq2C H sC20H12-BqH2 2 2

6 C18H12-EqC H sC20H12-BqH2 2 2

Individual compounds are identified in Table 1.
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) ŽTo obtain an approximate lower bound for K , X is set to 1000 roughly the largestp
. Ž . Ž .value in Table 5 — see column 8 . Using the values for p H from reaction c in Fig.2

3, the K ) for PAH growth reactions 1–6 as affected by temperature are plotted in Fig.p

4. Even with this conservative assumption, the calculations predict that measurable
amounts of product should form at all temperatures. The lowest predicted conversions, c.
1–5%, are for reactions 3 and 2, at the highest temperature, i.e., 11008C. As would be
expected, the predicted extents of PAH growth depend upon temperature. Because
reaction rates increase with increasing temperature, kinetic limitations on the approach
of reactions 1–6 to thermodynamic equilibrium are less at elevated temperatures. Thus,
the predictions of Fig. 4 are expected to be in better accord with observation as
temperature increases. Interestingly, the driving force for MW growth decreases with
increasing temperature for all six reactions. The predicted extent of MW growth at all

Ž .temperatures exhibits a strong dependence on the reaction pathway Fig. 4 . However,
the six reactions divide into three separate pairs showing similar conversions at most
temperatures from 4008C to 11008C. These pairs are: reactions 1 and 6: net C addition2

to a bay region forming a six-membered ring; reactions 2 and 3: net C addition forming2

an ace ring; and reactions 4 and 5: a net addition of C H forming a six-membered ring.4 2
Ž .These findings suggest that the MM3 92 thermochemical properties for these PAH

might obey a group additivity relation.

) Ž .Fig. 4. Values of a thermodynamic driving force parameter, K , for PAH growth reactions 1–6 Table 6 vs.p
Ž .T see text for discussion .m
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6. Discussion

Environmentally significant chemical reactions of PAH, i.e., isomerizations and MW
growth, are shown to be thermodynamically favored for temperatures and chemical

Ž .environments pertinent to thermal treatment of polluted soils Table 6, Fig. 4 . For
example, at equilibrium, several isomers of a PAH compound of a given empirical

Žformula, not just the most stable species, can exist in significant inventories Tables 3
.and 4 . Conservative calculations, i.e., that assume an appreciable inhibitory back-pres-

Ž .sure of H and an elevated temperature 11008C to reduce kinetic limitations, predict2
w x Ž .that unimolecular addition of acetylene to cyclopenta c,d pyrene CPEP and pyrene,

respectively, convert about 1% and 8% of the parent PAH. Under the same conditions,
predicted conversions from bimolecular addition of acetylene to phenanthrene or pyrene
are about 2% to 4%, while unimolecular addition of acetylene to phenanthrene or
triphenylene results in about 95% conversion of the substrate.

As discussed below, these and other results have implications for thermal cleaning of
soils and other solids befouled by PAH. However, these implications must be under-
stood in the context of the chemical environment investigated, i.e., PAH thermal
reactions in the absence of oxygen. Our calculations are not designed to forecast the
performance of large-scale thermal treatment processes in removing PAH from soil, or
in limiting adverse effluents. It is common for such technologies to subject soil-derived
volatiles to high temperature oxidation andror other cleaning measures, e.g., down-
stream after-burners, adsorption on activated carbon. Further, in practical-scale equip-
ment, transport resistances typically confound the effects of purely chemical phenomena.
Nevertheless, the present findings are relevant to understanding certain attributes of
current and future thermally based methods for cleaning PAH-polluted soils. Studies of
oxygen-free conditions provide a reference case for differentiating O -induced effects.2

They also help diagnose and interpret off-spec performance of oxidative systems when
desired oxygen potentials are vitiated, e.g., because of mixing imperfections, tempera-
ture excursions, under-feeding of oxidant, and overfeeding of soil. They also shed light
on the behavior of non-oxidative thermal technologies, e.g., treatment in thermal
plasmas, baths of molten material, etc.

PAH compounds relevant to those encountered at Superfund and other contaminated
Ž .waste sites, i.e., compounds of empirical formulas C H to C H Table 1, Fig. 114 10 20 12

were studied. Among these was pyrene, C H . Pyrene has been found in complex16 10
w xorganic mixtures at hazardous waste sites, e.g., heavy oils, sludges, or tars 17 . Pyrene

and the other compounds in Table 1 and Fig. 1 have a MW, volatility, and thermal
chemical reactivity pertinent to mid-boiling range PAH, an important class of soil
contaminants at least some of which can be resistant to biochemical degradation.

Other connections exist to practical soil cleaning methods. The temperature range
Ž .studied 400–11008C is encountered in various practical processes. Further, the role of

acetylene in PAH MW growth received close attention, reflecting the presence of
acetylene during thermal decontamination of at least some soils. For example, C H has2 2

w xbeen identified 19 as a product of the thermal decomposition of uncontaminated
specimens of a synthetic soil matrix prepared for the US EPA to reflect attributes of

w xsoils at US Superfund sites 20 . Further, it is well known that C H , among other2 2
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w xproducts, is generated by thermal decomposition of aromatics above about 1000 K 26 .
Acetylene and other light hydrocarbons are reported as products from anthracene

w xpyrolysis at G1200 K 27 . For a given temperature and chemical environment, the
present predictions constitute a limiting case because they assume thermodynamic
equilibrium, i.e., that chemical kinetic and transport resistances are all negligible. In
practical systems, it is almost inevitable that limitations on rates of chemical reactions,
species mixing and mass transfer, or heat transmission, will impact some aspect of
process performance. Nevertheless, an understanding of equilibrium conditions provides
a valuable benchmark for comparing observations and discerning the severity of kinetic
limitations on the attainment of equilibrium. Rates of PAH thermal reactions increase
with increasing temperature, so in general, equilibrium predictions are expected to be
more reliable at higher temperatures. We are unaware of side-by-side comparisons
between equilibrium predictions and experimental determinations of PAH thermal
reaction behavior. However, there are supporting experimental data. Mukherjee et al.
w x w x28 and Mulholland et al. 29 identified PAH products from pyrolysis of aromatic
hydrocarbons of interest as model compounds for fuels and wastes, e.g., pyrene from

w x1200 to 1500 K 28 , o-dichlorobenzene, toluene, or mixtures thereof from 1100 to 1500
w xK 29 . They propose isomerization, or acetylene addition, or both pathways as

Žimportant channels for PAH pyrolysis at elevated temperatures see further discussion
.below .

During soil thermal treatment an individual PAH contaminant is predicted to be
Ž .transformed to other PAH isomers Tables 3 and 4 , and to new PAH by MW growth

Ž .owing to acetylene addition Table 6, Fig. 4 . Several of these MW growth reactions are
of particular environmental health interest because they involve conversion of non-
mutagens to mutagens and vice versa. By a AmutagenB we mean a substance, here an

w xindividual PAH compound, that scores positively in a bacterial cell 1 or a human cell
w x2 in vitro forward mutation assay. It is recognized that some environmental health
scholars are not convinced of an unequivocal link between every case of mutagenicity in
single cell model systems, and genetic or other morbidity in humans. Nevertheless, it is
prudent to draw attention to chemical changes that modify the inventory of PAH that
exhibit in vitro bioactivity. In this regard four reactions in Table 6 and Fig. 4 command

Ž .particular attention. Reaction 2 shows the non-mutagen pyrene being transformed to
Ž .CPEP which exhibits bacterial cell and human cell mutagenicity. In reaction 3 CPEP is

w xconverted to dicyclopenta cd, fg pyrene, a PAH that to our knowledge has not been
tested for mutagenicity in either of the above model systems. Fig. 4 shows that both of
these reactions become increasingly less thermodynamically favored with increasing

Ž .temperature, but that reaction 2 retains appreciably more driving force than reaction
Ž . Ž . Ž .3 . The latter implies that competition between reactions 2 and 3 favors CPEP
accumulation. These calculations are in accord with experimental observations from

w xother studies. Mulholland et al. 29 identified phenanthrene, pyrene, and CPEP among
the products of o-dichlorobenzene pyrolysis at 1460 K, and proposed that pyrene and

wCPEP were, respectively, formed by acetylene addition to phenanthrene see reaction
Ž . x w Ž . x w x1 , Table 6 and to pyrene see reaction 2 , Table 6 . Richter et al. 30 found CPEP as
a product of heating pure pyrene under helium at 10008C. Interestingly for similar
conditions, CPEP yields were over 15-fold higher from heating a mixture of pyrene with
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sand or of pyrene with a Superfund-related soil matrix, but no PAH were detected from
w xheating uncontaminated soil 30 . Catalysis of pyrene conversion to CPEP by silica

Ž .minerals in the soil is a plausible explanation. Reaction 4 , by addition of two acetylene
molecules, transforms the non-mutagen phenanthrene to triphenylene, a human cell

Ž . w xmutagen. However, reaction 6 converts triphenylene to benzo e pyrene, for which we
Ž .do not have in vitro mutagenicity test information Table 1 . Fig. 4 implies substantially

Ž . Ž .greater thermodynamic driving potential for reaction 6 vs. reaction 4 at all tempera-
tures, so that according to equilibrium, little net build-up of triphenylene would be
expected.

At equilibrium, isomerization may substantially complicate the contamination caused
by an individual PAH compound. Table 4 shows that the mole fraction of an equilibrium
mixture of PAH of the same empirical formula accounted for by the most thermodynam-
ically stable isomer declines with increasing temperature. Table 3 presents, for each of
the stable isomers of Table 4, the equilibrium molar ratio of other isomers to that stable
isomer, for a range of temperatures. The fractional contributions of all other isomers
increase with increasing temperature. Table 3 shows two cases where at equilibrium,

Ž .mutagenic PAH isomers would coexist with a more stable non-mutagenic PAH: 1 for
Ž .the C H system, the bacterial mutagens fluoranthene -B, Table 1 and acephenan-16 10

w x Ž . Ž . Ž .thrylene, cyclopenta j,k phenanthrene -C coexist with pyrene -A ; 2 for the C H20 12
w x Ž . w x Ž .system, benzo b fluoranthene -G a human cell mutagen, and benzo a pyrene BaP

Ž .-A, Table 1 the well known bacterial cell and human cell mutagen, coexist with
w x Ž .benzo e pyrene -B . BaP is of particular environmental health interest because it is

w xbiochemically linked to human lung carcinoma 31 . Note that the calculations predict
increasing relative abundance for these bioactive PAH in their respective isomeric
mixtures as temperature increases. Table 3 also shows that at equilibrium, one or more

Ž .additional mutagens would coexist with a most stable and mutagenic isomer: 1 for the
w x Ž .C H system the bacterial cell mutagen benzo ghi fluroanthene -B, Table 1 would18 10

Ž . Ž .coexist with CPEP -A ; 2 for the C H system three different human cell mutagens18 12
w x Ž . w x Ž . Ž .benzo a anthracene -B, Table 1 , benzo c phenanthrene -C , and triphenylene -E

Ž .would coexist with chrysene -D . If MW growth by acetylene addition is followed by
isomerization, a non-mutagenic PAH may be transformed to one or more mutagens. For
example, acetylene addition to phenanthrene, a non-mutagen, to produce pyrene, another

w Ž . xnon-mutagen reaction 1 , Table 6 , has a strong thermodynamic driving force at all
Ž .temperatures Fig. 4 . However, as noted above, pyrene isomerization to two different

bacterial cell mutagens becomes increasingly favored at equilibrium, at higher tempera-
Ž .tures Table 3 , suggesting a two-step process to transform phenanthrene to mutagens if

acetylene is available. Similarly, the possible reduction in PAH mutagenicity attainable
w x w Ž .by converting triphenylene to benzo e pyrene by acetylene addition reaction 6 , Table

x w x6 , may be offset by isomerization of the BeP to the toxicants BaP and benzo b fluo-
ranthene, as discussed above.

Experimental observations are consistent with the present predictions of an important
w xrole for isom erization. M ukherjee et al. 28 found CPEP and

w x Ž . w xcyclopenta hi acephenanthrylene CPAP C H -F, Table 1 as products of pyrene18 10

pyrolysis from about 1300 to 1500 K, with CPEP increasing monotonically over this
w xtemperature range but CPAP maximizing at about 1400 K. They proposed 28 CPAP
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isomerization as an important pathway for CPEP production at higher reaction severities.
This would be consistent with the equilibrium predictions of Table 3, column 7, showing

w xmodest equilibrium ratios of CPAP to CPEP, even at Mukherjee et al.’s 28 highest
temperature of about 1500 K. In explaining PAH product spectra from o-dichlorobe-

w x w xnzene pyrolysis at 1460 K, Mulholland et al. 29 hypothesized benzo ghi fluoranthene
w xC H -B, Table 1 , as one of their unknown products, and further proposed that this18 10

PAH formed by isomerization of CPEP. Table 3, column 3, shows that significant
thermodynamic driving force for CPEP isomerization to C H -B is predicted for the18 10

w x1200 to 1500 K temperature range. Mulholland et al. 29 also proposed that another
w x w xunknown 1460 K product was dicylcopenta cd, jk pyrene C H -D, Table 1 , formed20 10

w x wby acetylene addition to CPEP. They did not report dicylcopenta cd, fg pyrene C H -20 10
x Ž .C, Table 1 , the most thermodynamically stable PAH of this C H set Table 3 as a20 10

product. Above 6008C, Fig. 4 shows only modest thermodynamic driving force for
w Ž . xproduction of C H -C by acetylene addition to CPEP reaction 3 , Table 6 . However,20 10

Table 4 shows that C H -C loses considerable thermodynamic stability with increas-20 10

ing temperature and Table 3, column 5, shows that with increasing temperature
C H -D becomes an increasingly important isomer in this set, exhibiting equilibrium20 10

Ž .concentrations that approach those of isomer-C i.e., )83% of -C at Mulholland et
al.’s temperature of 1460 K.

7. Conclusions

Despite the structural complexity of PAH and, for higher MW species, their
w Ž .xsignificant number of isomers, molecular mechanics methods MM3 92 can be used to

estimate thermochemical properties that allow calculation of equilibrium constants for
PAH chemical reactions as a function of temperature. This information in turn can be
employed to predict, for the limiting case of thermodynamic equilibrium, the importance
of thermal chemical reactions that modify PAH structure and bioactivity. This paper
examined two classes of such reactions, MW growth by acetylene addition and

Ž .intramolecular rearrangement isomerization . PAH with empirical formulae C H ,14 10

C H , C H , C H , C H , and C H were studied. For all six PAH empirical16 10 18 10 18 12 20 10 20 12

formulae the calculations predict that with increasing temperature isomerization in-
creases the AcomplexityB of the PAH mixture, i.e., as temperature rises the relative
abundance of all PAH isomers in the mixture other than the most stable isomer
increases. Isomerization also partially transforms non-mutagens to mutagens, e.g.,

w x w x Ž .pyrene and benzo e pyrene to fluoranthene and benzo a pyrene BaP , respectively, and
w x Ž .partially converts cyclopenta c,d pyrene CPEP and chrysene, both human cell muta-

gens, to one and three additional human cell mutagens, respectively. Acetylene addition
transforms the non-mutagens phenanthrene and pyrene to the mutagens triphenylene and
CPEP, respectively. Acetylene addition also transforms mutagens to non-mutagens, e.g.,

w x Ž .triphenylene to benzo e pyrene BeP but BeP isomerization may then give rise to
bioactive compounds including BaP.

These results are of interest to research, and to practical scale studies of thermal
decontamination of hazardous substances including soils. PAH are common exogenous
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contaminants of soils, and acetylene has been observed as a product of heating soil. The
present predictions assume thermodynamic equilibrium in an oxygen-free system. They
do not shed light on kinetics or on oxidative reactions. They do provide a limiting case
for comparison with experimental and kinetic modeling results under similar conditions
of temperature and chemical environment. Such conditions may arise in commercial
practice owing to accidental or intentional vitiation of oxygen. This work demonstrates
that during thermal treatment in the absence of oxygen there is no inherent chemical
prohibition to the transformation of stable, non-mutagenic PAH to mutagens and even
carcinogens in the case of BeP to BaP. Some of the predicted PAH have been observed

w xelsewhere among the products of aromatics pyrolysis at elevated temperatures 28–30 .
In summary, our predictions elucidate PAH thermal reactivity for comparisons with
measurements and kinetics modeling calculations, and for practical waste treatment
processes, identify PAH chemistries to be monitored and where necessary counteracted
by engineering design and auxiliary cleaning methods. The identification and testing of
such technological countermeasures are not the objectives of the present paper. How-
ever, in light of prior knowledge and results of the present study, examples of plausible
methodologies are: appending or interdicting soil pyrolysis by oxidation, e.g., in the
main heating chamber andror in immediately downstream afterburners; and adsorption

Ž . Žof PAH that escape the thermal treatment chamber s on active carbon for subsequent
.further cleaning . Also important are methods for real-time, on-line detection of PAH in

Ž .the treatment chamber and its effluent streams, e.g., laser-induced fluorescence LIF ,
w xsee Refs. 32,33 . The efficaciousness of PAH countermeasures and monitoring tech-

nologies in soil thermal decontamination applications should be evaluated at scales
appropriate to their intended use.
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