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Abstract

Density functional theory calculations were performed to gain insight into the mechanism and kinetic studies of homogeneous
gas-phase formation of polychlorinated dibenzodioxins and polychlorinated dibenzofurans (PCDD/Fs) via aliphatic hydrocar-
bons (C,H,, C,H,, C3Hg and C4Hg). The calculated results demonstrated that the intra-annular elimination of H is the rate-
determining step throughout the reaction chain; the presence of ortho-Cl increases the abstraction barrier of arene H and decreases
the reactivity of the molecule. The phenoxy radicals undergoes dimerization via carbon—carbon or carbon—oxygen coupling to
form PCDD/Fs and the two coupling pathways are competitive. Our work indicates that aliphatic hydrocarbons are less reactive
precursors in PCDD/F formation compared with chlorophenoxy radicals and phenoxy radicals among primary precursors of
PCDD/Fs. The results presented here could be used to evaluate the contribution of aliphatic hydrocarbons acting as precursors to

PCDD/Fs formation.
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Introduction

With the accelerating urbanization process, the capacity need-
ed for sewage treatment is also expanding rapidly, and sewage
sludge output has increased in recent decades [1]. Sewage
sludges are residues originating from the treatment of waste-
water released from various sources including industries, busi-
nesses, medical facilities, street runoff and homes [2]. The
compositions of the sludges are complex; however, they con-
tain metals, pathogens, and organic pollutants, which aggra-
vate soil and accululate through the food chain, ultimately
affecting the health and survival of human beings [3]. Due
to the tremendous volume of sludge production, several pro-
cessing solutions have been put forward. The conventional
solution is to use landfill, but this wastes a lot of resources,
and the toxic substances contained in the sludge have a
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detrimental effect on the surrounding groundwater sources
and ecosystems [4]. Sludge can be also processed by anaero-
bic bacteria fermentation to produce biogas, and the waste
residue can be used as organic fertilizers and soil amendment
simultaneously, but this method has the disadvantages of be-
ing time consuming, requiring high original investment and
being difficult to generalize [5]. Incineration technology is
attractive due to its capacity to continuously reduce garbage
volume, kill vast numbers of microbial pathogens such as
bacteric and viruses contained in garbage, and to recycle heat
and metal simultaneously [3]. Incineration technology is a
better way to deal with sludge because dry sludge contains
abundant organic matter and other combustible components,
but incineration produces highly toxic dioxins, which contra-
venes current regulations [6, 7].

Dioxins have attracted widespread attention in the scientif-
ic community due to their characteristics of environmental
persistence, bioaccumulation, and far reaching and high tox-
icity [8, 9]. Researchers have conducted many investigations
and studies on the emission of multifarious dioxin waste in-
cineration [10]. Three major mechanisms of polychlorinated
dibenzodioxin and polychlorinated dibenzofuran (PCDD/F)
formation have been proposed and assessed experimentally
by numerous investigators: PCDD/Fs are already present in
the sludge and are incompletely destroyed or transformed
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during combustion [11]; PCDD/Fs are produced from related
chlorinated precursors such as chlorinated phenols and chlo-
rinated benzenes [12]; PCDD/Fs are formed via de novo syn-
thesis from carbon, hydrogen, oxygen and chlorine through
elementary reactions [13]. The homogeneous gas-phase
mechanism of PCDD/F formation is one of the most important
mechanisms of dioxin formation in municipal solid waste
(MSW) incinerators [14, 15]. To date, the most researched
pathways involve formation through de novo synthesis from
chlorinated aliphatic hydrocarbons and chlorinated aromatic
precursors. However, to the best of our knowledge, few re-
ports provide systemic information on de novo synthesis from
aliphatic hydrocarbons. Therefore, studying aliphatic hydro-
carbons as precursors of PCDD/F formation could suggest
means to suppress the formation of dioxins at source.

In this study, quantum chemistry calculations in the frame-
work of the density functional theory (DFT) were applied to
the optimization of the geometries and vibration frequencies
of all species. A detailed study of the likely routes associated
with PCDD/F formation via aliphatic hydrocarbons as precur-
sors is presented. To provide data support for the establish-
ment of a mathematical model of environmental monitoring,
Arrhenius formulas were fit in the temperature range 300—
1300 K. The results presented here could be used to evaluate
the contribution of aliphatic hydrocarbons acting as a precur-
sor to PCDD/Fs formation.

Computational methods

The DFT [16, 17] was used to calculate the spatial structural
parameters of reactants, transition states (TS), intermediates
and products involved in the elementary reaction path at the
B3LYP level of theory [18] with 6-311 + G (d, p) taken as the
basis set. The stability and reliability of the calculation method
and basis group have been verified by Dar et al. [19]. To locate
the TS, we used the TS algorithm based on the initial guess.
An intrinsic reaction coordinate (IRC) calculation was carried
out to ensure that the TS structure and the corresponding re-
actants and products or intermediates were associated. To con-
firm the stability of the structure, frequency analysis was car-
ried out for all the stationary structures involved, ensuring that
the reactants, intermediates and products do not appear with
virtual frequency. The TS has only one imaginary frequency,
which guarantees the uniqueness of the TS structure. Free
energies and thermochemical enthalpies were calculated at
B3LYP/6-311 + G(d, p) level of theory, and the correction of
the zero point energy (ZPE) was taken into account. The var-
iational transition state theory (VTST) was clearly advanta-
geous in the case of higher temperature and lower potential
barrier [20]. The VTST was used to calculate the rate constants
of chemical reactions for the critical elementary reactions and
tunnel effects were taken into account to correct the
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calculation results. All of the quantum chemical calculations
were carried out with Gaussian09 program suite on the model
of ServMaxPSC-201GAMAX server.

Results and discussion

Formation of 2-CPR and 3-CPR by aliphatic
hydrocarbons

Formation of 2-CP and 3-CP by aliphatic hydrocarbons

The gas-phase reaction mechanisms of benzene formation via
ethylene, acetylene, propylene and butylene(1-butene and 2-
butene) are depicted in Fig. 1. The calculation results demon-
strate that three C,H,4 can generate the intermediate cyclohex-
ane via cyclic polymerization. In ethylenes, double bond rup-
ture and ring closure occur in a one-step reaction through
transition state TS1 then forming IM1, subsequently generat-
ing IM2 cyclohexene via intra-annular elimination of H,. Via
the intra-annular elimination of H,, IM2 could be through two
paths: IM2 eliminates para-position H, to generate IM3 or
ortho-position H, to generate IM4, both of which are endo-
thermic reactions, have a relatively larger potential barrier.
The potential barrier of elimination of H, from IM4 is signif-
icantly higher than that from IM3, mainly because the steric
hindrance effect of the ortho C—H bond is higher than that of
the para position. Furthermore, benzene can be formed via
three acetylene cyclization. The potential barrier is
59.24 keal mol ™', which is a strong exothermic process.
Intra-annular elimination of H, from two propylenes forms
IM7, which requires a high potential barrier of
98.52 kcal mol™! and is strongly endoergic by
98.52 keal mol™". The elimination of H from IM7 appears to
be barrierless, and more strongly endoergic than the last step.
Two IM8 molecules then undergo ring closure to generate
benzene, and the reaction heat released by this process is far
less than that of acetylene cyclization to benzene. We analyzed
aromatizing 1-butene and 2-butene to benzene simultaneous-
ly; 1,3-butadiene could be produced via the stepwise elimina-
tion o-H and (3-H of 1-butene or the elimination of intra-
annular H, in 2-butene. The calculated results illustrate that
the potential barrier of elimination «-H is much lower than
that of (3-H, but the reaction heats are just the opposite. In
addition, the potential barrier of simultaneous removal o-H
and (3-H is much higher than that of stepwise elimination of
H. 2-Butene could generate IM6 directly via eliminating two
indentical «-H; the potential barrier is significantly lower than
that of 1-butene direct elimination of x-H and 3-H to generate
IM6, and the reaction heats do not differ much, which indi-
cates that the reaction from 2-butene to IM6 occurs more
easily. IM6 and acetylene can be cyclized to produce
cyclohexadienyl, which is a strongly endothermic reaction,
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Fig. 1 Formation routes of benzene through the small molecule aliphatic hydrocarbons (AE potential barriers, kcal mol™

keal mol '; 298.15 K)

then IM3, through removing the para position two H and intra-
annular rearrangement reaction generates benzene.

In the process of preparation of industrial phenol, ben-
zene can be directly oxidized to phenol by oxidizing
agents such as O, and H,0, [21, 22]. The main mecha-
nism is as follows: the hydroxyl radical formed by H,0,
will attack the benzene ring, forming the intermediate hy-
droxyl radical and then phenol [23].

The reaction route of benzene to chlorophenol may also
have a similar reaction path in the complex waste incinera-
tion process. The formation scheme embedded with poten-
tial barriers and reaction heats is shown in Fig. 2, and the TS
structures are shown in supporting information Fig. S5. The
chlorobenzene formation with Cl, as chlorine source pro-
vides Cl to substitute H in benzene, which meanwhile needs
to cross a higher barrier. Chlorobenzene may be oxidized
directly by oxygen under complicated conditions to produce
IM9, which is further reduced by H,, undergoing intramo-
lecular H migration to then produce 2-chlorophenol (2-CP)
or 3-chlorophenol (3-CP) via intramolecular dehydration.
H-shift dehydration is the rate-determining step. The other
route is OH radical attacking chlorobenzene to form IM11
and IM12, which occurs easily due as the potential barrier of
this elementary reaction is relatively small, only about
8 kcal mol . The H atom in IM11 is abstracted by H, Cl
or OH to form 2-chlorophenols (2-CP) or 3-chlorophenols
(3-CP). The elementary reaction is a strongly exothermic
reaction, where the potential barrier of the H free radical
extraction is 22—26 kcal mol ™!, Cl or OH free radical extrac-
tion reactions appear to be barrierless. In comparison, the
potential barrier of pathway 3 and 4 is much higher than that
of pathway 1 and 2; besides, the potential barrier of elimi-
nation H in IM11 via H is significantly higher than CI and
OH, which are both barrierless in pathway 1 and 2 and
pathway 3 and 4 are homologous and competitive.

- AH reaction heats,

Formation of 2-CPR and 3-CPR by chlorophenol

Previous studies have shown that PCDD/Fs can be formed by
radicals—radicals, radicals—molecules, and chlorophenols mol-
ecules [24]. Among them, the reaction between phenoxy rad-
icals is dominant. Chlorinated phenoxy radicals are classified
as persistent organic pollutants because they are difficult to
decompose and have strong toxicity. At the same time, their
reactivity with other substances, especially reactive oxygen, is
relatively low, so they can be used as precursors to generate
PCDD/Fs [25]. Formation of the phenoxy radical is one of the
most important steps for homogeneous reaction to produce
PCDD/Fs [24]. Therefore, we studied the formation mecha-
nism of PCDD/Fs via phenoxy radical and primarily calculat-
ed the potential barriers and reaction heats of phenoxy radicals
formation via 2-CP and 3-CP. In particular, the total energy of
the TS energy obtained by Cl extraction via ZPE correction is
lower than the total energy for the reactant chlorophenol with
Cl, so the reaction is barrierless. The calculation results are
consistent with those obtained by Zhang Qingzhu et al. [26] at
the MPWB1K/6-311 + G (3df, 2p) level to extract Cl on 2,4-
DCPR and 2,4,6-TCP. The reaction potential barrier and reac-
tion heats (both include ZPE correction) are shown in Table 1.

Formation of PCDD/Fs from 2-CPR and 3-CPR
Formation of PCDDs from 2-CPR and 3-CPR

This section gives six possible paths for the formation of
PCDDs, which are formed by 2-CPR and 3-CPR. The forma-
tion schemes embedded with the potential barriers and reac-
tion heats are depicted in Fig. 3. The TS structures involved in
the reaction are shown in supporting information Fig. S6. The
basic process of the formation of PCDDs by phenoxy radicals
includes the following elementary processes: carbon—oxygen

@ Springer



267 Page4of9

J Mol Model (2018) 24: 267

Cl Cl
AE=61. 40 AE=53. 24 H AE=44. 44 H
AH ~31. 59 AH=16. 73 O AH=112.30 OH
— > LT >
+C12 TS14 oxidation reaction o hydrogenation OH
TS23 H reduction
benzene chlorobenzene M9 TS24 IM10
+OH| AE=8.00 AE=8.36 |+OH
TS15| AH=-14.69 AH=-13.97| TS19
OH OH .
H cl H H Cl
@8@ AE=41. 57 Ct%@ AE=11. 80
H AH=-34. 36 9 Al=-32.17
H-shift & H-shift &
IMI1 IMI2 dehydration dehydration
| TS25 TS26
+H +H +Cl +OH
TSI6 TanCCll T518+I(;"(') TS20.y, | TS21 ey | TS20 " ™
. 2 AE= 22 89
AE=25.59 cl
Al=_89. 03 |[AH="T7. 60] AH=-92.3 Al=-84. 94| AH=-80. 51 AH=-95. 24
OH OH Cl
cl 3-chlorophenol(3-CP) 2-chlorophenol(2-CP)

2-chlorophenol(2-CP)

pathl path2

Fig. 2 Formation routes of 2-phenol and 3-phenol from benzene (AE potential barriers, kcal mol™

coupling dimerization, H abstraction, ring closure and the
intra-annular elimination of H. In the elementary process of
1,6-DCDD formation, the carbon—oxygen coupling dimeriza-
tion between two 2-CPRs is barrierless and exothermic by
14.95 kcal mol'. The potential barrier of process about
abstracting H from IM1 by high-energy H radical is greater
than the OH radical, but with less reaction heat.

The dimerization process of two 3-CPR via carbon—oxygen
coupling occurs in three ways. However, due to the different
positions of aromatic ring Cl substitution, the electronic and
steric hindrance effects differ during the formation of PCDDs.
The potential barrier of H abstraction in the formation of 1,6-
DCDD is higher than that in 1,8-DCDD, 2,7-DCDD;

Table 1  The potential barriers (AE) and reaction heats (AH) for the
formation of the 2-CPR and 3-CPR from 2-CP and 3-CP through various
processes

path3 path4

Cl

3-chlorophenol(3-CP)

1. AH reaction heats, kcal mol!, 298.15 K)

however, the abstraction characteristics of OH radical are op-
posite to this. The main reason is that the CI substitution site is
closer to the H atom to be eliminated, and the decrease in
electron density on the benzene ring promotes nucleophilic
attack of O in the OH free radical. The reaction heats of IM4
to IMS5 are lower than that from IM7 to IM8 and from IM10 to
IM11, and the gap in elementary reaction heats is very small in
the latter two steps. The ring closure process is an endothermic
reaction, and the potential barrier and reaction heat of 1,6-
DCDD and 1,8-DCDD are similar but greater than those of
2,7-DCDD. The most likely reason is that the presence of
vicinal Cl atoms increase the barrier of ring closure. H elimi-
nation is the rate-determining step in the chain with highest
potential barrier and strongly endothermic. The calculated re-
sults show that the reaction heat and reaction potential barrier
approximation in the formation of 1,6-DCDD and 1,8-DCDD,
respectively 31.20 kcal mol_l, 31.23 kcal mol™! and
27.53 kecal mol™!, 27.55 kcal mol ™' and greater than that of

Reactions AE (keal mol ™) AH (keal mol™) 2,7-DCDD. Therefore, it can be inferred that the substitution
2-CP— 2CPR + H Barrierless 81.59 position of Cl has a great influence on the barrier and reaction
2-CP+H— 2CPR +H, 792 ~22.96 heat of the elementary reaction.

2-CP + Cl— 2CPR + HCI Barrierless ~18.54 The formation of 1,9-DCDD and 3,9-DCDD may have two
2-CP+0H—2CPR+H,0  2.02 3326 reaction paths by 2-CPR and 3-CPR cross coupling. The dif-
3-CP—3CPR+H Barrierless 33.84 ference between the carbon—oxygen coupling dimerization
3-CP+H — 3CPR + H, 932 2070 sites determines the difference in the product and the reaction
3-CP+Cl— 3CPR + HCI Barrierless 1628 mechanism is similar to that of the previous chlorophenoxy
3-CP+OH — 3CPR + 1,0 181 31,00 free radicals. Comparing path 1 to path 4, it was found that the
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Fig. 3 Formation routes of polychlorinated dibenzodioxins (PCDDs) embed
(keal mol ') from 2-CPR and 3-CPR precursors

coupling dimerization was between the reaction of two 2-
CPRs and two 3-CPRs. The substitution position of Cl in
the aromatic ring has a certain effect on the abstraction of H
from aromatic hydrocarbons, which also improves the extrac-
tion barrier of the H radical and reduces the extraction barrier
of'the OH radical. The calculated results show that the reaction
heat of the elementary reaction abstracted H from the carbon—
oxygen coupling dimer is the maximum in the reaction path
and the potential barrier of the final H-elimination reaction is
the largest, making this the rate-determining step of the routes.
Taken all together, the six pathways are analogous and
competitive.

Formation of PCDFs from 2-CPR and 3-CPR

Studies by Werber et al. [4] showed that the formation of the
intermediate dioxo-dichloro-biphenyl by the coupling of the
vicinal C—C atom of the phenoxy radical is a key elementary
reaction for the formation of polychlorinated biphenyls and

ded with the potential barriers AE (kcal mol™") and reaction heats AH

furans. The main elementary reactions that form PCDFs based
on 2-CPR and 3-CPR include: the coupling reactions of dif-
ferent phenoxy radicals between vicinal carbon atoms, the
abstraction of H or Cl, the migration rearrangement of single
H atom, ring closure, and OH elimination. There are four
reaction paths for the formation of PCDFs with 2-CPR and
3-CPR as precursors. The formation schemes embedded with
the potential barriers and reaction heats are shown in Fig. 4,
and the TS structures are shown in supporting information
Fig. S7.

The first step in the fomation of PCDFs is carbon—carbon
coupling dimerization, which appears to be barrierless and
significantly less exothermic compared to the carbon—oxygen
coupling dimerization involved in PCDD formation. From the
comparison, we find that the reaction heat of carbon—carbon
coupling dimerization occurring on the C attached to the Cl
atom substituent is lower than when not attached to the Cl
atom. Using H and OH radicals to extract Cl of the dimer
coupling sites, the calculated results show that the reaction

@ Springer
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Fig. 4 Formation routes of polychlorinated dibenzofurans (PCDFs) embedded with the potential barriers AE (kcal mol ') and reaction heats AH
(keal mol !, 298.15 K) from 2-CPR and 3-CPR precursors

heat and reactivity barrier of the elemental reaction have a  extraction to produce HCI is higher than that by OH radical
very good relationship with the molecular structure. Cl ab-  extraction to produce HOCI, and the potential barrier of OH
straction is exothermic, the reaction heat by high energy H  extraction is higher than that of H. Reduced stability of H in
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the carbon—carbon coupling site and the H atom migrates from
the carbon—carbon coupling site to the O atom on aromatic
hydrocarbons, then generates a phenolic hydroxyl group,
which is an exothermic reaction and the rate-determining step
in PCDF formation. The potential barrier of the ring closure
step in the formation of PCDFs is slightly higher compared
with that in the formation of PCDDs. The potential barrier of
the rate-determining step in the formation of PCDFs is larger,
indicating that the amount of PCDFs generated by the precur-
sor is less than PCDDs under the same conditions.

Rate constant calculations

A mathematical model was established to study the potential
results of pollutants released into environment and to provide
relevant guidance for environmental monitoring and risk de-
cision analysis. Pre-exponential factor, activation energy and
rate constant in the Arrhenius equation were obtained during

Table 2

Arrhenius formulas for elementary reactions involved in

formation of 2-CPR and 3-CPR from small molecule aliphatic
hydrocarbon over the temperature range 300-1300 K*

Reaction

Arrhenius formula

3C,H, — CgHg
3C,Hy— IM1

M1 — M2+ H,

IM2 — IM3 + H,

IM2 — IM4 + H,

IM3 — C¢Hg + H,

IM4 — C¢Hg + H,
C4Hg+H—IM5+H,
IM5 +H — IM6 + H,
IM6 + C,H, — IM3
1-C4Hg — IM6 + H,
2-C4Hg — IM6 + H,
C3Hg — IM7 + H,

CgHg + Cl, — C¢HsCl+ HCl
C¢Hs5Cl+ O, — IM9
IM9 + H, — IM10

IM10 — 2-CP +H,O
IM10 — 3-CP+H,0O
C¢HsCl+ OH — IM11
IM11 —2-CP+H,
C¢HsCl+ OH — IM12
IM12 — 3-CP +H,
2-CP+H — 2-CPR + H,
2-CP +OH — 2-CPR + H,0
3-CP+H — 3-CPR+ H,

D) =(1.97 x 10)exp.(—31,092.19 /T)
KT)=(5.63 x 10*)exp.(—39,662.87 /T)
K(T)=(1.36 x 10")exp.(—59,228.89 /T)
K(T)=(3.34 x 10")exp.(-61,920.67 /T)
K(T)=(2.11 x 10")exp.(=60,801.91 /T)
KT =(7.72 x 10")exp.(—45,951.17 /T)
K(T) = (5.94 x 10")exp.(—22,333.65 /T)
D)= (635 x 10" Mexp.(—3679.19/T)
KT =(5.87 x 10 )exp.(~17,266.57/T)
K(T)=(1.59 x 10" ?)exp.(—16,648.70/T)
KT)=(6.74 x 10"?)exp.(~53,961.05/T)
K(T)=(9.88 x 10" )exp.(—30,937.75/T)
K(T) = (4.59 x 10""*)exp.(—51,460.42/T)
KD =(2.01 x 10%)exp.(—34,356.93 /T)
K(T)=(4.56 x 10 ")exp.(—27,451.47 /T)
K(T)=(5.82x 10 ®)exp.(—22,357.86 /T)
K(T)=(6.94 x 10"*)exp.(—21,526.85 /T)
K(T)=(5.28 x 10"%)exp.(—21,342.42 /T)
KT =(1.84x 10 "?)exp.(—4771.84 /T)
KT)=(1.36 x 10 ?)exp.(—12,355.25 /T)
K(T)=(1.98 x 10" ?)exp.(—4954.97 /T)
D)= (1.70 x 10" )exp.(-11,002.35 /T)
KD)=(3.13 x 10 Mexp.(—4192.60 /T)
KT)=(1.33x 10" ?)exp.(-1908.51 /T)
KT)=(5.74 % 10"Mexp.(—4712.50 /T)

the formation of PCDD/Fs, which matters in establishment of
the mathematical model. The rate constants of the elementary
reactions involved in the formation of PCDD/Fs from small
molecule aliphatic hydrocarbon precursors were evaluated by
the VTST over a wide temperature range from 300 to 1300 K.
Meanwhile, the rate constants of relevant elementary reactions
were fitted. Since there is very little in the literature so far
showing the direct correlation between experimental values
and theoretical values, in order to verify the accuracy of the
fitting formula, we compare with the previous calculated re-
sults by Gao et al. Zhang et al. [26, 27] at MPWBI1K/6-311 +

G (3DF, 2P) level on similar reactions, as well as the analysis
of chemical reaction rate constants obtained in CVT/SCT
fitting. It turns out that the magnitudes of parameters between
similar reactions are the same. For instance, the pre-
exponential factor of 2-CP + H — 2-CPR + H, was 3.13 x

107" sfl, while the pre-exponential factor of 2,4-DCP +

H — 2,4-DCPR+H, by Zhang was 5.01 x 10"'" s™'. The
pre-exponential factor of the 1,6-DCDD loop closing reaction
IM6 — 1,6-DCDD+H is 4.92 x 10'*s™!, Zhang et al. [27]

Table 3 Arrhenius formulas for elementary reactions involved in
formation of PCDDs from 2-CPR and 3-CPR over the temperature
range of 300-1300 K*

Reaction Arrhenius formula

IM1 +H — IM2 +H,
IM1 + OH — IM2 + H,O

KT)=(1.13 x 107" %exp.(—3370.33 /T)
K(T)=(2.42 x 10"%)exp.(—2691.81 /T)

M2 — IM3 KT) = (436 x 10"M)exp.(—12,769.06 /T)
IM3 — 1,6-DCDD+H K(T) = (433 x 10")exp.(—15,335.73 /T)
IM4 +H — IM5 + H, K(T)=(2.46 x 10" exp.(—3508.14 /T)
IM4 + OH — IM5 + H,0 KT = (243 x 10" H)exp.(-3041.37 /T)
M5 — IM6 K(T)=(3.94 x 10")exp.(—11,786.02 /T)
IM6 — 1,6-DCDD+H K(T)=(4.92 x 10")exp.(—16,232.63 /T)
IM7 +H— IM8 + H, K(T)=(9.71 x 10 )exp.(—3456.84 /T)
IM7 + OH — IMS8 + H,0 K(T)=(6.52 % 10 "?)exp.(—3553.44 /T)
IM8 — IM9 K(T) = (4.33 x 10")exp.(~11,806.09 /T)

IM9 — 1,8-DCDD+H
IM10+H — IM11 +H,
IM10 + OH — IM11 + H,O

KT = (5.04 % 10")exp.(~16,252.82 /T)
KT)=(1.08 x 10~ V)exp.(~3429.39 /)
K(T) = (9.46 x 10 "?)exp.(~3470.08 /T)

MI11 — IMI2 KT)=(3.44 x 10"M)exp.(—11,545.44 /T)
IM12 — 2,7-DCDD+H k(D)= (4.21 x 10")exp.(—15,641.53 /T)
IM13 +H— IM14 + H, KD =(2.18 x 10 M)exp.(—4025.22 /T)
IMI3+0H—IM14+H,0  k(T)=(7.89 x 10 )exp.(-3369.27 /T)
IM14 — IM15 K(T)=(3.46 x 10")exp.(—12,157.83 /T)
IM15 — 1,9-DCDD+H K(T) = (4.43 x 10")exp.(—15,250.66 /T)
IM16+H—IM17 + H, K(T)=(8.70 x 10" exp.(—3476.07 /T)
IM16 + OH — IM7 + H,O K(T) = (4.62 x 10" ?)exp.(—3309.17 /T)
IM17 — IM18 K(T)=(3.81 x 10")exp.(—12,091.77 /T)

IM18 — 3,9-DCDD+H K(T) = (4.54 x 10")exp.(—15,266.94 /T)

aUnits are s~
reactions

PR . .
and cm® mol ™! s' for unimolecular and bimolecular

aUnits are s ' and cm® mol! s™! for unimolecular and bimolecular

reactions
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Table 4  Arrhenius formulas respectively for elementary reactions
involved in formation of PCDFs from 2-CPR and 3-CPR over the
temperature range 300-1300 K

Reaction

Arrhenius formula

IM1+H— IM2+HCI
IM1 + OH — IM2 + HCIO

KT)=(2.53 x 10~ O)exp.(—4464.89 /T)
K(T) = (4.13 x 10" "?)exp.(—8360.33 /T)

IM2 — IM3 KT) = (3.86 x 10")exp.(—24,977.08 /T)
M3 — IM4 K(T) = (5.50 x 10")exp.(—14,922.36 /T)
IM4 — 1-MCDF+OH K(T) = (5.52 x 10")exp.(—7008.57 /T)
IM5 + H — IM6 + HCI K(T)=(5.15 x 10" %)exp.(—4904.63 /T)
IM5 + OH — IM6 + HCIO K(T)=(7.27 x 10 %)exp.(—4182.56 /T)
IM6 — IM7 K(T)=(3.26 x 10")exp.(—24,351.49 /T)
IM7 — IM8 K(T) = (1.05 x 10")exp.(—13,695.47 /T)
IM8 — 3-MCDF+OH K(T) = (5.59 x 10")exp.(—7258.96 /T)
IM9+H — IM10+ H, K(T)=(6.48 x 10 Mexp.(-1107.20 /T)
IM9 + OH — IM10 + H,0 KI)=(1.71 x 10”"})exp.(—2948.87 /T)
IM10 — IM11 K(T)=(3.78 x 10"%)exp.(—24,489.42 /T)
IM11 — IM12 k(1) =(8.38 x 10"?)exp.(—17,218.62 /T)

IM12 — 3,6-MCDF+OH
IM13+H— IM14 + H,

K(D) = (5.28 x 10")exp.(~7573.52 /T)
KD) = (1.68 x 10 *)exp.(—423.99 /T)

IMI3+0OH—IMI4+H,0 k(D) =(1.17 x 10 Y)exp.(-3257.62 /T)
IM14 — IM15 K(T) = (4.84 x 10")exp.(—25,103.52 /T)
IM15 — IM16 K(T) = (4.49 x 10")exp.(—14,943.99 /T)

IM16 — 1,6-MCDF+OH K(T) = (5.42 x 10")exp.(~7175.13 /T)

Units are s ' and cm® mol™' s™' for unimolecular and bimolecular

reactions

fitted the Arrhenius formulas obtained from the formation of
1,3,8-TCDD and 1,3,6,8-TCDD by double 2,3-DCPR mole-
cules. The pre-exponential factors of the loop closing reaction
were 8.94 x 10'%s7! and 3.17 x 10"%s™", respectively.
Therefore, the rate constants we calculated are reliable.

The rate constants of the elementary reactions involved in
the formation of PCDD/Fs from the small molecule aliphatic
hydrocarbon precursors were evaluated over a wide tempera-
ture range from 300 to 1300 K and the Arrhenius equations are
shown in Tables 2, 3 and 4. Pre-exponential factor, activation
energy and rate constants can be obtained from these
Arrhenius formulas.

Conclusions

Based on the DFT theory, we have studied the gas-phase re-
action mechanism of PCDD/Fs formation in two stages with
aliphatic hydrocarbons as precursors. In the first stage, all
elementary reactions have a very high potential barrier.
Reaction heats of carbon—oxygen coupling dimerization be-
tween phenoxy radicals is much larger than that of carbon—
carbon coupling dimerization. The substitution position of Cl
has a certain effect on the potential barrier and reaction heats.

@ Springer

The elementary reaction of intramolecular H removal is the
determining step in the second stage reaction of PCDDs and
PCDFs formation. In general, aliphatic hydrocarbons such as
C,H,, C,H,4, C3Hg, C4Hg have low reactivity when serving as
dioxin precursors. Therefore, in practical applications, pre-
treatment of sewage sludge could be carried out to minimize
the content of chlorinated compounds and metals. The original
sludge can then be made into a waste-derived RDF (refuse-
derived fuel), which can be used for subsequent incineration
[28].
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