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Dechlorination of chlorinated aromatic pollutants (CAPs) has become a major issue in recent decades. This
paper reported a theoretical indicator for predicting the reductive dechlorination pathways of polychlori-
nated dibenzo-p-dioxins (PCDDs), chlorobenzenes and chlorophenols transformed by Dehalococcoides sp.
strain CBDB1. Density functional theory (DFT) calculations were carried out at the B3LYP/6-31G(d) level for
all related CAPs and Mulliken atomic charges on chlorine atoms (Qci()) were adopted as the probe of the
dechlorination reaction activity. Qci¢ny can consistently indicate the main dechlorination daughter products
of PCDDs, chlorobenzenes and chlorophenols conducted by strain CBDB1. The dechlorination reaction favors
elimination of the chlorine atoms having greater Qci(n) values. The chlorine atom with the greatest Qcn)
value tends preferentially to be eliminated, whereas the chlorine atom with the smallest Q) value tends
unlikely to be eliminated or does not react at all. For a series of compounds having similar structure, the
maximal Qcy(»y of each molecular can be used to predict the possibility of its daughter product(s). In addition,
the difference (AQci(n)) between the maximal Qc(») and the next maximal Qc(n of the same molecule can be
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used to assess the possibility of formation of multiple dechlorination products.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Chlorinated aromatic pollutants (CAPs) such as polychlorinated
biphenyls (PCBs) and chlorinated benzenes are widespread persistent
contaminants in soils and sediments (Fennell et al., 2004). It is of
particular importance to develop effective technologies for remedy of
CAP-contaminated soils and sediments. Several transformation-based
technologies including photolysis, photocatalysis, y-radiolysis, bio-
degradation, incineration and thermal treatment have been devel-
oped for destruction of these chemicals in different environmental
systems (Adriaens et al., 1996; Choi et al., 2000; Kluyev et al., 2002;
Konstantinov et al., 2000; Fennell et al., 2004; Mitoma et al., 2004;
Lundin and Marklund, 2005; Noma et al., 2007; Wang et al., 2008).
The use of microorganisms for in situ remediation is regarded as a
better and inexpensive method to detoxify CAPs from the environ-
ment (Fennell et al., 2004).

Reductive dechlorination is an important transformation process
for CAPs in the environment (Fennell et al., 2004). Dehalococcoides
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strains are highly specialized and strictly anaerobic bacteria that are
known to grow only by respiration using hydrogen as an electron
donor and halogenated organic compounds as electron acceptors
(Adrian et al., 2007). Neither fermentation nor respiration with non-
halogenated compounds has been observed with any of the described
isolates (Bunge et al., 2003; Holscher et al., 2003; Fennell et al., 2004;
Adrian et al., 2007; Liu and Fennell, 2008). Dehalococcoides sp. strain
CBDB1 was found to dechlorinate 1,2,3,4-tetrachlorodibenzo-p-dioxin
(1,2,3,4-TCDD), 1,2,3,7,8-pentachlorodibenzo-p-dioxin (1,2,3,7,8-
PeCDD), hexachlorobenzene (HxCB), pentachlorophenol (PeCP) and
some of their daughter products (Bunge et al., 2003; Holscher et al.,
2003; Adrian et al., 2007). Despite the above studies having provided
insight information on the dechlorination of selected CAPs, the
dechlorination reaction pathways by strain CBDB1 for most CAPs
have not yet been clearly delineated in the literature.

Practically speaking, experimental determination of dechlorination
pathways is technically difficult for some CAPs such as polychlorinated
dibenzo-p-dioxins (PCDDs) that undergo degradation at extremely slow
rates. Some intermediate products of CAP degradation may not be
detected since they are not commercially available. Thus, it is necessary
to develop theoretical approaches to predict the dechlorination path-
ways and products. One of these techniques is based on structure-
activity relations (SARs) that correlates certain molecular descriptors
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calculated directly from chemical structures to the dechlorination
activity of different CAPs.

In this work, we employed density functional theory (DFT)
calculations (Becke, 1993; Putz, 2008a) to gather structural information
of CAPs. We identified the structural descriptors that may be best
indicators for experimentally determined dechlorination pathways for
limited sets of CAPs in the presence of Dehalococcoides sp. strain CBDBI1.
After validation of the probe for the dechlorination reaction activity, we
could propose the most likely pathways for the dechlorination of a large
set of CAPs.

2. Experimental section

The molecular modeling system HyperChem (Release 7.0, Hypercube
Inc., 2002) was used to construct and view the structures of all CAPs
examined in this study. Molecular geometry was optimized using the
B3LYP hybrid functional of DFT in conjunction with 6-31G(d), a split-
valence basis set with polarization function (Hehre et al., 1972; Becke,
1993). DFT was selected because it has been widely used in recent
applications of quantum chemistry (Zhou et al., 2005; Zhang et al., 2006;
Lu etal., 2008; Tao et al., 2008). In addition, the computational time of DFT
calculations is now much shorter than before since the computing speed
of the personal computer has increased dramatically. B3LYP/6-31G(d)
was selected because it was reliable in computing structure descriptors of
aromatic organic compounds (Yang et al, 2006). The stability of
molecular structures was confirmed by the vibrational frequency analysis.
All calculations were carried out with the Gaussian 03 program (Frisch
et al,, 2003) running on an Intel Core 2 Duo 3.00 GHz CPU computer
equipped with 5.00 GB of internal memory and Microsoft Windows XP
Professional operating system.

DFT calculations were performed for all related CAPs, resulting in
useful structural descriptors of these compounds. These descriptors
include the eigenvalue of the highest occupied/lowest unoccupied
molecular orbital (Egomo/ELumo), the molecular total energy (Er), the
electronic spatial extent (R.), the dipole moment (u), the Mulliken
atomic charge on carbon and chlorine atoms (Qc(,) and Qcyn, 1 is
the carbon atom number in the frame), the bond length between
carbon and its substituted chlorine atoms (L,,). These descriptors were
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correlated with the experimentally determined dechlorination path-
ways of CAPs in the presence of Dehalococcoides sp. strain CBDB1
(Bunge et al., 2003; Holscher et al., 2003; Adrian et al., 2007). The
descriptors that were validated as the indicators for the reported
dechlorination pathways of limited sets of CAPs were thus used to
propose the dechlorination pathways for other CAPs.

3. Results

After validation of experimental dechlorination pathways of CAPs by
Dehalococcoides sp. strain CBDB1 (Bunge et al., 2003; Holscher et al.,
2003; Adrian et al.,, 2007), the Mulliken atomic charge on chlorine atoms
(Qcimy) is adopted as the theoretical indicator of the dechlorination
reaction activity. According to our calculation, the dechlorination
reaction favors elimination of the chlorine atoms having greater Qg
values. In other words, on the same CAP molecule, the chlorine atom
with the greatest Qci(n) value tends to be eliminated preferentially by
the microorganisms, whereas the chlorine atom with the smallest Q¢
value tends to be least likely eliminated or may not be reactive at all.

3.1. Validation of the dechlorination pathways of PCDDs

Bunge et al. (2003) reported that Dehalococcoides sp. strain CBDB1
could dechlorinate 1,2,3,4-TCDD and 1,2,3,7,8-PeCDD to a series of
less chlorinated PCDDs, respectively. The dechlorination pathways are
shown in Fig. 1.

We examined the structural parameters computed from DFT and
found a good positive correlation between the Qc(,,) of PCDDs and their
reactivity. Table 1 lists the Q) values of the related PCDDs examined in
Bunge et al. (2003). As can be seen in Table 1, for 1,2,3,4-TCDD, the
Mulliken atomic charges on the positions 1 and 4 are 0.06413 and on the
positions 2 and 3 are 0.05899. According to Fig. 1, the dechlorination
reactions at the positions 1 and 4 are preferred over those at the positions
2 and 3, resulting in accumulation of 1,2,3-TrCDD as the intermediate
product. The three chlorines on 1,2,3-TrCDD have Mulliken atomic
charges on the order of QCl(]) (0.05812)>QC1(2) (005222) >QC1(3)
(0.02634), and the detected experimental dechlorination main product
2,3-DCDD is resulted from the dechlorination of position 1.
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Fig. 1. Dechlorination pathways of two PCDDs by Dehalococcoides sp. strain CBDB1 (Bunge et al., 2003). The major routes are marked with bold arrows.



G.-N. Lu et al. / Science of the Total Environment 408 (2010) 2549-2554 2551

Table 1

Mulliken atomic charges of chlorine atoms for selected PCDDs.
PCDDs Qainy’

1 2 3 4/7 8 AP

1,2,3,7,8-PeCDD 0.06606 0.05914 0.03402  0.02995  0.02912 0.00692
2,3,7,8-TCDD - 0.02650 0.02650  0.02650  0.02650 -
1,3,7,8-TCDD 0.03256 - 0.00214  0.02762  0.02678 0.00494
2,3,7-TrCDD - 0.02306 0.02327 —0.01068 - 0.00021
1,2,3,4-TCDD 0.06413 0.05899 0.05899  0.06413 - 0.00514
1,2,3-TrCDD 0.05812 0.05222 0.02634 - - 0.00590
1,2,4-TrCDD 0.05659 0.02627 - 0.03011 - 0.02648
2,3-DCDD - 0.01868 0.01868 - - -
1,3-DCDD 0.02365 - —0.00621 - - 0.02986

¢ Given in bold are the maximal Qc;(n).
b A is the gap between the maximal and the next maximal Qai(n)-

For all PCDDs listed in Table 1, the main products of dechlo-
rination proposed by the maximal Q) are exactly the same as the
experimentally detected main products shown in Fig. 1. Meanwhile,
1,3,7,8-TCDD, 1,2,4-TrCDD and 1,3-DCDD were identified experimen-
tally as the secondary products of 1,2,3,7,8-PeCDD, 1,2,3,4-TCDD and
1,2,3-TrCDD, respectively. These secondary products are formed by
dechlorination at the positions having the next maximal Q).
Therefore, it could be concluded that the dechlorination reaction of
PCDDs by Dehalococcoides sp. strain CBDB1 favors elimination of the
chlorine atoms having greater Qc(n) values. In other words, the chlorine
atom having maximal Qcy(n) value tends to be preferentially eliminated.

Further study of the data listed in Table 1 indicates that the three
PCDDs having two detected experimental products satisfy two
conditions: (1) the difference (AQcin)) between the maximal Qcy(n)
and the next maximal Q) of the three parent PCDDs is <0.01 and
(2) the next maximal Qc(,) is >0.05. In the case of 1,3,7,8-TCDD, the
AQcy(ny is <0.01, but its next maximal Qcjn) is <0.03. It indicates
weaker reactivity of the second chlorine atom, hence only one
dechlorination product was detected experimentally for 1,3,7,8-
TCDD. Since 2,7-DCDD and 2,8-DCDD were not separated under
experimental conditions, both were considered as the dechlorination
product of 2,3,7-TrCDD (Bunge et al., 2003). As shown in Table 1, the
AQci(ny 0f 2,3,7-TrCDD is <0.01 and its next maximal Qi) is <0.03, so
we predict that 2,7-DCDD may be the only dechlorination product. For
the other four PCDDs listed in Table 1, they either have AQcjn)>0.01
or structurally have only one dechlorination product. Therefore, only
one dechlorination product was detected experimentally for each.
According to the above analysis, it can be concluded that AQc(n) can
be used as an indicator for assessing whether a secondary dechlori-
nation product of PCDDs by Dehalococcoides sp. strain CBDB1 may be
present. The smaller AQc») value may indicate high possibility of
formation of a secondary dechlorination product.

3.2. Validation of the dechlorination pathways of chlorobenzenes

Holscher et al. (2003) reported the reductive dehalogenation of
chlorobenzenes (CBs) in cell extracts of Dehalococcoides sp. strain
CBDB1. The reported dechlorination products and dehalogenase
activity in crude extracts are listed in Table 2. The calculated Qcjn)
values of the related CBs are listed in Table 3.

The proposed dechlorination pathways of CBs based on the maximal
Qciny are shown in Fig. 2 (see solid arrows). Comparing Fig. 2 with
Table 2, we found all the proposed dechlorination products pointed by
solid arrows had been detected experimentally. Both pentachloroben-
zene (PeCB) and 1,2,4-trichlorobenzene (1,2,4-TrCB) had two experi-
mental dechlorination products (Holscher et al., 2003). As the second
dechlorination products, 1,2,3,5-tetrachlorobenzene (1,2,3,5-TCB) and
1,3-dichlorobenzene (1,3-DCB) are resulted from the dechlorination of
PeCB and 1,2,4-TrCB on the positions having the next maximal Qcicn),
respectively. Both the AQc,) of PeCB and 1,2,4-TrCB are <0.01 (see

Table 2
Dechlorination products of selected chlorobenzenes in crude extracts of Dehalococcoides
sp. strain CBDB1 (Holscher et al., 2003).

Added chlorobenzenes Dechlorination products Specific activity 4- SD*

(nkat/mg of protein)®

1,2,3-TrCB 1,3-DCB 11+0.7
1,2,4-TrCB 1,3-/1,4-DCB 0.3+0.0
1,3,5-TrCB = <0.05
1,2,3,4-TCB 1,2,4-TrCB 355+21
1,2,3,5-TCB 1,3,5-TrCB 76+1.7
1,2,4,5-TCB 1,2,4-TrCB 3+0.1
PeCB 1,2,3,5-/1,2,4,5-TCB 171+£12
HxCB PeCB 04+0.0

¢ Means of results of triplicate assays =+ standard deviation.
b 1 nkat is defined as 1 nmol of dechlorination products formed per second at 25 °C.

Table 3), indicating a possibility of formation of two dechlorination
products. For other CBs listed in Table 3, the AQcj(,,) values are >0.01 or
the chemicals are limited structurally to only one dechlorination product.

Fig. 3 presented the biodegradation rate against the maximal Qcj¢n) of
CBs. It shows that, excluding the data point for HxCB, the measured
biodegradation rate of CBs correlates positively with the computed
maximal Qcy(, values of the compounds. For example, 1,2,3,4-TCB and
PeCB having higher maximal Qcn) values (0.06250 and 0.07073,
respectively) exhibit much faster reaction rates among the listed CBs
whereas 1,3,5-TrCB having lower maximal Qcn) value (0.00539)
exhibits slower reaction rate without dechlorination product identified
in the reported study. However, HXCB has the largest maximal Qcjn)
0.07587 among the CBs listed in Table 3, but its reaction rate is much
slower. The reported degradation rate of HXCB is about 0.4 nkat/mg of
protein, which is comparable to the rate for 1,2,4-TrCB (0.3 nkat/mg of
protein), but is dramatically lower than 171 nkat/mg of protein for PeCB.
It appears that HXCB may be an outliner in this dataset. One possible
explanation is that the enzymes of the microorganisms also decide the
rate of dechlorination while the theoretical approach only considers the
property of the compound.

3.3. Validation of the dechlorination pathways of chlorophenols

Adrian et al. (2007) investigated the growth of Dehalococcoides sp.
strain CBDB1 with chlorophenols (CPs) as the electron acceptors. They
summarized the proposed dechlorination pathways of CP degradation
(Fig. 4). Here we calculated the Qc(,) values for the deprotonated CPs
because they are readily deprotonated to chlorophenol anions and
hydrogen cations in aqueous solution. The calculated Qcy(,) values are
listed in Table 4.

As shown in Fig. 4 and Table 4, the proposed dechlorination
pathways of chlorophenol anions based on the maximal Q¢ are in
accordance with the detected pathways. For example, the dominant
dechlorination product of 2,3,5,6-TCP is 2,3,5-TrCP which is further
degraded to 3,5-DCP whereas the dominant dechlorination product of
2,3,6-TrCP is 2,5-DCP, and further to 3-MCP. By comparing the maximal
Qci(ny value of each chlorophenol anion and the arrow type of the
dechlorination pathways shown in Fig. 4, it can be seen that when the
maximal Qcy(ny value is <—0.14, the dechlorination reaction tends be
slow and incomplete or even does not react at all. For instance, the three
MCPs and 3,5-DCP do not react at all whereas 2,4- and 2,6-DCP are
dechlorinated at very slow rates. However, when the computed
maximal Qg value is >—0.11, the dechlorination reaction is complete
and the main dechlorination product is consistent with that proposed
with the maximal Qcy(n). For example, the dechlorination reactions of
the three TCPs and PeCP are complete. In addition, for 2,4,6-TrCP and
3,4-DCP having the maximal Q¢ between —0.14 and —0.11 (about
—0.12), the dechlorination reaction of 2,4,6-TrCP is complete, while
dechlorination reaction of 3,4-DCP occurred only if it was formed from a
higher chlorinated phenol in the same culture.
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Table 3

Mulliken atomic charges of chlorine atoms for selected chlorobenzenes.
Chlorobenzenes Qainy?

1 2 3 4 5 6 AP

HxCB 0.07587 0.07587 0.07587 0.07587 0.07587 0.07587 -
PeCB 0.04396 0.06940 0.07073 0.06940 0.04396 - 0.00133
1,2,3,4-TCB 0.03250 0.06250 0.06250 0.03250 = = 0.03000
1,2,3,5-TCB 0.03801 0.06294 0.03801 - 0.01222 - 0.02493
1,2,4,5-TCB 0.03673 0.03673 - 0.03673 0.03673 - -
1,2,3-TrCB 0.02370 0.05383 0.02370 - - - 0.03013
1,2,4-TrCB 0.02478 0.02883 - —0.00043 - - 0.00405
1,3,5-TrCB 0.00539 - 0.00539 - 0.00539 - -
1,2-DCB 0.01339 0.01339 - - - - -
1,3-DCB —0.01069 - —0.01069 - - - =
1,4-DCB —0.01428 - - —0.01428 - - -

@ Given in bold are the maximal Qcy(,).
b Ais the gap between the maximal and the next maximal Qci(n)-

For the chlorophenols having two or more detected dechlorination
products, the dechlorination always took place in the positions having
larger Qcy(ny values. Further investigation of Table 4 and Fig. 4 indicates
that the requirements for a chlorophenol to yield two dechlorination
products are that the AQcy(,) value of a chlorophenol anion is <0.01. If its
third maximal Qcj(n is > —0.0875, the chlorophenol may have a tertiary
dechlorination product. For example, PeCP, 2,3,4,5-TCP, 2,4,5-TrCP and
3,4-DCP have two or more dechlorination products. Meanwhile, if a
chlorophenol anion has AQcin) of >0.01 and has at least two Qcyn)>
—0.0875, it may have multiple dechlorination products. For example,
2,3,4,6-TCP and 2,3,4-TrCP have two dechlorination products. However,
if a chlorophenol anion has AQcj,) value of >0.01 and its next maximal
Qciny is <—0.0875, the compound may have only one dechlorination
product or even hard to dechlorinate. For instance, 2,3,6-TrCP has only
one dechlorination product.

4. Discussion

We had reported four rules of thumb for predicting the main
reductive dechlorination pathways of PCDDs in the presence of zero-
valent zinc based on the maximal Qcy(,y probe (Lu et al., 2010). Since the
dechlorination pathways of PCDDs by Dehalococcoides sp. strain CBDB1
were indicated by Qcy(n), their main pathways and products also could

follow those rules of thumb. However, the dechlorination pathways of
CAPs may differ under different environmental conditions. Studies have
shown different dechlorination mechanisms for 1,2,3,4-TCDD con-
ducted by Dehalococcoides sp. strain CBDB1(Bunge et al., 2003) and
Dehalococcoides ethenogenes strain 195 (Fennell et al.,, 2004). Thus, in
addition to the Mulliken charge of the selected atom, other descriptors
such as electron affinity, electronegativity and chemical hardness
indices may offer alternative perspectives for predicting the dechlori-
nation pathways of CAPs in different systems (Arulmozhiraja and
Morita, 2004; Putz, 2008b,c). In a theoretical study, Arulmozhiraja and
Morita (2004) hypothesized that the electron attachment on the neutral
gaseous PCDFs may weaken the C-Cl bonds and that the dechlorination
may take place on the much-elongated C-Cl bonds of the anionic PCDFs.
However, this hypothesis was not validated with experimental data.
We had considered the C-Cl bond length (L,) as an alternative
probe. However, this probe did not fit well with the experimental
results obtained under aqueous conditions and in the presence of
Dehalococcoides sp. strain CBDB1.

5. Conclusions

DFT calculations were carried out at the B3LYP/6-31G(d) level for
selected PCDDs, chlorobenzenes and chlorophenol anions, and Mulliken

cl cl
cl cl
—_—
> cl Cl
g Cl
- o 123.5-TCB 13.5-TiCB
cl caa ca o« a  a cl
_— — — —
cl ca c o cl cl Cl
cl
HxCB PeCB 1,2.4,5-TCB 1,2.4-TrCB 1.4-DCB
cl cl A
cl a  a a i
—_—
cl
1,2.3,4-TCB 1,2,3-TrCB 1,3-DCB

Fig. 2. Dechlorination pathways of chlorobenzenes predicted with the Qc(,) probe. The major routes are marked with solid arrows and dashed arrows are predicted by the next

maximal Qci(n).
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Fig. 3. The experimentally determined reaction rate against the maximal Qc(n) of the
selected chlorobenzenes.

atomic charges on chlorine atoms (Qcy()) were adopted as the probe of
the dechlorination reaction activity of Dehalococcoides sp. strain CBDBI1.
Qciny can consistently indicate the main dechlorination daughter
products of PCDDs, chlorobenzenes and chlorophenols by strain
CBDB1. The dechlorination reaction favors elimination of the chlorine

OH

OH
OH

cl Cl cl

—_—

c Cl
a N
OH
Cl

Cl

OH OH
Cl Cl Cl Cl

Cl Cl Cl Cl
Cl

Cl

Cl

Cl Cl
OH
Cl
Cl Cl
Cl
OH
i :CI
Cl Cl

Table 4
Mulliken atomic charges of chlorine atoms of chlorophenol anions.

Chlorophenols  Qcy(n)*

2 3 4 5 6 AP
PeCP —0.05840 —0.03959 —0.04478 —0.03959 —0.05840 0.00519
2,3,4,5-TCP —0.07345 —0.04997 —0.05522 —0.08814 - 0.00525
2,3,4,6-TCP —0.06864 —0.05110 —0.08780 - —0.10825 0.01754
2,3,5,6-TCP —0.07076 —0.08448 - —0.08448 —0.07076 0.01372
2,3,4-TrCP —0.08734 —0.06444 —0.10635 - - 0.02290
2,3,5-TrCP —0.08591 —0.09672 - —0.13539 - 0.01081
2,3,6-TrCP —0.08294 —0.10325 - - —0.12725 0.02031
2,4,5-TrCP —0.12591 - —0.09947 —0.10158 - 0.00211
2,4,6-TrCP —0.11988 - —0.13172 - —0.11988 0.01184
3,4,5-TrCP - —0.10148 —0.06589 —0.10148 - 0.03559
2,3-DCP —0.10315 —0.12021 - - - 0.01706
2,4-DCP —0.14222 - —0.15277 - - 0.01055
2,5-DCP —0.14589 - - —0.15754 - 0.01165
2,6-DCP —0.14319 - - - —0.14319 -
3,4-DCP - —0.11921 —0.11888 - - 0.00033
3,5-DCP - —0.15051 - —0.15051 - -
2-/3-/4-MCP  —0.16815 —0.18004 —0.17564 - - -

2 Computed on chlorophenol anions without the hydrogen atom connected with the
oxygen atom and given in bold are the maximal Qcjn).
P A'is the gap between the maximal and the next maximal Qcicn).

atoms having greater Q) values. The chlorine atom with the greatest
Qci(ny value tends preferentially to be eliminated, whereas the chlorine
atom with the smallest Q) value tends unlikely to be eliminated or

OH
Cl
Cl
OH OH
Cl
-------- -
Cl
OH
OH OH
Cl
OH
Cl
Cl
Cl
OH OH
Cl
Cl
OH
Cl Cl

Fig. 4. Dechlorination pathways of chlorophenols by Dehalococcoides sp. strain CBDB1 (Adrian et al., 2007). Solid arrows: main pathway; dashed arrows: side pathway; downside
arrows: slow and incomplete reactions; upside arrows: reactions that occurred only if the respective chlorophenol was formed from a higher chlorinated phenol in the same culture.

The asterisks mark reactions where the pathways could not be distinguished.
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does not react at all. In addition, the AQcy(,) value between the maxi-
mal Qcy(ny and the next maximal Qg of the compound can be used
to assess the possibility of formation of multiple dechlorination
products. The compound might have multiple dechlorination products
if its AQQ(") is <0.01.
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