Bull. Environ. Contam. Toxicol. (2003) 71:971-978 s Environmental
© 2003 Springer-Verlag New York Inc. Contamination
DOI: 10.1007/s00128-003-8890-1 and Taxicology

Dechlorination of PCBs in Water Under UV Irradiation and the
Relationship Between the Electric Charge Distribution on the
Carbon Atom and the Site of Dechlorination Occurrence

F.-C. Chang, Y.-N. Hsieh, Y.-S. Wang

Department of Agricuftural Chemistry, National Taiwan University, Taipei, Taiwan,
Republic of China

Received: 20 December 2002/Accepted: 8 July 2003

Photodegradation is a process in which chemical bonds are broken by the energy
from UV light. Photodegradation of polychlorinated biphenyls (PCBs) involves
the loss of chlorine atoms from the benzene ring, the order for ease of loss is ortho
> para > meta. Because of the low solubility of PCBs in water, some organic
solvents such as #-hexane (Miao et al. 1996; 1999; Chang et al. 2003), 2-propanol
(Yao et al. 1997; 2000), and alcohols (Hawari et al. 1991; Grittini et al. 1995)
have been used in PCB photochemical studies in recent years. The present
research was designed to investigate the photolytic characteristics of seven PCB
congeners in water under UV irradiation, and to study their major
photodecomposition pathway. In addition, the electric charge distribution on
carbon atoms of the PCBs, as computed by the Modified Neglect of Differential
Overlap (MNDO) method, was utilized to establish the relationship between the
electric charge distribution on carbon atoms and the site of photodechlorination
occurrence for PCB congeners.

MATERIALS AND METHODS

Standard PCB congeners (99% purity) including five ortho substituted congeners,
2-MonoCB (2-monochlorinated biphenyls) which is JUPAC number 1 of PCB
congeners (PCB-1), 2,6-DiCB (PCB-10), 2,3,4-TriCB (PCB-21), 2,4,5-TriCB
(PCB-29), and 2,4,6-TriCB (PCB-30) and two non-ortho substituted congeners,
3,4-DiCB (PCB-12) and 3,5-DiCB (PCB-14), were obtained from AccuStandard
Co. (New Haven, CT., USA). The stock solutions (1 mg/mL) were prepared in
acetone and stored at -20°C. LC grade n-hexane and acetone were purchased from
E. Merck, Germany.

The experimental methods from a previous study on UV irradiation in n-hexane
were followed (Chang et al. 2003). Each test solution (100 mL) containing an
individual PCB congener (concentration 1 pg/mL in pure water) was irradiated
under a 15W UV lamp at a wavelength of 254 nm in a separate glass beaker with
upper surface area of 38.5 cm’. The distance between the UV lamp and the upper
surface of the solution was 50 cm. Experiments were performed at room
temperature (25°C) and were conducted in triplicate. Eighteen beakers for each
PCB congener were prepared for sampling in triplicate at 0, 0.5, 1, 2, 3 and 6 hrs
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(but sampling at 0, 10, 30, 60, 90 and 120 min for the PCB-10 sample). Before
sampling each test solution was quantified to original volume (100 mL) by adding
water. The irradiated sample (10 mL) was extracted by n-hexane (2 mL) twice.
The n-hexane was combined and concentrated to 2 mL. The extracts (2 uL) were
applied directly to the gas chromatograph for analysis. The half-lives (t,,) of
individual PCB congeners were calculated by the equation for a pseudo first-order
reaction (Yen et al. 2000).

The photoproducts were identified by matching their retention times and mass
spectra with those authentic standards. Photodecomposed products were analyzed
by GC (HP 6890 series GC system, Hewlett Packard Co., USA) / MS (HP 5973
Mass selective detector, Hewlett Packard Co., USA) equipped with a HP-5MS
capillary column (30 m x 0.25 mm i.d., 0.25 um film thickness, Hewlett Packard
Co., USA).

The concentrations of the PCB congeners and photoproducts were quantified by
GC-ECD. The gas chromatograph (Varian star 3600CX, Walnut Creek, CA) was
equipped with an electron capture detector (ECD) and a DB-5 fused silica
capillary column (30 m x 0.53 mm i.d. film thickness 1.5 um, J&W Scientific,
Folsom, CA). Temperatures of the injection port and electron capture detector
were set at 280 and 300°C, respectively. The column was held at 170°C for 2 min,
then increased to 260°C at 3°C min”, and finally held at 260°C for 30 min.
Nitrogen was used as the carrier gas, with a linear velocity of 27.3 cm/s and split
ratio of 15:1.

The electric charge distribution on carbon atoms of the PCB congeners were
computed by the MNDO method provided by CS MOPAC Pro (Version MOPAC
93) and included as part of the desktop modeling software CS Chem3D Pro
(Cambridge Soft Co., Cambridge, MA).

RESULTS AND DISCUSSION

The half-lives of the seven PCB cbngeners in this investigation ranged from 0.15
to 2.13 hours (Table 1). PCB congeners with a coplanar configuration (PCB-12
and PCB-14) were found to have a longer half-life, 2.01 and 2.13 hours,

Table 1. Half'life of PCB congeners upon exposure to UV
(254 nm) in water

PCB congeners Half-life (hours)

PCB-1(2-) 0.38
PCB-10 (2,6-) 0.15
PCB-12 (3,4-) 2.01
PCB-14 (3,5-) 213
PCB-21 (2,3,4-) 0.38
PCB-29 (2,4,5-) 0.73
PCB-30 (2,4,6-) 0.47
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Figure 1. Products and amounts for photodechlorination of PCB-1, 12, 14, 21, 29
and 30.

respectively, under 254 nm UV irradiation in water. The longer half-life in a
planar configuration is attributed to the presence of extended conjugation between
two phenyl rings (Miao et al. 1999). Whether in water (this study) or in n-hexane
(previous study, Chang et al. 2003), coplanar PCB congeners were difficult to
photodechlorinate. Although the half-lives of photodecomposition of the two
coplanar PCB congeners under UV light are longer, they were much shorter than
that under anaerobic dechlorination in sediment by microbial degradation (Chang
et al. 2000; Chen et al. 1997; 1999; 2000; 2001a, b).

The original PCB congeners remained in culture and the yield of their
photoproducts at different times after UV irradiation were determined (Figures 1
and 2). Figure 1 shows the PCB dechlorination products and how their amounts
under UV irradiation changed as time elapsed. For PCB-1, 10, 21, 29 and 30
which are substituted with one to three chlorines on the benzene ring, the
degradation was found to occur on ortho-chlorine. The major product of PCB-21
and 29 was PCB-12, and the major product of PCB-30 was PCB-7. The sole
product for PCB-10 was PCB-1 (Figure 2). Dissipation of PCB-10 is accompanied
with the appearance of PCB-1 at an early stage, however, most of these PCBs
were dissipated within 2 hours after irradiation. The amounts of dechlorination
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Figure 2. Products and amounts for photodechlorination of PCB-10.
products and of original PCB remaining are listed in Table 2. The results showed

that major photodechlorination occurred at the o-substituted chlorine of the
benzene ring (Figure 3). This result is counter to those for previous studies which

Table 2. Dechlorination products and mass percentage of PCB congeners after
exposure to UV in water for | hr

Dechlorination products
PCB congeners
-1C 2C1 -3l
PCB-1(11.88**) BP*
PCB-10 (0.98) PCB-1 (41.18) BP
PCB-12 (61.31) PCB-2 (16.08) BP
PCB-3 (12.06)
PCB-14 (72.64) PCB-2 (15.92) BP
PCB-21 (12.32) PCB-5 (0.00) PCB-1 (0.00) BP
PCB-7 (10.84) PCB-2 (1.97)
PCB-12 (60.49) PCB-3 (0.00)
PCB-29 (35.68) PCB-7 (0.00) PCB-1 (0.00) BP
PCB-9 (0.00) PCB-2 (5.03)
PCB-12 (36.18) PCB-3 (0.00)
PCB-30 (15.76) PCB-7 (40.39) PCB-1 (0.00) BP

PCB-10 (0.00)

PCB-3 (14.78)

*BP: Biphenyl, identified with GC-MS.
**Percentage of PCB amounts relative to the original compound in parenthesis.

974



“‘. \_/ /—\LQ m/_\

PCB-12 PCB-7 PCB-10 PCB-14

Cl

PCB-1 PCB-2 PCB-3

Figure 3. Possible photodechlorination pathways of seven PCB congeners
(written in boldface) in this study. =~ === major pathway,
——» minor pathway

incubation in 1, 2, 3-TCB-acclimated mixed cultures before reductive dechlori-
nation by anaerobic microorganisms (Holliger et al. 1992; Chang et al. 1997).
Generally, reductive dechlorination by anaerobic microorganisms was found to
exclude the middle chlorine of three adjacent chlorines; i.e., o-position
dechlorination was not found. The results in this study suggest that microbial
dechlorination may be related to enzyme systems in organisms and the molecular
configuration of the PCB, but photodechlorination is affected by the physical-
chemical properties of PCB molecular and irradiation energy. Possible routes of
photodechlorination for the seven PCB congeners in this study are shown in
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Figure 3.

In this study, we proposed that photodechlorination of PCBs was related to the
charge distribution on the carbon with an attached chlorine atom. The electric
charge distributions on carbon atoms for the PCB congeners were computed by
the MNDO method and are shown in Table 3. The results suggested that the
photodechlorination may be related to the charge distribution on the chlorinated
carbon as the higher the charge distribution for a chlorine attached carbon, the
easier photodechlorination occured. For example, the charge distributions on
PCB-21 are 0.028073, 0.019440 and 0.014847 at carbon-2, -3 and -4,
respectively. The chlorine at the carbon-2 is eliminated prior to that on the
carbon-3 and the carbon-4. Among three photodechlorination products (PCB-12,
-7 and —5), PCB-12 is the major product (Tables 2 and 3).

Electric charge distributions on a carbon atom combined with the monitoring
information of photodechlorination products from the experiments were utilized
to deduce the possible pathways of PCB dechlorination. The attached chlorine
with the smallest charge distribution (Carbon-4 for PCB-21) was the most difficult
one to eliminate.

From the experiment on photodechlorination of PCBs in water solution, several
conclusions were made. PCB congeners with coplanar structure (such as PCB-12
and PCB-14) showed lower photosensitivity and longer half-life.

Table 3. Reaction occurrences and the electric charge distribution of carbon
atoms at PCB from photodechlorination reactions

Reactant The position of The charge of Product Reaction
carbon atom carbon atom Pathway
(by MNDO)
PCB-1 2 0.019448 BP M
PCB-10 2 0.015675 PCB-1 M
6 0.015684 PCB-1 M
PCB-12 3 0.007749 PCB-3 M
4 0.016348 PCB-2 M
PCB-14 3 0.005077 PCB-2 M
5 0.005072 PCB-2 M
PCB-21 2 0.028073 PCB-12 M
3 0.019440 PCB-7 M
4 0.014847 PCB-5 ND
PCB-29 2 0.021408 PCB-12 M
4 0.014783 PCB-9 ND
5 0.013108 PCB-7 ND
PCB-30 2 0.014083 PCB-7 M
4 0.001616 PCB-10 ND
6 0.014106 PCB-7 M

MNDO: Modified Neglect of Differential Overlap method; BP: biphenyl; m:
minor pathway, M: Major pathway; ND: not detected.
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Photodechlorination occurred on elimination of o-substituted chlorine, predom-
inantly. Elimination of an attached chlorine is related to the electric charge
distribution for a chlorine attached carbon.

Dechlorination of PCBs by UV irradiation in water is similar to that in n-hexane.
Photodechlorination occurred on the benzene ring which attached more chlorine
atom and at higher electric charge distribution for a chlorine attached carbon.
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