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ABSTRACT

The aguatic photochernistry of two ubiguitous, toxic,
environmental contaminants, 2,3,7,8-tetrachlorodibenzofuran
(2,3,7 ,g-T 4CDF) and 2 ,3 , 4 ,7 ,8-pentachlorodibenzofuran
(2,3,4,7,8-PsCDF), was studied in the laboratory and under

natural sunlight, conditions.

Quantum yields for the direct photolysis of
2 ,3 ,7,8-T4CDF and 2,3 ,4 ,7 i 8-PsCDF in 50:50 (v/v) H2O/CH3CN,

measured in the laboratory at 3l-3 nm with a Rayonet

Photoreactor, v/ere determined to be (2.9 t 0.5) x 10-4 and

(6.6 r 0.9) x 1O-4 , respectively. pseudo-first-order

sunlight photolysis rate constants for the direct photolysis

of 3H-T4cDF and t oc-prcDF, ko n, in 7O:30 (v/v) H2o/cH3cN,

hlere determined at sOoN latitude under midsummer conditions

to be O.1O t O.OO7 and 0.014 t 0.007 d-1, respectively. The

measured rates of direct açfueous photolysis were in
reasonably good agreement with predicted rates (GcsorÄR,

US-EPA). Accelerated degradation rates were observed in
lake water under identicar sunlight conditions, producing

net degradation rate constants, k"u, of O.5O t O.O5 and 3.6

t 0.3 d-1 for 3H-ToCDF and toc-prcDF, respectively. The

large differences observed between the direct and net
photolytic degradation rate constants emphasize the

importance of indirect photolysis in the aquatic

environment.

non-poJ-ar degradation products

iv

GC-MS analyses of



produced by photolysis of 2 ,3 ,7, B-T4CDF and 2 ,3 ,4 ,7 ,8-P5CDF

in lake water exposed to a xenon light source, identified

dechlorination as a route of degradation. Several ToCDFs,

in particular , 2,3,6,8-TACDF; 2,3,4 r 8-T4CDF; and one or both

of 2,3,7 ,8-T 4CDF and 2,3,4 t7-T CDFt were confirmed as

non-polar degradation products of the photolysis of

2 r3 ,4 ,7 ,8-PsCDF. Similarly, with 2,3,7,8-TACDF, a

trichÌorodibenzofuran (T3CDF) was identified, but the

specific congener could not be confirmed. However, the

major degradation product resulting from photolysis of

2,3,4,7,8-PsCDF in lake water, appeared to be polar in
nature and was identified as a dihydroxybiphenyl. Although

chlorinated products v/ere not detected in the polar

fraction, reductive dechl-orination played an irnportant role
in the production of non-polar interrnediates during aguatic

photolysis of both 2 ,3 ,7 ,8-T 'CDF 
and 2,3 ,4 ,7 ,8-PsCDF.

v
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I. INTRODUCTION

Polychlorinated dibenzofurans (PCDFs) are a class of

chloroaromatic, environmental contaminants that have been

studied in greater detail- in the past decade as a direct
consequ.ence of their persistent, ubiquitous, and toxic
nature. These compounds have the general structure:

CI
v

where x and y represent the number of chlorine atoms on the

respective rings. PCDF nomenclature invol-ves a nurnbering

scheme such that the lowest numerical cornbination describes

the chlorine substitution pattern.

PCDFs may be synthesized by the pyrolysis of the

appropriate solid polychlorinated biphenyl (pCB) under hiqh

temperature (600'C) and anaerobic conditions (1). It is
well-known that both PCDFs and PCDDs may be formed as

by-products in the manufacturing of chlorophenols (2), which

are used as fungicides, bactericides, and herbicides (3).

Àlthough 2,3, 7, B-tetrachlorodibenzo-p-dioxin (2,3,7,8-T4CDD)

has not been identified as a contaminant in
pentachlorophenol (PCP) manufacturing, it has been found in

v\J

commercial trichl-orophenols (2) . For example,



I,2,4, 5-tetrachÌorobenzene, the precursor in 2,4,5'

trichtorophenol preparation, underg'oes hydrolysis at high

temperatures and pressures, and may resul-t in the formation

of trace heterocyclic inpurities such as 2,3,7|9'T4CDD (3).

PCBs have excell-ent dielectric properties, are inert and

stable, and. have commonly been used as insulating fluids in

transformers (4). Accidents involving the thermal

combustion of PCBs have been responsible for the formation

of PCDFS and PCDDs (4,5). Recently, accidents have

illustrated that PCDDs and PCDFs form as a result of thermal

reactions. In the Summer of ]-976 an explosion in a

trichlorophenol reactor in Seveso, Italy released of a cloud

of trichlorophenol contaminated with 2,3,7 ,8-T 4CDD and

2 t3,'7 ,8 substituted PCDFs (6, 7) . In 1982, âD electrical

transformer fire in a Binghamton, New York office building

reÌeased several- PCDDs (2o mg/g), PCDFs (7oO-22Oo mg/g), and

polychlorinated biphenylenes into the atmosphere (8). In

the late 1950's, an epidemic in chickens, known as the chick

edema factor, occurred in the midwestern U.S.A. as a result

of the intake of a large dose of I'toxic fatrr (a combination

of residues of distil-Ied animal fats and a series of PCDDs

in chicken feed) (9, 10) . PCBs, which have been used as

plasticizers in paints in the past, have al-so produced

similar symptoms in chickens (9). An accídent of a more

drastic nature occurred in Japan when chlorobiphenyl--

contaminated rice bran oil used for cooking resulted in food

poisoning in at least 600 people in Western Japan (9). The

contamination was the resuLt of PCBs leaking from a pipe



used in the heat exchange during the oil manufacturing

process (7).

Since PCDFs are commonly synthesized in extrernely small

quantities for laboratory purposes, they tend not to be

disposed of into the environment as direct wastes. The

recent historic accidents cannot account for the l-evels of

material known to exist in air, water, and sediments. Their

increased levels in the environment with time, therefore,

must be the resul-t of other sources.

A we1l-known source of PCDFs and PCDDs is the use of

chlorine in the bleaching process of pulp and paper mills.
Used only for aesthetic purposes, this process could

alternately be achieved by oxygenation (ClO2 ) with minirnat

levels of chl-orine. This type of contamination, along with

the disposal of chlorinated household bleaches into sewage,

rnay provide a Ct source for the formation of PCDFs and PCDDs

in natural waters (11). Incineration of municipal,

hospital, and chemical wastes remains as another major

source of PCDF formation. ft is estimated that 7O-8OZ of

PCDFs emitted from incinerator stacks is in the gaseous

phase, with the remainj-ng 2O-3Oe" bound to f1y ash (Z). The

emissions are subject to Iong-range atmospheric transport
with eventual deposition into waters and soi1s. The

presence of PCDFs and PCDDs in Lake Siskiwit sediments,

provided evidence of this phenomenon. This lake, located on

an island in Lake Superior, is isolated from industry and is
at a higher elevation than Lake Superior itself. Therefore,

detectabl-e PCDF level-s cannot be due to run-off from Lake



Superior or from industrial waste and must thus be the

resul-t of atmospheric input (L2). Other conmon sources

include runoff of chlorinated pesticides and insecticides

which provide precursors for PCDF formation, and the

processes involved in the production of steel and iron (7).

The environmental fate of these polJ-utants is dependent

upon the nature of environmental input; however, it has been

established that the ultimate rrsinkrr of PCDFs in water is
the sediment (2). The adsorption to sediment minimizes

desorption into solution, but the recirculation into the

water column that does occur allows for photodegradation at
the water surface. Unlike the accumulation of these

pollutants in sediments, bioaccumul-ation in plants is
significantly l-ower since neither leaves nor roots seem to
absorb the PCDFs (2). Generally, PCDF levels have appeared

higher in aquatic rather than terrestrial animals.

Geographical trends indicate that animals from the northern

parts of the world contain higher revel-s of PCDFs than those

from the south. This is perhaps exprained by the direction
of prevailing winds over the northern hemisphere, and the

fact that most of the developed countries producing these

contamj-nants are geographically located in the northern

hemisphere. PCDF revers in fish are further dependent on

the species, organ, weight, fat content, and sex (13, 14).

Due to the hydrophobic nature of these contaminants, the

Iiver tends to be the major site of accumulation (13).

There are 135 possible PCDF isomers which may be

divided into eight congener groups. Fortunately, only a few



of these isomers present in the environment are thought to
be of toxicol-ogical signif icance (15) . The 2,3,7 ,g
substituted congeners are of particular interest since these

congeners are accumulated in mammalj-an lipid, show a higher
toxic potency, and are more persistent in the environment.

The non-2 t3,7 ,8 substituted isomers are not persj-stent in
mammars and do not bioaccumurate since they are metabolized

and excreted rapidry (16). Two of the most toxic, hence

environmentally significant PCDF congeners, 2,3,7rg-tetra-
chLorodibenzofuran and 2,3 |417,8-pentachlorodibenzofuran,
hrere chosen for the present study.

2,3,7, 8-T4CDF 2,3,4, 7, 8-P5CDF

Both PCDF congeners have extremery row water sorubirities,
4\9 and 235 ng/L (at 23"C) for the T4CDF and psCDF,

respectively (r7). The octanol/water partition
coefficients, log Ko*, have been estabrished as 6.53 and

6.92 for T4CDF and PsCDF, respectively (18). These

properties explain the favorabl-e partitioning of pcDFs from

water into organic phases. An ai-r/water partition
coefficient, Henry,s Law Constant (H) , for 2,3,7 ,g-T4CDF of
L.3 Pa.m3lmor (19) suggests srow voratil-ization of pcDFs



from contaminated water.

Very little information is available with respect to
the exact toxic nature of these two PCDF congienersi however,

a fair amount of work has been done on the corresponding

PCDD congeners, and some comparisons may be made.

Toxicity of a cornpound is generally defined as the

adverse effects experienced by an organism as a result of
exposure to the toxin. The toxicity is then indicated by

the observed signs of dysfunction or distress as a

consequence of a dose or an extent of exposure. with
compounds such as PCDFs, it is difficult to attribute any

medical dysfunction in humans strictly to exposure, since

there are a wide variety of contributing varj-abr-es.

Toxicity of PCDFs and PCDDs seems to be associated with the

chlorine substitution pattern of the morecure. congeners

containing laterar chlorine atoms (ie. 2t3,7,8 substituted)
exhibit toxic effects at lower doses than other congeners

(15). The PCDF binds to the Ah receptor, the complex is
transported to the nucleus, interferes with DNA seguencing

and then induces biorogical effects (20). certain enzymes

such as hepatic monooxygenase increase in activity (at l-ow

levels of PCDF, but may decrease with higher l-evers) and may

result in thymic atrophy and body weight 1oss (2O, 2L) . In
addition to these biochernicar reactivities, toxic potentiar
also seems to be affected by the bioavailabirity and

metabolic fate of PCDFs

Although no werl-documented data is avairable on the

mal-formations induced in man by pcDFs and pcDDs, data is



available from experimental studies with animars. This

information, particularly data from the study of monkeys, is
often appried with reasonable rnodifications to humans.

I.lacker and Poiger (22) identified a major difference between

rats and humans with regards to the site of accumul-ation in
the body, illustrating that rats experience severe river
disorders due the hepatic accumulation of pcDDs and pcDFs.

From a mixture of PCDFs, 2,3,4,7 r8-psCDF was found to be the

most highty accumulated PCDF congener in rats and monkey

liver tissue (23). Arternatery, in humans the storage site
appeared to be adipose tissue. Rerative toxicities between

PCDDs and PCDFs may be determined from Toxic Equivarency

Factors (TEFs) which compare the relative toxicity of
different compounds to the most potent member of the pcDD

fanily, namely, 2,3,7 ,8-TACDD. The development of TEFs !{as

the result of the excellent correlations observed between

the structure-binding and structure-activity rel-ationships
for several cl-asses of halogenated aromatic compounds (zr).
A variety of anímaLs have been subjected to single oral
doses of PCDDs and PCDFs to estabrish LDs o values which are

useful in estabrishing rel-ative toxicities (TEFs) (see Tabre

1). PCDDs and PCDFs, other than the tetrachlorinated
congeners, appear to be ress toxic within the same species.

Toxicity is crearÌy dependent on speci-es and weight. A

variety of side effeòts have been observed in affected
animals as a resul-t of exposure to pcDDs and pcDFs,

inctuding thymic atrophy (the wasting ar^iay of tissue) ,



TÀBLE 1: SfNcLE ORåIJ DOSE LDso VALUES^ (Z4|ZS,

AND TEFS o (Z].' FOR SELECTED pCDDs AIID

PCDFS.

Isomer Oral- LDs o (e,g/kg) TEFs

Guinea Pig Monkey

2378-T4CDD

237 8-T 4 CDF

2347 8 -Ps CDF

28-D2CDF

23 467 8-Hó CDF

28-D 2 CDD

l-368-T4CDD

1237 89-Hó CDD

oecDD

0. 6-2.0

5-10

<l-0

æ7O

1000

34 (25)

1.0

0.1

0.5

720

>3 00 , 000

1 . 5xl-O 7

60-100

0.1

0.1

0.001

"LD, o, the dose required to kill half of the
experimental population, is reported in vg/kg
bodY r¡eight.

bTEFs are toxic eguivalency factors which compare
the toxicity of a compound relative to 2,3,7,g-
T4 CDD.



body weight loss, teratogenicity (fetal malformations),

immunotoxicity (disruption of bone and spleen activity),
tumor promoting activity, and chl-oracne (24). The

lowest-observed-effect- l-evel, LOEL, (see Table 2) is the

minimum reguired guantity of a compound to ericit a response

and is freguentJ-y used to express toxicity.
The LOEL (for teratogenicity) for mice subjected to

2,3,7 .9-T4CDF is 10-30 ¡tg/kg/day (24). If one assumes that
a monkey is a rerativery good model- for humans, exposure of
an average 70 kg human to a single dose of 35 mg wourd be

considered hazardous.

Chloracne, a side effect resulting from exposure to
these toxic contaminants, has been welr-studied (9, 27) .

chloracne is described by the formation of comedones with or
without straw-col-ored cysts and pustules which may lead to
scarring. severar symptoms foJ-J-owing exposure incrude the
loss of appetite, nausea, edema of the hands and feet,
possibly abdominal pain, and skin discororation. Affected
areas are normally the upper extremities incruding temples,

cheeks, ears, the chest, and back. Usualty, the hands,

feet, and nose are not affected. Àcute chloracne can result
in edema of the face. NeuroJ-ogical symptoms incrude
headaches, fatigue, and emotional- instabil ity.
chloracnegenic chemicars are identified by the rabbit ear

test in which the chemical is dissorved in propylene grycor

and appried to the rabbit's ear. rf the result is positive,
erythema occurs within two days and hyperkeratosis develops

in several- weeks. chroracne can persist for as long as 15



TÀBLE 2i LOEL'' b FOR 2 ,3r7,8-T¿CDF rN UONKEYS (26)

Effect LOEL

Weight loss

Bi-ochernical effect
Pathol ogica I/HistologicaI
Teratogenic

Carcinogenic

fmmunotoxic

<500

<500

<500

Not Available

Not Availab1e

Not Available

'LOEL is defined as the lowest amount of
pollutant ingested (r-,rg) per kg of body weight
per day which produces the defined effect.òThe data is the result of daily single doses
of ToCDF by intraperitoneal injection.

t-0



years following exposure. The disease v¡as first described

in Europe by Von Bettman in 1,897 in workers manufacturing

hydrochloric acid. Toxic residues resulting from accidents

of exploding chlorophenol plants in France, Germany, and

Great Britain, buried underground, were recently the cause

of a chloracne outbreak in pipe fitting workers (27).

Treatments may include surgery, dermabrasion, and the use of

Vitamin A acid (0.05?-0.3?) in different bases.

Rats exhibit turnor formation as a result of exposure to

TCDFs; however, such effects have not yet been observed in
humans. One major concern is the possible long-term adverse

effects of these contaminants, particularly the ultimate
reproductive conseç[uences in humans.

It is the objective of this thesis to shed some light
on the photolytic activity of these PCDFs .in aqueous

solutions. Direct photoreaction quantum yields have been

determined in the J-aboratory at 313 nm and are used in
predicting rates of direct aqueous photolysis (28). These

predictions are then compared with the rates of direct and

indirect agueous photolysis determined experirnentally under

sunÌight conditions at 5OoN latitude in the Experimental

Lakes Area (EIÀ), Ontario, Canada. Both non-polar and poJ-ar

degradation products r¡rere isolated and identified by GC-MS

in several- of these studies.

ft has become evident that 2,3 t7 r 8-T¿CDF and 2,3 ,4 t7 tg.

Ps CDF, t!,ro common environmental pollutants, are stilI
mysterious compounds with respect to their toxicity and

11



behaviour in the environment. PCDFs tend to resist

rnicrobial degradation, but they do undergo slow

photodegradation (2). Although some data is available on

the photodegradation of PCDFs and PCDDs in organic solvents

at environmentally insignificant wavelengths (3,2g-4L) | no

information is available on the aqueous photolysis of these

two PCDFs under environmental conditions. Although the

upper solar j-rradiance cutoff is approximately 29o nm as a

result of ozone filtration (az), the sun emits sufficient

energy to break C-O, C-C, and C-Cl bonds (44). Provided

that the compound contains chromophoric groups whose

absorption spectra overlap the sun's spectrum on the earth's

surface, direct absorption and subseguent photodegradation

may occur, âs is the case for 2,3,7 r 8-T4CDF and 2,3,4,7 ,8-
PsCDF. The persistent nature of these contaminants

emphasizes the significance of the sma1l degree of

photodegration. Photolytic degradation may, in fact, be the

rnajor degradation pathway for PCDDs and PCDFs in the

environment, especially in natural- waters v¡here sensitized

photolysis is known to occur (45).

L2



II. EXPERIMENTAL

Â" CHE}TCALS

Reagent grade potassium chromate (KrCrOo) and sodium

carbonate (Natco3), supplied by the Àldrich chemicar company

(Milwaukee, wr), were used to prepare a chemical firter
solution.

Two chemical- actinometers, p-nitroacetophenone (pNAp)

and p-nitroanisore (PNA) ; pyridine (pyR) (spectrophotoinetric

grade, Gold Label), used as a quantum yield adjuster; and

4-nitrotoruene (PNT), used as an internar standard, \,rere ar'I

purchased from Àl-drich Chemical Company.

A seríes of nonradiolaberred pcDF congeners (see Tabre

3) hrere suppried by wetlington Laboratories (Guerph, oN) as

standard solutions and hrere used without further
purification.

Radio1abelled dibenzofurans , 4,6-r[r-2,3 r 7r 9-tetra-
chlorodibenzofuran (tH-TocDF) and 1 4co-dichl-orophenyr-

2,3,4,7 ,8-pentachlorodibenzofuran ( t oC-prcDF) with specific
activities of 4.47 x roL2 Bq,/mmor (May 1988) and r.2s x t-o1o

Bq,/mmol, respectivery (see Figure 1) ; r^/ere purchased from

I,Iel-rington Laboratories and further purified by preparative

HPLC prior to use.

With 85:15 CH3OH/H'O as the mobile phase, five 1 Ug

portions of each PCDF hrere chromatographed on a cr e corumn,

collecting in a six minute window centered at the retention
tine of the PCDF. After coll-ecting the parent material,

13



TÀBIJE 3: sTÀì¡DARD PCDF CONGENERS, AS SUppIJrED By

I{ELLINGTON LÀBORàTORIES

Congener Purity (Z) Solution/Solid

2 3 8-T3 CDF

2348 -T 4 CDF

2347 -T ¿CDF

2367 -T ACDF

2 3 68-T4 CDF

2378-T4CDF

23478-PsCDF

237 8-T 4 CDF

2347 I -Ps CDF

50 vg/mL (toJ-uene)

44 vg/mL (isooctane)

42 vg/mL (isooctane)

40 vg/mL (isooctane)

48 pg/mL (isooctane)

50 pq/mL (toluene)

50 pg/mL (toluene)

100 pg (crystalline)

100 Hg (crystalline)

98

98

98

95

98

98

98

T4
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most of the methanor v¡as evaporated via rotary evaporator.

The PCDF wâs extracted into hexane, passed through an

anhydrous sodium sul-fate corumn, evaporated to dryness, and

redissolved in acetonj-triIe. Radiopurities, established by

HPLC-LSC, tdere 99.62 for ,H-T4CDF and 99.92 for t oC-prcDF.

Pre-purified nitrogen gas used in concentrating
solutions r¡/as supplied by Union Carbide (Winnipeg, MB).

scintil-lation fluors, scintiverse rr and Atornlite were

purchased from Fisher Scientific (tlinnipeg, MB) and

Biotechnical- Systems (Boston, MA), respectively.
Lake water used to study environmentar- photorysis of

PCDFs was obtained from Lake 37s, Er,A. (see Appendix 1 for
Iake water chemistry. )

Reagent grade, anhydrous sodium sul-fate supplied by

Malrinckrodt (Paris, Ky) and pyrex fiber glass wool (corning

Grass works, NY) were soxhlet extracted ín acçtone:hexane

(1:1-, v/v) for 23-27 hours prior to use. sodium sul-fate was

stored in a glass bottle at 12OoC.

Distil-led water was redistirted in the presence of
rrBaker Analyzedrr reagent potassium permanganate, suppJ-ied by

J.T. Baker Chernical Company (phillipsburg, NJ).

A trimethylsilyl donor, BSTFA IBis (trirnethylsilyl) -
tri f l-uoroacetamide l, purchased from Chromatographic

speciarties (Brockville, oN), was used to prepare vol-atile
derivatives f or GC-MS ánal-yses.

2,2 '-dihydroxybiphenyl (99?) and 2-phenylphenol (gg+e") ,

supplied by Àldrich chernicar company, were used as standards

in testing the derivatization procedure.
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Carbosorb, supplied by the packard fnstrument Co.

(Downers Grove, f L) diluted t-:9 (v/v) with Scintiverse II
was used as a trap for t oco, produced during photolysis.

All sol-vents used in
rnobile phases hrere B &

Diagnostics Corporation,

otherwise specified.

sample preparation or as HPLC

J Brand High Purity (Baxter

Can1ab, Winnipeg, MB), unl-ess

B. INSTRUMENTÀTTON

1. I.,ABORATORY PHOTOLYSTS

Quantum yierd determinations for the direct aqueous

photolysis of the two pcDF congeners were conducted in a

RPR-100 Rayonet photochemical RMA-440 Merry-go-round

reactor, equipped with l-6 RpR 3ooo Ä ramps (The southern New

Engrand ul-traviolet co. ) with a maximum energy output
between 29o and 32o nm (46). photochemical reaction cells
consisted of an internar pyrex (borosiricate grass) tube (10

mm i.d. ), with a 5 mL capacity, fused to an outer pyrex

cylindrical tube (34 mm o.d. ) (See Figure Z) (30) .

The outer compartment of the cerr was firled with the
Natco./KrCroo chemicar filter sorution (47) to isol_ate the
313 nm band from the liqht source. The inner tubes

contained either 2 mL of the aqueous pcDF soÌution or the
appropriate actinometer solutions.

A 150 watt xenon lanp powered by a perkin Ermer 150
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FIGURE 22 DIAGRÃM OF A
REÀCTION CELI, USED IN
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xenon Power supply v/as used to simulate sunlight conditions

for generation of degradation products in the laboratory. A

Perkin E1mer MPF-44 Fluorescence Spectrophotometer v/as used

to verify the spectral distrubution of the xenon rarnp

emissions.

2. UV-VISIBLE SPECTROSCOPY

Arl uv-visible spectra $/ere obtained with a Hewlett-
Packard moder 8452A diode array spectrophotometer at ambient

temperature. Quartz cel_Is with a 1.0 cm path length
(supplied by Baxter Diagnostics Corporation, Canlab",

I{innipeg, MB) \^/ere used to obtain background corrected

spectra in the 190-800 nm wavelength region.

3. HPLC ANALYSES

For the quantum yield study, quantitative analyses of
PCDFs and actinometer sol-utions v/ere conducted on a waters

Associates HPLC system equipped with a Model 6oooA pump, a

Rheodyne Moder 7L25 injector (l-oo ¡rL sampre roop), a zs cm x

3 .2 Írm ( i. d. ) Waters ¡_rBondapak C r e col_umn (Waters

scientific), and a M44o tIV detector (set at 2s4 nm for pcDF

analysis, and 28O nm for the pNAp/pNÀ analyses).

4. LSC ANALYSES

samples v/ere

19
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HPLC-LSC, in which fractions of HPLC etuent rrere collected
and then analyzed by LSC (liquid scintillation counting), or

by LSC alone. LSC was performed on a Beckman LS 7500 Liguid

Scintil-lation System. Sarnples containing both tritiun and

carbon-l-4 isotopes v/ere counted for 1-O minutes on a dual

label program, using the H# method with automatic quench

compensation. caribration of the instrument t/as performed

with sealed I oC-toluene, provided by Amersham, or with
3H-tol-uene standards, prepared in the laboratory.
p-Emissions from tritíun and carbon-l-4 were monitored in the

0-397 and 397-655 counting channels, providing energy

windows of 0-18 and 18-160 keV, respectively. All samples

hrere counted to a 2o error of 2å with calculated error based

on the 95å confidence leveI.

5. HRGC.LRMS ANALYSES

ÀI1 GC-MS analyses were performed with a Hewlett

Packard 5890À gas chromatograph coupred to a Hewrett packard

59708 series quadrupole mass spectrometer via capirrary
direct interface. The electron irnpact mass spectrorneter was

operated at an erectron energy of 70 ev. Arr injections
were performed in the splitless mode with the column head

pressure maintained at 1-0 psi. He1ium served as the carrier
gas and was maintained at a volumetric col-umn flow rate of
o.92 ml/nin (linear flow rate of 31.3 cm/s) on a DB-5 column

(30 m x O.25 mm x 0.1 !n); and 0.54 rnllmin (I7.4 cm/s) on a

DB-1701- column (60 m x 0.256 ¡nm x O.2S pm); septum purge

20



remained consistent at N2 nl/rnin. Both fused silica
capillary côlumns ü/ere purchased from J & W Scientific;
Fo1som, CA.

6. HRGC-HRMS ANALYSES

Additional structural conf irmation \¡/as obtained by

analysis on a cc-MS system consisting of an Hp5890 cc (25 m

DB-5 capillary column) and a high resolution doubre focusing

magnetic sector mass spectrometer (vG 7o7oE-HF) at electron
energies of 75 and 15eV.

Positive chemicar ionization mass spectrometry was arso

performed on this system with ammonia reagent gas.

c. QuAt¡TUlr YIELD DETER¡.ÍINATIONS

Both PCDF congeners, originally in j,.2 mL of toluene,
r^/ere guantitatively transferred to separate 2 mL volumetric
test tubes. The solvent was then evaporated under a gentle

strearn of nitrogen, in a warm water bath before being

brought up to the 2 mL mark with filtered spectrophotometric
grade acetonitrile. The concentration of 2,3,7r9-T4CDF

(6.30 x l-o-s M) vras established using previousty determined

response factors. sirnirarly, concentration of the

2,3,4,7,8-PsCDF v/as determined by HPLC to be g.OO x l_O-s M.

Agueous solutions (1:1, CH'CN/H'O, v/v) of both pCDFs

were prepared by srowly adding l-.5 mL of the pcDF standard

sorution to 5 mL of HPLC grade water and 3 mL of cH3cN in a
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l-0 mL volumetric flask, with constant swirling, and diluting
to the mark with CH3CN. Concentrations of the aqueous

2,3,7,9-T.CDF and 2,3,4,7,8-P'CDF solutions were 9.45 x l-0-ó

M and I.2O x 10-s M, respectively.

The chemical filter solution was prepared with O.29O g

of KrCrOo and l-.06 g of NarCO, in l- L of HPLC grade water.

UV-visible absorption spectra of both aqueous PCDF solutions

and the chemical filter solution were obtained prior to the

photolytic experiments.

Approxinate haÌf-Iives were estimated by performing a

trial photoreaction of each PCDF, allowing selection of the

appropriate chemical actinometers. The PNAP/PYR

actinometer, used for photolysis studies of 2 r3 ,'7 ,8-T ACDF,

was prepared by dissolving 4.0 mg of PNAP in l-0 ÍrL of CHTCN,

and diluting 1 mL of this solution and 0.0593 g of pyridine

to l- L with HPLC grade water. the resulting solution
contained 4.8 x 10-ó M pNAp and l-.50 x 10-3 M pyR. The

PNA/PYR actinometer, used for exposures of PsCDF, !üas

prepared in a similar manner with final concentrations of

7.g x l-o-ó M PNA and,2.22 x t-O-3 M pyR.

The outer compartments of four photolytic cells (see

Figure 2) \^/ere filled with the chemical fiLter solution; 1-.5

mL of 9.45 x 10-ó M aqueous 2,3,7,9-TACDF was pipetted into
the inner tube of one cell, and l-.5 mL of PNAP/PYR

actinometer was pipettèd into another three cells. All four
ceI1s were simultaneously exposed in the photoreactor.

Microliter aI iquots of the exposed PCDF solution r¡¡ere

removed every 5 min for 30 nin and analyzed inmediately by
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HPLC with 100å methanol as the nobile phase, a l-.0 nl/rnin

flow rate, and the detector set to 254 nm. Cells containing

the actinometer solutions were removed at approximately 4,

8, and l-6 hours and analyzed by HPLC with a 50:50 CH3CN/H2O

mobile phase, a 1.0 nl/min flow rate, and the detector set

to 28O nm. Triplicate injections of the reacted PCDF

solution vrere made for each subsample. Peak heights were

used to monitor degradation of the PCDFs and the

actinorneters.

In the photoJ-ysis of the 2 ,3 ,4 ,7 ,8-PsCDF, eight cell_s

were fil-Ied with chemical filter solution; one ceII
contai-ned 1.0 mL of the aqueous P'CDF (1.20 x 1O-5 M), and

the other seven contained l-.0 mL of PNA/PYR actinometer.

The exposed PCDF solutj-on was sampled every l-5 min for 105

min and anal-yzed irnnediately by HPLC as described above.

Actinometer sorutions were arso removed at l-5 min intervars
for L05 rnin, spiked with 40 ¡_rL of 2 . Og x 10 - 4 M pNT, as

internal standard, and analyzed in triplicate by HPLC with
65: 35 CH3OH/H2O ( 1. 0 nllnin) at 28O nm. PNAP and pNÀ

concentrations v/ere determined from a previously prepared

standard curve of the PNA/PNT peak height ratio as a

function of the concentration of PNA. All photolytic
experiments were replicated at least two times.
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D. KINETICS OF 8UNLIGHT PHOTOLY8TS

1. PREPARATTON OF SOLUTIONS

All glassware \"¡as thoroughly cleaned and sterilized at
180oc for 4-5 hours. Two actinometer sorutions, pNAp/pyR

and PNA/PYR, were prepared to monitor sunright intensities
for chemicars with kinetic half-rives greater than L2 hours

and less than 1,2 hours, respectively (42). stock sorutions
of PNAP ( 0 . 3 315 mglrnl,) and PNA (o . 03222 q/mL) v¡ere prepared

in cH3cN. Actinometer soLutions were prepared by diruting
10 mL of stock PNAP and 6.67 mL pyridine, or 10 mL of stock

PNA and O.27 mL pyridine, to 1 L with HPLC grade water,

f il-ter-sterilized through cv o.22 um f ilters (I.Iaters-

Division of Millipore, Bedford, Ml\). The concentrations of
the final- aqueous solutions \^rere 2.or x l-o-s M pNAp in g.2g

x IO-2 M PYR, and Z.IO x 1O-s M pNA in 3.35 x 1O-3 M pyR.

35 mL of the PNAP/PYR actinometer were pipetted into
ten 50 mL Pyrex centrifuge tubes and 35 mL of the pNÀ/pyR

actinometer were added to another ten tubes. Arr tubes \./ere

wrapped in foil immediately foll-owing preparation and stored

in the dark until exposure at ELA.

Ten (10) mL of filter-sterilized CH3CN (43) and 25 mL

of filter-sterirized HpLc water (43) were added to j-B-50 mL

Pyrex centrifuge tubes, producing solutions of pH 6.4s. 45

ng of purified 3H-2,3,7,8-T4cDF and 4O ng of purified
L4C-2,3,4,7,8-pscDF were spiked into each of the aqueous

sorutions. Àlthough the water solubirities (17) are
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exceeded by 3.5 and 5.1 ford for the respective congeners,

the 28.62 cH3cN (v/v) in each sampre justified these

concentrations. Each tube was tightly capped, inverted to
ensure homogeneity, rvrapped in foil, and stored in the dark

until exposure to sunlight at ELA.

Another l-8-50 mL pyrex centrifuge tubes were filred
with 35 mL of filter-sterilized lake water (43), spiked with
the same amount of both pcDF congeners, t.ightry capped, and

stored as above.

To monitor for biorogical or chemical degradation, six
Pyrex tubes were prepared with the same amounts of pcDFs in
filter-sterilized lake water (43). These sampres were not
exposed to sunlight, but remained wrapped in foir throughout

the experiment.

2. SUNLTGHT PHOTOLYSIS

A1l- tubes vrere placed in a rack, spray-painted with a

flat-black finish to rninimize refrections, at a 4s" angle to
the horizontal. This rack v¡as in turn praced on a brack
platforn just above the surface of l-ake 37s (ErÀ) (see

Appendix 2) to study photolysis at the lake surface.
samples !/ere removed from sunright over the sampling period
LL:00 AM June 26, 1-989 to 3:00 pM June 29, 1989 (see Tabre

4), and weather conditions v¡ere periodicarly recorded.

Five (5) mL of hexane v/ere added to al-1 pcDr solutions
on site at each sampling tine. solutions vrere foil wrapped

and transported to the laboratory for further work-up. The
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TÀBLE 4: sÀI.IPLING TIIIIES' FOR SUNIJTGHT PEOTOLYSTS

Time PNAP/PYR Directb eNaTeyn fndirect. Control

(h)

0.00 x
o.25
0. 50
1. 00
2.OO
2 .50
3.00 x
6. O0
8.00 x

10. 00
27.O0
34.25 x
5t_.50
76.00 x

xxx
xxx

xx
x

xx
xxx

x

x
x
x
x

xx
x

x

"Samples were taken as indicated (x), with t=0 at
11:00 AMr June 26, 1989.öDirect refers to the photolysis of pCDFs in
distilÌed water/acetonitril-e.

"Indirect refers to Èhe photolysis of pCDFs in
lake water.
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preparation of
photolyses were

PCDF/actinometer solutions and sunlight
performed by Dr. K. J. Friesen.

3. SAI{PLE I^IORK-UP AND ÀNALYSIS

a) Actinometer Solutions

All PNÀP/PYR solutions vrere spiked with 350 pL of 2.62

x l-o-3 M PNT. successive 30 ¡rL injections vrere analyzed by

HPLC with a 55:45 cH3oH/Hzo mobile phase at a flow rate of
1.0 ml/nin and 28o nm detection. Adjusted retention times

of PNAP and PNT v/ere 6:30 min and 14:l-o min, respectivery.
Dupricate actinometer solutions were removed at each

sarnpling time, and each sample was analyzed in tripricate.
Concentrations of PNAP v/ere determined from a standard curve

of PNAP/PNT peak height ratio vs amount of pNAp.

All PNA/PYR solutions were al-so spiked with pNT, as

above, but \^rere analyzed with 7 o : 3 0 cH3oH/H2o at the same

flow rate and wavelength of detection. pNA and pNT adjusted
retention times were 8:oo min and 1o:00 min, respectivery.
A standard curve hlas also used to establish concentrations
of PNA.

b) PCDF Solutions

All aqueous solutions of pcDFs were quantitativery
transferred to 60 rnl, separatory funners, adjusted to a pH of
o,9 with the addition of severar drops of o. 1 M KoH, and

extracted four times with 5 mL portions of hexane. The

solutions hrere made basic to sustain possj_b1e hydroxyrated
products in the aç[ueous phase. The hexane v/as passed
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through a sma1I NarSOo column and collected in a i-00 rnI,

roundbottom flask. Following extraction, glassware and

drying columns \^/ere rinsed wíth 24 mL of hexane to remove

residual radioactivity from the ,g1ass. Recoveries,

established with standard 3H-T4cDF and t oC-prCDF, v/ere g62

and 105å for the two congeners, respectively. Immediately

following extractionr 4 mL of the extracted aqueous phase

v/as added to 12 mL of Atomlight and analyzed by liquid
scintillation counting to monitor for nonextractable

activity. sampres hrere reduced to a vorume of approximatery

2 mL by rotary evaporation, guantitatively transferred to 15

mL graduated centrifuge tubes, and concentrated to near

dryness with a gentle stream of nitrogen. Final volu¡nes

v/ere adjusted to 500 pL with hexane. solutions v¡ere mixed

to ensure homogeneity and transferred to 1.5 mL amber,

septum-seared vials. After carefully marking the meniscus,

each viaL was stored at 7'C until analysis.

Concentrations of parent 3H-2,3,7 
r 9-TdcDF and

L4c-2,3,417r8-P'CDF were determined by HPLC-LSC using 95:15

CH3OH/H.O as mobile phase at 1. O nl/rnin and 254 nm

detection. rnjections of the individuat purified standards

estabrished an HPLC recovery of BOz for T4CDF and goz for
PsCDF.

Aliquots (25 pL) of each hexane extract were analyzed

by HPLC coll-ecting thrée minute fractions into scintiltation
vials. A three minute fraction was corlected prior to each

injection to establish background activity. scintiverse rr
(L2 nL) was added to all fractions prior to LSc anarysis.
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Results vJere

mass balance

used to obtain reconstructed chromatograms and

relationships.

EN IDENTIFICATTON OF NON-POLAR DEGRãDATION PRODUCTS

1. GENERATION OF DEGRADATTON PRODUCTS

a) Spectral Distribution Of Xenon Lamp

Although xenon lamps have a spectral distribution
similar to sunright (44), the actuar emission spectrum of
the xenon light source used in this experiment was verified
with a fluorimeter (see Figure 3). spectra were scanned

from l-90-800 nm with the slit width set to 3 nm and the
attenuation set appropriately. The spectrar distribution of
the xenon larnp v/as determined without the presence of a

filter, with Pyrex glass (o2 mm thickness), with a 2go nm

filter, and a combination of the two. Arthough the rower

limit of emission of the xenon J-amp, used in subsequent

photolyses, v/as approxÍmately z5o ril, pyrex grass fiLtered
out 952 of the wavelengths berow *276 nm in cl-ose agreement

with the 29o nm filter of the fluorimeter (see Figure 4).
A lrv-visibre absorption spectrum of the z L separatory

funner (war r thickness o,4 rnrn) used f or raboratory
photolysis, revealed that ress than rz of the waverengths

bel-ow 286 nm were transmitted. solarization of grass, with
aging, will shift the lower wavelength cutoff to even higher
wavelengths (48). since the sorar cutoff for radiation
reaching the earth's surface is approxj-rnately 290 nm (42),
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these Pyrex filtered (by 4 nm glass) xenon Ìamp ernissions

are appropriate simul-ations of sunlight for Iaboratory
studies

b) Preparation of PCDF Solutions

In order to study the fate of PCDFs in the environment,

lake water was determined to be more suitable for photolysis
than distílIed water. Approxinately 4oo prl, of hexane were

added to each vial containing the crystalline pCDFs,

allowing solubilization overnight. Each solution hras

guantitativery transferred into a l-o mL votumetric frask
using nurtipre hexane rinses, with finar concentrations of
both congeners at 10 ng/VL. Purities of the pCDFs \^/ere

established by GC-MS (since they s¡ere not provided by the

supplier, see Figure 5) as 96.O2 and 98.52 for psCDF and

T4CDF, respectively.

c) Laboratory Photolysis of PCDFs

Alt glassware v/as cleaned and oven dried at 130oC. The

xenon lamp vJas used as a simul-ated sunlight source to
produce non-polar degradation intermediates (49).

circular photoreaction chamber (approxirnately 55 cm

A

in

diameter) was constructed of cardboard and lined with
aruminum foil to maximize refrections. The top and bottom

covers of the chamber v/ere also lined with foil. The Z L

separatory funnel, containing the aqueous PCDF solution, and

the xenon l-amp \,rere placed in the chamber approximately ZO

cm apart. Two fans were used to maintain a water

temperature of ^,Sooc and an air temperature of 26oc in the

chamber during photolysis.
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À polar solvent was used to introduce pCDFs into the

lake water to prevent significant losses to glass (SO).

Therefore, the hexane (containing 1550 ng of PCDF) v¡as

evaporated to dryness under a gentle stream of nitrogen and

the final vol-ume was brought up to l_55 pL with CH3CN. A 2 L
cylindrical- separatory funnel, containing 1.5 L of
f ilter-steril-ized lake water, vras spiked with 1550 ng of
non-Iabe1led 2 ,3 ,4,7,8-PsCDF in CH3CN. To avoid

cross-contamination between conçJeners, a second 2 L

cyrindricar separatory funner vJas used for T4CDF exposures.

separatory funnel-s were wiped free of fingerprints and mixed

well prior to exposures. Four exposures, each of 4-6 hours

duration, were performed. The soLutions were poored in an

attempt to isorate significant amounts of degradation
products for identification.

2. SA}IPLE WORK-UP

Following exposures, the lake water v¡as extracted
through three c, u sep-Pak cartridges in series (each pre-wet

with 2 mL of methanol and 10 mL of HpLc grade water) into a

2 L flask, with flow rates of approximately 5-10 ml/min,

using in-house vacuum. sep-Paks were dried under a gentre

stream of Nz (g) for 20 rnin and eluted with 12 mL of hexane.

This method yielded recoveries of >98å for 2,3,4,7,g-psCDF,

therefore, similar recoveries r^rere expected for other pcDFs

which rnay be produced by photolysis. Any water present, was

removed with a pipetting syringe. Arr extracts from the
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four exposures were combined, and concentrated to 50 ¡_rL in
hexane.

A bl-ank, consisting of filter-sterilized rake water

(43) without PCDF, v/as phototyzed and worked up as above to
check for background levels of contaminants in lake water.
A control, consisting of lake water spiked with pcDF,

remained in the dark for the same period of tine as the
photoryzed sampres. This sample estabrished levels of key

non-poIar contarninants in the original starting PCDF.

3. GC-MS ANALYSES

standard solutions (s'rz ng/pL) of TocDFs and. T3cDF

were prepared for cc retention time confirmation by

evaporating toluene, if present, under Nz (g) , guantitatively
transferring sorutions to 5 mL vor-umetric flasks, and

adjusting the volumes with iso-octane.

Three temperature programs (see Appendix 3) and two

capillary columns were used in identifying and confirming
the degradation products produced by photolysis of both
P'CDF and T4CDF.

contrors, branks, and phototyzed sampres were anal-yzed

using the appropriate programs.
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F. TSOI¡ÀTTON AND TDENTIFTCATTON OF POIJAR DEGRADATTON

PRODUCTS

1. GENERATTON OF POLAR PRODUCT(S)

Filter-sterilized l-ake water (r.7 L) (43 ) was spÍked

with either 4 vg of purified L4c-2,3,4,7r8-pscDF in CHrcN or
stock non-radiolabetLed PscDF in cH3cN. The aqueous

sorutions v¡ere photolyzed for approximately 12 hours and

extracted with six cr e sep-paks to remove non-porar
degradation products al-ong with unreacted, parent pscDF.

The aqueous phase was evaporated in the fumehood under tow

continuous heat, with the last s mL volatirized without
heating.

2. DERIVATTZATTON OF POLÀR PRODUCT(S)

Derivatization htas reguired to increase the volatility
of the polar degradation products(s) for GC anarysis. BSTFÀ

was selected since it forms stable trimethyrsityr (TMS)

derivatives of potential degradation products, incruding
al-cohors, carboxyric acids, and phenols. A standard,

2-phenyrphenor (42o pg), was spiked into the beaker

containing the polar material to verify the effectiveness of
the derivatization procedure. Most of the yerlow/brown

residue, caked to the walls of the beaker, was disrodged

using a metal- scoopuJ-a. The residue was soaked in 15 rnl, of
THF for 12 hours, and then transferred to a 15 mL graduated
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centrifuge tube. THF vras evaporated to dryness under Nz (g)

in a r¡/arm v¡ater bath. THF/BSÎFA (322;v/v) (50-L00 pL) and

10 mL of THF \^/ere added to the dry tube. The tubes vrere

capped, shaken, and placed in a water bath at TO,C for 20

min (41). After evaporating all solvents and rinsing down

the walls of each tube with THF, volumes of solutions v¡ere

adjusted to 50 pL with hexane.

A.7 L of filter-steril-ized l-ake v¡ater was photolyzed,,

extracted, and derivatized as described above to check for
possible derivatization of naturally occuring polar
components present in lake water. The final solution was

concentrated to 5 uL prior to GC-MS analysis

3. ANALYSES

Each solutj-on (I.4 uL) vras analyzed by HRGC-IRMS using

program #+ (see Appendix 3). A derivatized product detected

by this technigue v/as further analyzed by HRGC-HRMS, with
both EI and CI techniques, using sirnilar conditions (program

#4), with the exception of a change in injection port
temperature to 255"C.

G. ÀDDITIONÀL EXPERIMENTS

1. EVOLUTTON OF 14CO2 DURING PHOTOLYSIS OF pCDFs

An attempt to trap t oCO, (g) evolving during the

exposure of t4c-2,3,4r718-pscDF in 1ake water was made over
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a period of 76 hours. The headspace above the solution
being photolyzed v/as swept out via Nz (g) , and into
scintillation vials containing 1 mL Carbosorb and 9 rnl,

Scintiverse fI (51). LSC analyses yielded low roC activity
over the 76 hour period; hence, this study v/as not pursued

further.

2. TSOLÀTION OF PRODUCTS FROM DIRECT PHOTOLYSTS

Three attempts were made to generate non-polar

degradation intermediates from the photolysis of 2,3,7 ,B-
T4cDF in pure, distilled water. Filter-sterirized distirred
water (43) was spiked with 600 ng of 2,3,7,8-T4CDF in CHTCN,

allowed to equilibrate for several- hours, then exposed to
the xenon Ìamp for three different periods of time,

including 29, 3L, and 63 hours. Another attempt was made to
isolate degradation intermediates by photolyzing T4CDF in
30:70 cH3cN/H2o for 46 hours. Liguid-liquid extraction with
hexane, sampre work-up, and anaJ-ysis yielded non-detectabre

leve]s of products . Therefore r Do atternpts v/ere made to
study P5CDF degradation in distilled water, since psCDF

degraded approximately 7 times slower than T4CDF.

3B



III. RESULTS AND DISCUSSION

Â. DIRECT pHOTOLygTS OF 213r7 rg-T4CDF ÀND 2 
'3r117r8-psCDF

1. I,ABORATORY QUANTUM YIELD DETERMTNATTONS

Despite their hydrophobic nature, detectabl-e amounts of
PCDFs have been found in natural water bodies (52,53) and

therefore courd potentiarry undergo both direct and indirect
photolytic transformations in the aguatic environment.

computer programs have been deveroped to predict the rate of
direct phototransformation (kpe) of organic compounds in
surface waters provided that the quantum yierds for direct
aqueous photolysis (öa 

" 
) are avail-ab1e.

During photolysis, the intensity of the right source

(artificiar or natural) plays an irnportant role in
determining the degradation rate of the chemicaL and must be

carefully monitored. Although there are several v/ays of
measuring solar/1amp irradiances (radiometry, photometry,

and actinometry), actinometry has powerful advantages over

other instrumental- procedures and is frequently the method

of choice (44). Actinometer sorutions, subjected to exactly
the same liqht conditj-ons as the pcDF sorutions, adequatery

monitor the sorar/ramp flux experienced by the analyte. For

sunl-ight studies, these variations in right intensity are

also affected by weather conditions, ozone layer
thicknesses, ti¡ne, season, latitude, and. erevation. Two

actinometers, p-nitroacetophenone (pNAp) and p-nitroanisol-e
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(PNA), have been well characterized for use in . sunright
kinetic experiments. PNAP is the actinometer of choice for
experiments where greater than 12 hours of exposure are

reguired; whereas, PNA is used for experiments of less than

12 hours duration (42). Both of these actinometers behave

well kinetically, are wavelength independent, and absorb

radiation rnoderately in the z9o-4oo nm (sunright) region
(42, 54, 55) . The guantum yields (o) of these actinometers

may be adjusted by carefur contror of pyridine concentra-
tions according to:

Qr¡¡eR7 eYR : O. 0l-69 [PYR] t 1"1

ÖrN¡/PYR : O.44[PYR] + 0.00028 12l

The quantum yierd, which describes the efficiency with
which light absorption l-eads to degradation, is defined as

the number of rnolecures that react per number of photons

absorbed by the anaryte. The e adjustment ensures that the
rate of photodegradation of the actinometer is similar to
that of the test chemical (pcDF, in this study), thus

ensuring careful- monitoring of light during the entire
exposure period. upon exposure to a light source, pNA

undergoes a photonucleophiric substitution reaction with
pyridine (s6):
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PNAP reacts by a sirnitar mechanism (42), however, its
photoproducts have not been successfutly identified..
UV-visible spectra of both pcDFs (Figure 6 and 7) ilrustrate
that these compounds exhibit weak absorptions in the same

wavelength region as the actinometers (57).

Quantum yield determinatj_ons and direct aqueous

photorysis for PCDFs are rimited by their l-ow water

solubilities. Àcetonitrile, with a refractive index

(1.3441) similar to that of water (1.3330), should not
affect molar absorptivities of strong absorption bands of
non-polar compounds (58, 59). Therefore, acetonitrire v/as

used as a cosolvent (50:50, v/v, cHscN/H2o) in determining

IjV-visible spectra of T4cDF and pscDF. Arthough absorption

maxj-ma exist for both cong'eners at 303 and 313 Dr, the

tairing absorptions to higher waverengths (Table 5) are

responsibre for direct photollrtic degradation under

environmental conditions.

For guantun yield determinations, 3L3 nm r{as used since

PNA
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TABLE 5 : Ì.foLAR ABSORpTIVITIES, . 
X 1l,t-1cn-1), oF

2,3,7, 
'-T4CDF 

AND 2,3,4,r, 
'-a.raoa. 

"

Havelength (nm) 2,3 ,7, 8-T4CDF 2,3,4, 7, 8-PsCDF

297.5

300. 0

302. 5

305. 0

307. 5

310. 0

312.5
313. 0

315. 0

317.5
320. 0

323.1
330. 0

28290

30480

32370

31950

27790

24410

25470

25790

24930

17990

9310

3730

620

24060

25210

25540

23790

20270

t7 430

1ó810

16770

I 5820

127 40

94t0
ó390

3180

aConcentrations 
of

9.45x10-óMand
cH3cN/H -C

2,3,7, g-T¿CDF

l.2O x 10-s M,

and 2 ,3,4,7, 8-PTCDF were

respect ively; in 1 : 1 (v/v) ,
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the chemical filter soluti-on arlowed ísolation of this
wavelength (Figure 8).

Analyses of the degradation of simultaneousì-y exposed

PCDF and actinometer solutions in the Rayonet photoreactor

are summarized in Tables 6 and 7. Analyses v/ere performed

by HPLC, with concentrations determined by peak height
measurements according to:

(PEAK HETcHT)t

to (PEAr( HETcHT)o

where C r : concentration of PCDF at time, t 1"d C o "-

concentration at t = o. concentrations of the pcDFs l/ere

monitored from approximateì-y ro-7oz transformation which is
within the range in which first-order kinetics is expected

(44) - rn studying the photorytic degradati-on of T4CDF, the
PNÀP solutions were sampred over a ronger time period than

T4cDF solutions since rates of T4cDF and actinorneter
photodegradation s¡ere not werl matched. However, the
excellent correlation coefficient describing the first-order
kinetics of PNAP degradation (r : o.gg4) provided a reriabre
time-averaged intensity of the J-ight. incident on the
sorutions. From simple observation, it is evident that
there is a difference in the rates of degradation between

the two PCDF congeners; however, light intensity must be

accounted for before any meaningfur comparison between the

two congeners can be made.

t3l
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The quantum yields

in weakì-y absorbing,

calculated according to

for direct photolysis of a

dilute, açfueous solutions ,

(60):

chemi-caI

may be

o:
-kp

2.303 Io^(A/V) e^ I

where lor is the incident light intensity at wavelength, À

(nm) ; €x the molar absorptivity of the compound (M- lcm- 1) , l_

the pathlength, A the exposed area of the solution, V the

volume of solution in the vessel, and kp the first-order
photodegradation rate constant. Since equation i4l require-s

the exact intensity of light incident on the solutions,
actinometer solutions with well-known guantum yierds are

required to calibrate Ior. Since both the PCDF and

actinometer solutions v¡ere exposed in the reactor
simultaneously, equation t4l is applicable not only to the

PCDF solutions, but arso to the actinometer sorutions.

writing simultaneous equations for pcDF and actinometer, a

sirnple expression may be derived for use in calcurating
quantum yie]-ds for the direct photorysis of the pcDFs at a

particular wavelength, (Qdc,r,), under laboratory conditions
(43):

(k d", ¡,) ( e ¡, 
^)

(k¿o, 
^) 

(e 

", ^ 
)

where ka ", ¡. and kao, ¡, are first-order

t4l

tsl0.A
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constants and € c , À and €A, 
^ 

are vravel-ength specif ic morar

absorptivities for the pcDF congener and actinometer,

respectively. since guantum yields v/ere determined at 313

ril, € g r g of PNAP and PNA, 2056 M- 1cm- l and l_0300 M- 1cm- 1 
,

respectively (44) were reguired. These rate constants are

obtained from slopes of a fj-rst-order treatment of
photodegradation:

In (Cr/C.) = ka"t t6l

where cr and co have been previousry defined, and k¿" is the
negative slope. A sirnirar eguation may be used for the
actinometer, providing kae as the negative sIope. Figures g

and l-0 are typical first-order plots ilrustrating the
kinetics of photodegradation of T4cDF and pscDF exposed

along with the appropriate actinometers. A good linear
rerationship v/as observed for both pcDF congeners and their
respective actinometers. First-order degradation rate
constants and guanturn yields for the two pcDF cong'eners are

summarized in Tabre 8. The quantum yields for direct
aqueous photolysis at 3i_3 nm (Qa..tt) of 2,3,7,9-T4CDF and

2,3,4,7,8-P'CF were calculated by eguation t5l to be (Z.g r

0.5) x 10-4 and (6.6 t 0.9) x 10-4, respectively with
approximate deviations within tripricate resurts of .=L1eo.

Although both values are of the same order of rnagnitude, the
guantum yiel-d for direct aqueous photorysis of pscDF is
approximatery 2.3 times larger than that of T4cDF. The

higher quantum yietd for prcDF indicates that this congener

50



o
O

-l-)
O

C

o.2

0.0

Exposure Time (h)

FTGURE 9: PLOT OF PHOTOLYTIC DEGRADATION OF 2 13,7 ,8-
T4CDF AND PNAP ÀCTINO}{ETER ÀT 313 N¡N. CORRELATION
COEFFICIENTS FoR T4CDF AND PNÀP DEGRADÀTION IÍERE 0.99g
AND 0.993' RESPECTIVELY. PRECISION oF EACE DÀTUM POINT
WAS WITHIN *3%.

51_

PNAP Actinometer

2,3,7 ,B-T4CDF



0.0

G -0.6
O
.P

O

c -0.9

-1.5
20 40 60 B0 100

Exposure Time (-inutes)
120

FIGURE 10: PLOT OF PHOTOLYTIC DEGRÀDÀTION OF 213r417rB-
PsCDF ÀND pNÀ ACTINOMETER AT 313 nm. CORRELÀTION
CoEFFICTENTS FOR P5CDF AND pNA DEGRA,DÀTION I{ERE O.98{
ÂND O.97Lt RESPECTTVELY. PRECISION FOR EÀCH DÀTUlt
POINT ?lAS WfTHfN *3%.

2,3,+,7,8-PSCDF

PNA Actinometer

52



T
A

B
LE

(¡ L^
)

C
on

ge
ne

r

8
D

IR
E

C
T

 P
H

O
T

O
R

E
A

C
T

IO
N

D
E

T
E

R
M

IN
E

D
 A

T
 3

13
 N

M

2,
3,

7,
B

-T
¡C

D
F

T
ria

l

2,
3,

4,
7,

8-
P

sC
D

F

I 2 J

-a nd
c

(h
-1

)

A
ve

ra
ge

:

l.l
9

1.
13

1.
13

(1
.2

 t
 

0.
03

)

o 
ko

. 
."

p.
"r

en
ts

 t
he

 d
ire

ct
 p

ho
to

re
ac

tio
n 

fir
st

 
or

de
r 

ra
te

 c
on

st
an

t 
fo

r 
th

e 
P

C
D

F
 s

ol
ut

io
n,

ca
ic

ul
at

ed
 b

y 
eq

ua
tio

n 
(ó

).

bk
o^

.u
p.

"r
en

ts
 t

he
 d

ire
ct

 p
ho

to
re

ac
tio

n 
fir

st
 

or
d€

r 
ra

le
 c

on
st

an
t 
fo

r 
th

e 
ac

tin
om

et
er

,

ca
lc

ul
at

ed
 b

y 
eq

ua
tio

n 
(6

).

1 2

,b K
dA

(h
- 

1)

Q
U

A
N

T
U

M
 Y

IE
LD

S

A
ve

 r
ag

e 
:

t 
0o

"t
tt 

re
pr

es
en

ts
 t

he
 d

ire
ct

 p
ho

to
re

ac
tio

n 
qu

an
tu

m
 y

ie
id

 f
or

 t
he

 P
C

D
F

 c
on

ge
ne

r;
 c

al
cu

la
te

d
by

 e
qu

at
io

n 
[5

]. 
M

ol
ar

 a
bs

or
pt

iv
iri

es
 (

."
"t

, 
.^

tt'
) 

fo
r 

th
e 

T
.C

D
F

 c
on

ge
ne

r 
an

d 
pN

A
p 

ve
re

25
79

0 
11

- 
1c

m
-1

 a
nd

 2
05

ó 
M

-1
cm

-r
, 
re

sp
ec

tiv
el

y.
 M

ol
ar

 a
bs

or
pr

iv
iti

es
 (

."
tt,

, 
.o

ttt
) 

fo
r 

th
e

P
'C

D
F

 a
nd

 P
N

Á
 v

er
e 

16
77

0 
H

- 
rc

m
-1

 a
nd

 l
o3

O
O

 M
-1

cm
'1

, 
re

sp
ec

tiv
el

y.
 ô

^ 
fo

r 
th

e 
P

N
A

P
 a

nd
 P

N
A

2.
54

 x
 l0

-5
 a

nd
 1

.2
5 

x 
l0

-3
, 

re
sp

ec
tiv

el
y,

 v
er

e 
ca

lc
ul

at
ed

 b
y 

eq
ua

tio
ns

 I
l] 

an
d 

[2
].

0.
 5

3ó

0.
 ó

84

(0
.ó

1 
t 

0.
07

)

0.
00

ó4
0.

 0
09

2

o.
0o

B
7

(0
.0

08
 r

 
0.

00
1)

ô 
?1

3 
c

oc
( 

x 
t0

-¡
 )

0.
72

7
0.

70
2

(0
.7

2 
* 

0.
01

)

a 
tt

2.
 4

6

2.
64

(2
.e

 t
 0

.5
)

5.
 ó

5

7 
.4

7

(6
.6

 t
 

0.
9)



utirizes absorbed light for phototransformation more

efficientry than does the T4cDF congener, despite a smal-rer

molar absorptivity at 3l-3 nm. since kp depends on the
guantum yieJ-d and €1 according to (55):

kp : QfL¡ .1 17l

the more rapid degradation of T4CDF is rikery due to more

favorabre absorption (esrs), since its rower 0313 v¡oul-d

suggest a srower degradation rate. The resistance of T4CDF

degradation may be the resurt of its mol-ecular structurar
aspects such as its symmetry, bond strengths, and atomi'c

spatial features (61). chemicats with weak absorption
spectra and thus significant absorption tailing into the
higher waverength region may resurt in extremery efficient
guanturn yierds, but srow rates of degradation (34). The

quantum yield for 2,3,7 r8-ToCDF, is approximately 7.6 fold
smarler than that f or 2 ,3 ,7,8-T4CDD (2 .z x l-o - 3 ) determined

by Durin et al. (42) under s j-rnilar conditions. euantum

yields do not reveal- any information about the rate of
reaction since the varue is dimensionress; but they do

represent the efficiency with which absorbed radiation leads

to phototransformations in reactions.

2. PREDTCTED DTRECT AQUEOUS PHOTOLYSIS RÀTES

The study of pcDF degradation under sunlight conditions
lrras pranned in conjunction with a pcDF fate study at ELA
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(Kenora, ON). Preliminary sunlight exposure times (ie.
rength of time required for the entire exposure experiment)

are required for an adeguate kinetics study and may be

determined based upon predicted first-order photodegradation

rate constants, estabrished with the aid of raboratory
determined quanturn yields.

The computer program, GcsoLAR, has been developed by R.

zepp and D. crine of the us-EpÀ (28) to predict direct
aqueous photorysis rates (kar), and. corresponding half-lives
(EÐ of pollutants under sunr-ight conditions in surface
waters. Radiation reaching the earthrs surface includes
both direct sunright and reflected sky right. The program

requires the input of a number of parameters, including
laboratory determined quantum yierds and €1 of the chemicar,

refractive index of the medium, time of year, geographical

location (latitude and rongitude), depth of the water body,

type of atmosphere, and appropriate ozone layer thicknesses.
Parameters used to predict kau val-ues for both T4CDF and

PrcDF are summarized in Appendix 4. The defaurt attenuation
coefficients for distirled water were util_ized in the
cal-culations, although absorption varues courd be entered to
account for J-ight attenuation due to the presence of
dissorved orqanics in a particurar body of water. The

attenuation of light with depth in the water column is
adjusted by a subroutine in the program. The terrestriar
atmosphere \das serected for this study since it utilizes
sorar IJV irradiances characteristic of atmospheres over the
earth's land masses (incruding Lakes, streams, forests t et
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farmi-and). The marine atmosphere, on the other hand, uses

sorar irradiances which are typical of the atmosphere over

the ocean. since the two default atmospheres differ in
light attenuation in the 2BO-38O nm region (55), this
selection will have an irnportant effect in the present

study. The quantum yierds determined in the laboratory at
313 nm (see Tabre B) were assumed to be adeguate for this
calcuration. Although the program is able to predict
photolytic degradation rates at various water depths, onry

surface rates are of interest in this study; consequently,

the l-o cm defaurt increment val-ue was selected. Arthough

f ield experiments v/ere planned for ELÀ (at 49" 4-l rN

latitude, and a 0.39 kn elevation), SooN was used since the
program accepts Ìatitudes only in l_0" increments.

rn order to f ormurate a general pi-cture of the
photolytic behaviour of pcDFs in the aquatic env.ironment as

a function of the time of year, caJ-culations h¡ere performed

with light intensity data avairable for January 2r, April
L6, July 2r, and october 20. since data on ozone layer
thickness was not avairabre for Er,A, the defaurt ozone and

ephemeride values r¡¡ere selected. Degradation rates were

carculated hourry throughout the day, and then integrated to
produce a day-averaged rate. For both pcDF congeners, morar

absorptivities from 297.s to 330 nm v¡ere used in predicting
the environmental direct photolytic degradation rate
constant, kpe. The 330 nm cutoff of the tailing absorption
band (see Figures 6 and 7) vras establ_ished by assuming that
absorbances v/ere real- onry if the measured signar:noise
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(s/N) ratio exceeded 5:1i baseline noise v/as estabrished by

averaging all signars over the 330-Boo nm rangie. several

small rrpeaks'r above 330 nm did not meet the 5: j_ (S/N)

criterion and were thus not considered rear absorbances.

Furthermore, instrument errors ranging frorn 3-5t (62)

introduce uncertainties in molar absorptivity data.

using the above parameters, the program carcurated the

direct aqueous photo]-ytic degradation rate constants
according to (34):

kou : Qa"ILx.¡ t8l

where LÀ values are 24-hour, day-averaged, midseason, solar
irradiances for surface waters under clear sky conditions
(in millieinsteins cm-2d-t), and summation of Lr€r over a

wavelength region represents the sunright absorption rate
constant, k"i ie.

k, : IL1.1 tel

since real sorar irradiances may differ from L^ varues

avail-abre in the program by =15å (42), further uncertainty
is introduced into the predictions.

changes in the 24-hour, day-averaged kou, as a function
of the time of day are pÌotted in Figure 11 for both pcDFs.

As solar altitudes vary from sunrise to sunset (Figure rz),
the rate of photodegradation increased from zero to a
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maximum at midday, and then decreased in a similar manner as

the sun set (Appendix 5).

The program predicts that 2,3,4,7,8-psCDF degrades more

rapidly than 2t3,7 r8-T4CDF. For example, ât the nidpoint of
a typical midsummer day at 50oN, 2,3,417r9-p5CDF is
predicted to degrade approximatery 2.3 times faster than

2,3,7,9-TACDF.

The changes in predicted kou of 2,3,7,9-T4CDF and

2,3,4,7,8-P'CDF as a function of season (Appendix 5) and at
50oN ratitude are protted in Figure i-3. Radiation
intensities decrease from summer to winter and thus in
midsummer P5cDF and T4cDF degradation rates appear

approximateJ-y 1.5 faster than those observed in winter.
Table 9 summarizes the pseudo-first-order direct

aqueous photoJ-ysis rate constants and half-lives for both

PCDF congeners as predicted by the Gcsor,AR program. Due to
the fructuations in sunlight intensity during the year, it
is not surprising that the rate constants for a given

chemicar vary dramaticarry with the changing seasons. As

the number of sunright hours decreased, the rate of
photodegradation tended to decrease, ie. the corresponding

harf-life increased. The rate of photodegradation of both

PCDF congeners is greatest in the sunmer rnonths, suggesting

greater persistence in cold climates. According to the
computer prediction, '2 ,3 ,4 ,7 , g-psCDF should degrade more

rapidry than 2t3,7rg-T4cDF in any season, the differences
being most significant during the sunmer months. rn
midsummer, kou for prCDF is æ2x lr.pu for T4CDF.
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3. DTRECT AQUEOUS SUNLTGHT PHOTOLYSTS

Direct aqueous photoJ_ysis of 3H-2,3,7,9-T4cDF and
L 4 c-2 , 3 , 4 ,7 , g-p scDF, monitored under ,sunl ight conditions ,

produced results of environmental significance. First-order
plots of the photolytic degradation are presented in Figure
]-4. concentrations at t:0 were not protted to avoid forcing
the slope through zero (42). euantitative recoveries of
both PCDFs from the dark controls sampred over the entire
exposure period indicated negJ-igible losses due to
biological degradation, voratilization, and,/or anatyticaÌ
procedures. Therefore, any significant decreases in
concentrations could be attributed to photolytic
degradation. Both congeners exhibited a sl_ow degradation
rate, with pseudo-first-order rate constants, kou, of o.22

and 0.031- d-1 (not geometry corrected) corresponding to
half-lives of 3 and 23 d for T4CDF and p5cDF, respectivery.
Both congeners resist direct agueous photolysis; pscDF

degradation is approximatery 7 times slower than that for
T4cDF, with 462 and 732 of the parent 2,3,7,8-T4cDF and

2 ,3 ,4 ,7 ,8-PsCDF, respectively, unreacted f or the two

congeners after 76 hours (Tab1e 10).

Reconstructed chromatogirams, obtained by LSc analysis
of HPLC fractions (Figure 15), provided an il-rustration of
the changes in eruti-on profiles of the samples as a result
of direct photorysis. Anarysis of the extracts with tritium
detection revealed two degradation products, originating
from 3H-T4CDF, with retention times of approxirnately 9 and
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b) I rH-r4cDF

SI'ANDARD

015304s6075
HPLC Retentlon Time (min)

FIGURE 15¡ RECONSTRUCTED HPLC CHROMÀTOGRA}ÍS OF:
a) STANDARD 14C-prCDF; b) STANDÀRD 3H-T4CDF; ÀND
c) 3H Sa¡fpl,E ExposED To SUNTJIGHT FoR 76 HOURS IN
DISTTLLED WATER. HPLC ANALYSES WERE PERFORMED ON A
WATERS C r e pBONDAPÀ,K COLUMN MTH A IIOBILE PHÀSE oF
8 5 : 15 ?H3OH/H2O AT 1 . O ml/mln. THREE MINUTE
FRÀCTIONS WERE COLLECTED ÀND SUBSEQUENTLY ÀNAIJYZED
ON THE DUAL LABEL REDUCTTON PROGRÃM BY LSC.
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18 minutes (see Figure 15c). This chromatographic behaviour

on a cr e corumn suggests the presence of a more porar
product than the starting PCDF, which partitions into hexane

during sanpJ-e work-up. Arthough the activities in these

bands v/ere small-, they v¡ere in excess of 3o in background

activities and were therefore considered statisticarry
significant. There were no 1 4c intermediates detected,
consistent with the srow rate of degradation of t oc-p-cDF.

since both PCDFs r¡/ere present in the same sample and the
tritiated congener was of considerably greater specific
activity than the L 4c congener, tritium overflow into the
1oc channel l-ed to significant statistical errors in actua"I

counts produced by the duar rabel data reduction program.

The excessive tritium activity causes large uncertainties in
counts when simul-taneous equations are sorved, producing

extreme negative resurts. Furthermore, âD instrument error
of ¡42 may be expected. The counts from any potential
1 4c-T4cDF products formed from parent 1 4c-prcDF wirl appear

in the o¡¡ channel- and wirr , theref ore, be of rarge
uncertainty due to the overflow from parent tH-TocDF. since
possible t oc-ToCDFs will co-elute with 3H-2,3,7, g-T4cDF

under any HPLC conditions, the duaÌ rabel_ data reduction
program is necessary to differentiate between the two

radionucl-ides. statisticar errors in dual-laber samples

courd be minimized by using two radionucrides of comparabre

activity.

Non-extractabre 3H activity in the water phase
j-ncreased consistently over the entire exposure period (see
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Tabre 11). However, Do detectable levels of non-extractable
1 4c appeared throughout the entire experiment. since pcDFs

partitioned into hexane with extraction efficiencies of
>962, the increase in tritiurn activity. in the aqueous phase

cannot be due to non-extractable parent pcDF, suggesting

formation of a more porar product as a result of sunright
exposure. rt is interesting to note that after 76 hours,

the amount of extracted 3H activity is identical to the
non-extractabre 3H-activity. À comprete mass-barance of s¡¡

during direct sunlight photolysis of 3H-T4cDF is summarized

in Tabre 11 and plotted in Figure l-6. The non-polar
intermediates comprise a smarl- fraction of the tota"I

activity. The rate of degradation of parent compound and

the appearance of a polar product mirror one another. The

parent PCDF and non-extractable activity accounted for )B7eo

of the originar activity at all sampling times. The

remaining activity v¡as attributed to non-polar products

(<8U) and to losses during sample work-up and analysis.
Direct photolysis of pcDFs invor-ves the absorption of

ríght. which leads to photodegradation, usualry from the
tripret excited state (see Figure ]-7). The degradation
pathway for the direct photorysis of pcDFs may invorve
excitation to the first excited singlet state, homorytic

creavage of the c-cr bond or intersystem crossing to the
tripret state (which woul-d also read to hornolytic c-cl bond

creavage), and subsequent formation of ionic species (34) in
aç[ueous media. Recently, Dulin et a]-. demonstrated that
monochl-orobiphenyls photodegrade to hydroxybiphenyrs in
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water at 254 nm. Reductive dechrorination was arso not
observed in photolysis of 2 ,3 ,7 r 8-T4CDD ín H2O/CH3CN. Since

T4CDD degradation was observed, the authors suggest that the
mechanism may involve C-O bond cleavag'e (34).

A comparison of the data obtained from sunlight
experiments, with the predicted rates of direct aç[ueous

photoJ-ysis, is summarized in Tabre Lz. since GcsoLAR

predictions appry to surface waters, the rate constants
determined experimentarly in cylindrical tubes must be

corrected for geometry before valid comparisons can be made.

The rate constants determined in tubes are approximately 2.2

times f aster than rates on fl-at surfaces (42) s j_nce tubes
receive radiation from arl directions as welL as scattered
liqht off the wal-ls; whereas, surface water receives light
from only one direction. Geometry-corrected direct
photolysis half-1íves for 2,3 ,7, g-T4CDF and 2,3 ,4 ,7 , g-psCDF

at 50oN latitude vrere 6.9 and 50 d, respectivery. These

half-lives are 4 and 70 times longer than predicted for
2,3,7 t8-T 4CDF and 2,3,4,7 ,g-pICDF, respectively, by GCSOLAR

carcul-ations. The unfortunate consequence of this trend is
that the computer program appears to overestimate the rate
of direct photorytic degradation of these toxic porlutants
in the environment. Experimentar data suggest less
favorable degradatj-on rates for pcDFs via direct photorysis.
Recentry, a correration between toxicity of pcDDs and

photorytic harf-lives has been suggested (64). Half-l-ives
of the more toxic pcDDs were shorter than those of the less
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toxic congeners. The observed half-lives for pcDFs in this
experiment fol-lowed this trend, with T4cDF degrading

approximately seven-fo1d faster than psCDF.

According to the GCSOLAR predictíons, 2,3 ,4 ,7 , g-psCDF

degrades more rapidly in sunright than 2,3,7,B-T4CDF (Tabì-e

r2). There are a variety of variabres that could explain
the discrepancy between these two sets of results. Large

errors may be introduced into carcurated rate constants, if
the quanturn yierds measured at 3l-3 Dil, used in the
predictions, are wavelength dependent. The chemical firter
solution is susceptibre to degradation upon exposure to
light and must be repraced freguentry in order to provide a

narror¡¡ band of the proper wavelength of light.
uncertaj-nties in ka " and kao from first-order plots of rn
(Cr/C") vs time will al_so affect kou values. Since the

first-order rate constant for photorytic degradation is
directì-y proportionar to the quantum yield (eguation t5l),
errors in rate constants will produce corresponding errors
in the laboratory determined quantum yie]-ds, and hence also
in the predicted direct first-order rate constants. Errors
in molar absorptivities as a result of overestimated

sorution concentrations do not significantry affect the
predicted first-order rate constants, since negative errors
in €¡ l-ead to positive errors in guantum yields (see

eguation t7l ) . The net result is that these errors tend to
offset variations in kou. Truncation of the tairing
absorption band used to cal-curate kou introduces error
since the ccsor,AR program is extremety sensitive to this
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parameter, producing smaller first-order degradation rate
constants, and therefore larg'er half-1ives. As an example,

it was observed that truncation of the morar absorptivity at
500 as opposed to 330 ril, (ie. incruding many smaI1 €¡

varues previously judged statistically insignificant)
produced a 432 increase in the predicted kpe. Àlthouqh
predicted koe val-ues are arso affected by the eÌevation
chosen for the carculation, with fructuations of tLo? per krn

of erevation above sea J-evel, a reriabre varue for the
elevation of Er,A v/as avairabre. The harf-rife generally
decreased with increasing elevation as a result of increased

solar fl-uxes (65) .

Errors in deterrnining kou courd arso have been of
experirnentar nature. Losses due to vol-atirization may not
have been detectabre in the controls, but may have been more

significant in exposed sampres containing the pcDFs. The

Gcsor,AR program predicts rate constants under clear sky

conditions. During the exposure, however, croud cover
persisted for approximatery zoz of the entire exposure

time. cl-oud cover has been known to reduce the uv-B

radiation (29o-32o nm) by as much as 50å (55). since uv-B

radiation will- transform any chemicar with an absorption in
this region by direct photorysis, cr-oud cover courd explain
the slower experimental degradati-on rates observed for both
congeners. Rain droplets on the tubes could feasibry
distort or absorb sunright and alter the intensity of right
reaching the sampres (43). ozone is known to firter out
radiation above 286 nm at the earthrs surface (55, 66).
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ozone thicknesses can vary as much as 30å at midlatitudes
during one day affecting experimentalry determined

degradation rates (67, 68). Despite these explanations, it
is difficult to rationarize the discrepancy between the
predicted and experimental rate constants.

Direct aqueous photorytic degradatj-on under environmen-

tar conditions is a slow process for porychlorinated
dibenzofurans, with hal-f-rives of 6.g and 50 d for 2,3,7,g-
T4CDF and 2 ,3 ,4 ,7 ,8-psCDF, respectively. The psCDF may be

considered essentJ-alry non-degradabre by direct aqueous

photolysis.

B. INDTRECT SUNI¿rcHt pHoToLySrS OF 213t7,8_T4CDF AND

2 ,3 ,4 ,7 , g-PsCDF

Photolytic transformation can only occur when energy is
absorbed by a compound. However, the chemical does not
necessariry need to absorb sunlight energy directry to
undergo photorysis. There are many naturarry occurring
compounds in the açfueous environment which behave as sensi-
tizers (69-79). These sensitizers have a more favorabl_e

absorption spectrum and therefore absorb sunright more

efficiently, transferring energy from their excited states
to other compounds. The resulting reaction is defined as

Ì.ndirect photolysis. various sensitizers are known to
induce a variety of different types of indirect
photoreactions (80), including photosensitized oxygenations
and photosensitization invorving energy transfer. The
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ratter may involve photoisornerization or simply the breaking

of bonds as a resurt of the energy transfer. rn naturar
waters such as the lake water used in this experiment,

direct and indirect photolysis of a chemical may occur

simul-taneousJ-y. A fraction of the degradation rate is
attributed to the direct absorption of Iight by the

chemical, and the other fraction is a resurt of energy

transfers from excited sensitizer morecules. By studying
degradation of the PCDFs in l-ake water under sunright
conditions, the ner photorytic degradation rate is measured.

The rate constant for indirect photorysis may then be

determined from the following relationship:

k"u:kpE*kse t 10l

where k"u is the net first-order photorytic degradation rate
constant, kou is the direct photorysis rate constant, and.

kr u is the rate constant describing strictly indirect
photolysis. Of these three rate constants, kou was

measured in distilred water (see Direct photolysis section)
and k"s v/âs obtained from the study performed in take water.
since both types of photolyses are occurring simultaneousry

in naturar water, the difference (equation tlol) represents
the rate of indirect photolysis, kru.

First-order plots of the indirect photodegradation for
2 ,3 ,7 t8-T 4cDF and 2 t3 ,4 t7 ,8-PscDF are il-rustrated in Figure
L8. Although the pscDF transformation v/as essentiarJ_y

complete after 6 hours of sunlight exposure, sampJ_ing was
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continued for 3 days (see Table 13). rf the rates of
degradation are again described by first-order kinetics, k"e

is obtained from the negative slope of the prot of In(cr/c")
vs time. concentrations at t=0 were again not used in the
first-order treatment of the data. onry data in the ro.70e"

transforrnation range hrere used in determining the net
photorytic degradation rate constants, k"u (see Figure 18).
The slight curvature exhibited for 2,3,7r9-T4cDF in Figure
18, may be the result of diurnal cycring; however, since
data is not avail-able between 7:00 pM and 2:00 pM the
following dayr Do conclusive statement rnay be made regarding
this observation. Dark controls, containing pcDFs in
sterilized lake water, were used to monitor for biologicar
and/or chemicaÌ degradation. No significant decrease in the
concentration of PCDFs in the contrors v¡as evident over the
exposure period. Therefore, arr observabre decreases in
concentrations over the 52 hour exposure period are

attributed to photorytic degradation. t{er pseudo-first-
order degradation rate constants were deterrnined to be 1.1

and 7 .8 d- 1 for 2,3,7 ,g-T4CDF and 2,3,4,7 ,g-psCDF, with
corresponding hal-f -rives of o .64 and o. og9 d, for the tr.¡o

congeners, respectively. fn lake water , 2,3,4,7, g-psCDF

degraded seven-fold faster than 2,3,7,9-T4cDF. However, the
rates of degradation of Z ,3 ,7, g-To CDF and 2 ,3 , 4 ,7 , g-ps CDF in
lake water were approximatery 5 and 2so times larger than
those in distilled water, respectively. The dramatic
increase in degradation rates in lake water is attributed to
the presence of sensitizers.
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Many substances have recentry been identified as

naturally occurring sensitizers including: acetone (31),

humic and fulvic acids (77), singlet oxygen (81, 7O) ,

peroxy radical-s, and hydroxy radicars (82). The absorption

spectrum of the lake water (Figure 19) and its slight yeIIow

discororation both revear the presence of naturarly
occurring dissolved material in the water. Although natural
waters contain sensitizers which accelerate rates of
reaction, other organics such as dissolved humic and furvic
acids (in particurar, high concentrations) may inhibit
degradation rates by screening the light intensity (73, 82) .

Degradation rates of other polrutants may be increased as a
result of the presence of hunic/furvic acids (83). singlet
oxygen (tor)' peroxy, and. hydroxy radicals have been shown

to be smal-l-, but signif icant contributors to photorytic
degradation rate enhancements (82). singlet oxygen is
present in l-ow steady-state concentrations (<10-tt M) since
it absorbs energy from excited states of dissorved organics
and rapidly guenches back to ground state oxygen in the
absence of light.. The rate constant for total removal_ of
singlet oxygen from water, 2 x 10e M- 1s- 1, reveals the
efficiency with which it is depreted. Therefore, it is
unlikery to, is the sore contributor to the rate enhancement

observed. Perhaps the dissolved organic carbon (Doc)

(Appendix 1) and hydroxy radicars, which are the most

reactive and reast selective of natural- oxidants, play a

more significant rore in sensitizing the degradation rates
of both PCDFs in l_ake water (Lake 375, ELA); however,
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further studies are reguired to identify the exact identity
of these sensitizers.

Reconstructed chromatograms from HPLC analyses with LSC

detection of 3H-2,3 ,7 r 8-T4cDF and L 4c-2,3 ,4 17 ,g-pscDF, shown

in Figures 2Ob and z]-b, demonstrated the changes in elution
profiles of the samples as a result of exposure to sunlight
in lake water. Two 3H non-polar degradation products appear

at retention times of approximately LZ and 2I min. The

amount of the 3H intermediate of t.:2j- minutes is
significantly larger, after only 6 hours of exposure, than

was observed as a result of the direct photolysis of
3H-T4cDF following 76 hours of exposure to sunlight (see

Figures 2Oa and 2Ob) . Às is evident from Table 14, a

significant amount of 3H activity appears in the extracted

lake water, suggesting the formation of a polar degradation

product. The 14C-2,3,4,7 tB-pscDF, producing a much more

dramatic el-ution profile forlowing only 6 hours of exposure

in lake water (Figure 2Lb) | formed only one significant 1 oC-

Iabelled degradation product (t.:33 minutes). The rapid
rate of degradation of parent 3H-ToCDF decreased the

overfl-ow of 3H activity into the 1 4c window during liguid
scintilration counting; hence, a statistically significant
I 4c-labeIl-ed product was detectable. The concentration of
the 1 4c degradation product v¡as at a maximum after 6 hours

of sunliqht exposure, with a retention time similar to that
of the 3H-T4CDF. However, in distilled water, most of the
parent I 4c-PrcDF remained unreacted (see Table 11) after 76

hours of sunl-ight exposure.
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The distribution of 3H and 1 oc activity was

dramaticarly different from the distribution observed in
distilted water (Tabre L4 and 11). Mass balance of
activities for both congeners over the entire exposure

period are presented in Figures 22 and 23. The amount of
tritiated intermediate with t":21 min increased during the
first 6 hours of sunl-ight exposure, and then srowry
decreased. A similar trend v/as exhibited by the t oc

intermediate (Figure 23). rf both degradation intermediates
are lower chlorinated pcDFs, they courd potentiarry undergo

photolytic degradation.. significant amounts of 3H and t oc

(592 and 422, respectively) v/ere non-extractabre forlowing
52 hours of exposure to sunright. sinil-arly, it has been

observed that !,2,3,4,7-p'CDD and I,2,3,4,6r7,g-HzCDD
produced significant 1eve1s of non-extractabre activity
following 5 days of sunlight exposure in pond water (45).
rn distitl-ed water, however, non-extractabl-e 14c activity
coul-d not be detected following 76 hours of sunlight
exposure.

The degradation intermediates resurting from the
photorysis of both pcDFs in l-ake water revealed some

similarities to the results obtained from photorysis of
these congeners in distirred water. Formation of non-porar
intermediates, possibly by dechl-orinatj-on, appears to be a

less significant pathway than the formation of porar
products. rt is uncrear whether in" non-porar products are
intermediates in the production of the predominant
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degradation product(s) .

The kinetics of photodegradation of 2,3,7,g-T4cDF and

2,3,4,7,8-PrcDF at 50oN latitude in midsunmer are summarized

in Table 15. À11- experimentar- rate constants (kp e ) are
corrected for tube geometry to alrow comparison with the kou

predicted by GcsoLAR. Both pcDFs degraded more rapidry than
expected in naturar water as a resul-t of the significant
contribution of indirect photolysis to the net photolytic
rate. The half-lives of the 2 ,3 ,7 , 8-T4 CDF and

2,3,4,7,8-PscDF were r.4 and o.2 d, respectively. Although
hydrophobic chemicals tend to accumulate in rake sediments,
the rapid degradation in surface waters suggests that large
portions of PCDFs entering lakes through atmospheric (vapor)
deposition in daytime hours coutd be photoryticarJ_y
degraded. However, once the pcDFs are partitioned into
bottom sediments, their degradation is minimal (2).
Generalry, net first-order photolytic degradation rate
constants, k"u, v/ere larger than the corresponding direct
aqueous first-order photolytic degradation rate constants,
ko"- Normalization of both pcDF kpE values to their respec-
tive direct photolytic degradation rates, kou reveared that
2,3,7'8-T4cDF and 2,3'4'7r8-pscDF degraded 5 and z5o times
faster in natural water than in distilred water, respective-
1y. This enhancement in degradation rate must be the resurt
of a reaction with naturally occurring components in take
water. A comparison of predícted direct aqueous photorysis
rates and experimentarly determined, direct and indirect,
photolytic degradation rates is shown in Figures 24 and 2s.
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FTGURE 24?, COMPARISON OF EXPERTMENT]IL ÃND PREDTCTED
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C. IDENTIFICÀTION OF NON-POIJÀR PRODUCTS FROI'T INDTRECT

pRoToIJyTrc DEGRÀDÀTrON OÍ 2r3r7 r8-T4CDF AND

2 r3 r4 r7 ,8-PsCDF.

Kinetic data, provided in the previous section, for
2,3,7 t8-T 4CDF and 2,3,4,7r B-psCDF clearly demonstrated that
indirect photorysis vras responsibre for the generation of
significantty greater amounts of non-po1ar intermediates

than direct photolysis. As mentioned earrier, HpLc

retention times suggested that the intermediates could be

lower chlorinated PCDFs. since both pcDFs exhibited very
srow degradation rates in the distirled water rnediumi

insufficient amounts of non-porar degradation products were

produced to arlow structurar confirmation by mass

spectrornetry. However, accelerated rates of pcDF

photodegradation in l-ake water resul-ted in the production of
more significant amounts of non-polar products (see Figure

20 and 2r) ì therefore, further studies were conducted with
2 ,3 ,7 ,8-T ACDF and 2 ,3 ,4,7 r B-psCDF in lake water on1y.

1. GC-MS ANALYSES OF NON-POIÀR DEGRADATION PRODUCTS

FORMED ON PHOTOLYSTS OF 2,3,4,7,8-psCDF rN LAKE WATER.

À Trc (total ion chromatogram) produced from the
analysis of the hexane extracts on a 30 m DB-s stationary
phase (see Appendix 3 for cc-MS conditions) reveared a large
number of peaks attributed to the co-extractabLe non-porar

materials from l-ake water (Figure 26). Despite rigorous
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clean-up attempts of the lake water, persistent high levers
of co-extractable material interfered with identification of
the l-ow l-evels of non-po1ar degradation products.

since HpLc data suggested the possibility of reductive
dechlorination as a degradation pathway, a search for
possibre TocDFs was performed by obtaining reconstructed
chromatograms of carefurly selected ions. To estabrish the
chromatographic behaviour of typical pscDFs and TocDFs, the
retention times of 2 ,3 ,7, B-T4CDF and 2 ,3 ,4 ,7 ,g-psCDF
standards (r2.s and ]-3.7 rnin, respectively) were determined
on a 30 m DB-5 capilrary column (Figures z7a and 2Ba). Mass

spectra of the standard pcDFs (Figures 27b and 2Bb) werb

then used to sel-ect appropriate ions for the reconstruction
of chromatograms from Trcs, where the identification of ne\./

peaks was not possible. The most prominent features of the
mass spectra of pcDFs include the cI isotope clusters of the
intense mol-ecular ion, and the absence of comprex

fragrmentation patterns. The number of chrorine atoms on an

ion provides a characteristic isotope cluster useful in
identifying the degree of chrorination on a morecule. For

TocDFs, the four cI atoms produce a characteristic M, l.tr+z,

M+4, M+6, and M+8 pattern. The most intense ions of this
cLuster, m/z=3o4 (M*), 306, and 3og amu were used to
reconstruct chromatograms in order to confirm the presence

of TocDFs. A reconstructed chromatogram (fron the Trc shown

in Figure 26) using ion 306 reveared two peaks of t,:12.4
and L2.6 min (Figure 29), suggesting the presence of two

TocDFs as non-porar degradation products from the photorysis
g6



TIC ôf K[hlfRE:TCnfl.D
å)

a.Øti

F., . rtli'

4 . çJl5

? .l¿15

2,3,7, 8-T4CDF

STANDARD(tt
c)

=ñ
-a

=
=

(f.

I
Tlnre (rrrln. )

t!

¡n-ðoc t 1 "
i{ I

IM-ct1'

tit l-1

a
(j

Fl

=
=

n-

?.ØLi
I q r-cI. JT_J

I . t4Li

': . Ç)1,1

?06

3[r[l

FIGURE 27 z TOTAL roN CHRoMI\ToGRÀM (a) AND MÀsS
SPECTRUM (b) oF STANDARD 213rZ,B-T4CDF (10 ng) ON À
30 m DB-s CÀPILLARY CoLUI,IN.

':,càrt 6?8t ( 12.452 niin ) of Kt¡lfRf :TCDI l. D

1.)

lr

9l_lB TRlrci T tD

t?0)

lØf4 ¡ 0t
þlasst'Cl'r àr!Ê

llI
l,

97



u
tj
E
ß)

C,

=t)(f

a.Øt5

F, . Ø[_5

4 . ç:15

7.Øt5

TIC of l,1El.lFR[: PCnf I . n

g,4,7,8-PsCDF

STANDARD

tL_
B

Tlrne (rnln. )

SUB'iRÊCTID

I .tl-1t¡1Ø

?o
2.1 ? /3/

I

1)

'¿l
îl

Ç
._)

=!)
E.

crc
JLJ

ttlS

Øt4

Ø

IH-CoC I ] +

3i?
l?Ø 205

h

l14Ø 2 0[ì
l4asszCharge

IM-cI1*

3 [ì[ì

FIGURE 28¿ TOTAL roN CHROIíjATOGRÃM (a) ÀND U.;ASS
SPECTRUI'Í (b) OF STANDARD 2 ,3 ,4 ,7 , g-psCDF ( 10 ng) ON
A 30 M DB-s CAPIIJLÀRY COLUMN

Scan 7 ?.7 ( l:3.558 rnin ) of KEI.IFRE:PCDFl. tl

98



icn 3ú6.ØCi ô-mu, f rom KEI.IFRE: SPCDF.I . D

3.Øt4

I NTERHED I ATE S

22?2

? . ttl4
tlJ

c
rd
E
c
f

I f.r4ØØ

û t0
Ttme (mln. )

FTGURE 292 RECONSTRUCTED IoN cHRoMÀToGRÀM (IoN 306)
FROM TIC IN FIGURE 26.

99



of 2,3 ,4 ,7 ,8-P5cDF in lake tJater. sirnirar reconstructed
chromatograms v¡ere obtained with both ions 3o4 and 3og amu.

The smal-l- peak with t" of 13.7 min, is due to unreacted
parent P5CDF which produces a weak fragment of m/z=3o6 amu

through the loss of a chl-orine (see Figure 2Bb). À check for
the parent PscDF (m/z values of 338, 34o, and 342) confirmed
the presence of significant amounts of unreacted starting
PscDF (t"=13.7 min). Having established the retention times
of the suspected T4CDF products, a mass spectrum of the
components eluting at the appropriate t, (Figure 30),
revealed the presence of three characteristic fragment
crusters for TocDFs, incruding L7r, 242/243 | and 3o4/306/3oB
amu. Although this mass spectrum also contains fragments
produced by co-eluting material, g,eneral features of T4CDF

fragmentation were evident. Therefore, based on the rnatch

in retention times and the similarity in mass spectra with
the standard 2,3,7 r 8-TocDF, it vras suspected that at least
two T4CDF isomers were produced by indirect photolysis of
2,3,4,7 , g-PsCDF.

The onry disadvantage of mass spectral data is that it,
aLone cannot differentiate between the different T4cDF

isomers. rt was therefore necessary to confirm the presence

of T4CDF degradation products by matching their retention
times with retenti-on times estabrished for standard TocDFs.

ïncreased sensÍtivity and rower detection limits are
achieved by sefected ion rnonitoring (srM) since onry the
ions chosen are monitored. since no ions with a m/z of 3o4,
306' or 308 amu were observed in non-photolyzed l-ake
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r^/ater taken through the same extraction procedure as the
PCDF solution, the TocDFs were not simpry background revels
of contaminants in the lake r¡ater. sirnilarly, rake water

which vras photoryzed for the same period of time as the
PscDF "spiked" rake water, did not generate detectabre
revels of TocDFs. Therefore, the TocDFs are clearry not the
resurt of merely a lake water component, but are formed on

photolysis of PTCDF.

rdentification of the TocDFs was attempted by matching

retention times of the products with those of T4cDF

standards. Reductive dechlorination of 2,3,4,7,g-psCDF,

assuming' no cr migrations, may potentially produce f j_ve

ToCDFs with CI substitution patterns of : 2,3,4,7; 2,3,4,8ì
2,3,6,7¡ 2,3,6,8; and 2,3,7,8. À 30 rn DB-5 capillary colurnn

could only resolve three of the five TocDFs in a standard

mixture of these isomers (see Figure 31a). Even.with a very
srow temperature ramp, the DB-5 capirlary column was unabre

to resolve 2,3 ,7 r 8-T4CDF and 2,3 ,4 ,7-T4CDF, consistent with
the work of Kuroki et al. (85).

The chromatogram of the photolyzed extract, analyzed

under the same conditions as the T4CDF standards, is shown

in Figure 3lb. Except for a sright shift to longer
retention times, probably the resurt of a matrix effect, the
chromatogram is sirnilar to that of the standard T4cDFs

(Figure 31a and 31b) . The smal-l peak at t.^"63.2 nin is
believed to be an impurity, since onry ions z4L and 243 amu

r{ere responsible for the appearance of this peak. The

remaining peaks tentatively confirm the presence of
LO2
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2 ,3 ,6,8-T4CDF, and the absence of 2 ,3 ,6 t7-I4CDF. The

moderatery intense peak at t.o'66 rnin may be one or both of
2,3 ,7,8-T4CDF and 2,3 ,4 t7-T 4CDF. The smaI1 shoulder

observed on the tail end of the peak at t"o,66 nin may be

indicative of 2 ,3 ,4 r 8-T4CDF, a1-though resolution of this
isomer v¡as not as good as in the standard mixture of the
To cDFs ( Figure 31-a) . A standard addition of 2 ,3 , 6 t7 -T4 cDF,

introduced a new peak with t,o,68.5 min, confirming the
absence of this cong'ener in the original extract.

rn an attempt to improve the resorution of arl T4CDF

congeners, the extracts were re-analyzed on a 60 m DB-1701_

capilrary column, the stationary phase consisting of g6z

nethyl, and r4z cyanopropylphenyr silicone on a polysiloxane

backbone. Although the overall resorution has somewhat

improved, this column courd also not resorve 21317,g-T4cDF

and 2,3,4,7-TA3DF (Figure 32a). Analysis of the lake water

extract (without the 2,3,6,7-T4cDF addition), confirrned the
presence of 2,3,618-T¡CDF and one or both of 21317r8-T4CDF

and 2,3,4t7-TACDF. However, this analysis produced irnproved

resolution of 2,3,4,8-TqcDF, confirming it as a non-porar
product in the phototysis of 2,3,4,7,8-pICDF. Although a

small peak appeared at approximately Lzg min, the presence

of 2,3,6t7-T4cDF is ruled out for a number of reasons.

First, there was clearly no detectable 2 r3,6,7-T4CDF

observed with the DB-s capirrary corumn. secondfy, of the
five ions monitored in srM mode, only ions z4r and 243 amu

$¡ere responsibre for the peak at r2g min. Absence of j_ons

of 3O4 , 306, and 308 amu, eli_minates 2 ,3 ,6,7-T ACDF as a
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possible non-pol-ar product.

Since the non-Iabelled 2,3,4,7,8-psCDF was not purified
prior to use in photorysis, the possibirity that the
observed TocDFs v/ere merely impurities in the starting
2,3,4,7,8-PscDF was investigated. A dark contror containing
2 ,3 , 4 ,7 ,8-P5 CDF !/as subj ected to the same analytical
procedures used for the photorytic experiments. The

chromatogram (srM) of the extract of the contror, is shown

in Figure 32b. Although smarr amounts of TocDFs,

particularry 2,3,6r8-T4CDF, vrere detected, the row levers of
T¡CDFS present as irnpurities in the parent 2,3,4,7,8-psCDF

cannot possibry account for the significant amounts of
TocDFs observed after photorysis. rt can, therefore, be

concruded that the non-poIar intermediates formed as a

result of the exposure of 2,3,4,7,8-P5CDF to light, for four
hours in lake water lncluded 2t3,6,g-T¡CDF; 2,3r4,g-TACDF;

and one or both of 2 ,3 ,7 , B-T ACDF and 2 ,3 , 4 ,7 -T ACDF.

Arthough further dechlorination is feasibrer no TrcDFs

courd be detected. rt is possibre the exposure time was not
adequate, since k" u for 2 ,3 ,7 r B-T4CDF and 2 ,3 ,4 ,7 , g-p5CDF

vrere r.4 and o.2 d, respectivery. Alternately, it is also
possibre that the k"u of T3cDF is much rarger (ie. they

degrade more rapidry than the parent pcDF), and hence, they
are not detectable. Recentry, Durin et al. (34) sinirarly
reported that no detectabre Ievel-s of trichÌorodibenzo-
p-dioxin formed on photol-ysis of 2,3,7r8-T4CDD in hexane at
313 Dr, since the rate of photolysis of T3cDD r.ras three
times faster than that for T.CDD.

Lo6



The confirmed intermediates , 2,3,6,9-T4CDF

2,3,4t8-TACDF, have both been formed by the loss of
lateral chlorine atom, and more specificaj_Iy, with loss
the lateral chl-orine atom nearest to the oxygen atom:

2,3,4, g-T¿CDF 2,3,6, 8-T4CDF

Dechlorination, with preferential loss of rateral
chrorine atoms, has been reported by Buser (37) for
octachlorodibenzo-p-dioxin (OsCDD), I,2,3,6,7,g-hexachloro-
dibenzo-p-dioxin (HóCDD) , and I,2 t3,7 ,gr 9-HóCDD in hexane;

and by Nestrick and Larnparski (61) for the tetrachloro-
dibenzo-p-dioxins in isooctane. This would account for the
formation of all the observed T4cDFs, with the exception of
2 ,3 ,7 ,8-T ACDF. However, 2 ,3 ,7 , g-T4 CDF formation cannot be

confirmed, therefore, it may in fact not be a product of
this photodegradation. Lateral chrorines franked on both
sides by chl-orine atoms appear to be preferential sites of
dechrorination for pcDDs (37). This appears to appry to
PCDFs as well since, based on peak heights, 2,3r6rg-T4CDF is
the predominant T4CDF produced by photorysis of 2,3,4t7,8-

and
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P5CDF in lake water. Reductive dechtorination of pcDFs may

invol-ve dissociation into a cI radicar and a phenyl type

radicar. The radicars courd then potentialry abstract
hydrogens from hydrogen donors present in the lake water

(see Figure 33). This type of mechanism has been postulated

for chlorobenzene (34), PCDDs (38, 86-87), and pCBs (88) in
organic, hydrogen donor solvents. Natural waters contain
many potential hydrogen donors (73), and could, therefore,
forlow a similar type of reductive dechrorination. A newry

developed capillary column, DB-Dioxin, nor.¡ avaitabre from

chromatographic speciarties (Brockvilre, oN), can resorve

2r3,7t8-T4CDF and 2,3,7 r8-T4CDD from aII other T4CDFs and

T4cDDs and woutd be useful in confirming whether

2,3,7,8-TACDF contributes to the peak at l_25 nin.

2. GC-MS ANALYSES OF NON-POI,AR DEGRADATION PRODUCTS

FORMED ON PHOTOLYSIS OF 2,3,7,8-T4CDF IN LAKE WATER

Reductive dechrorination of 2,3,7r8-T4CDF in lake water

v/as verified by anatysis of the hexane extracts by cc-MS

(srM) on a 6o m DB-L7ot- capilrary col-umn (Figure 34c) .

standard 2,3 t8-T3cDF, anaryzed under identicar conditions
(Figure 34a), had a retention tirne of 96.9 min. onry one

peak i-s evident at this retention tirne (Figure 34c),
suggesting the presence of one T3CDF. Hohrever, since onry

the 2,3,8-T3cDF congener was avairabre, confirmation of the
identity of the T3cDF was not possible. However,

degradation of the 2t3,7r8-T.CDF does produce a lower
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chlorinated T.CDF, like1y 2,3,8-TaCDF and/or 2,3,7-t3CDF. A

dark control provided evidence that the TrcDF was not simply
an inpurity in the starting 2,3,7,8-T4CDF (Figure 34b).

Lake water extracts, also checked for possibre presence of
TrCDFs, proved to be negative.

rf larger amounts of degradation products (such as ug

or mg guantities) courd be generated, additionar
spectroscopic analyses such as NMR courd provide useful
information about specific proton positions and thus confirm
the sites of dechlorination.

D. IDENTTFTCÀTION OF POLÀR PRODUCT(8) F'ROU INDIRECT

pHoToIJyTIC DEGRÀDÀTION OF 2 t3 t 1r 7 r 8-psCDF

According to resurts obtained from the indirect
photolysis of 2,3,4,7,8-PscDF, a significant fraction of
nonextractable 1 ac-activity accumurated in the rake water
(Figure 23, Tabre 14). AJ-though a simirar trend was noticed
for 2 ,3 ,7,8-T4CDF (Figure 22) , the degradation v¡as slower.
(t,¿rocpr.:1.4 d and tk"rcor.:0.2 d) Therefore, efforts were

made to examine the structurar identity of the polar
degradation product(s) of z,3,417rB-pscDF in lake water. rn
order to generate significant amounts of degradation
product(s), lake water was spiked with as much as 4ooo ng of
2,3,4,7,8-PscDF, which exceeded its water solubirity (z3s

ng/L, (r7)) by a factor of ten. The apparent solubility of
a sorute in water containing coexisting solutes, however, is
susceptible to modifications by interactions with cosol-utes

L1t-



(89). rt appears that high-molecurar-weíght species, such

as dissorved' organic matter/carbon (Doc), in natural- waters

may significantry enhance the sorubirity of hydrophobic

solutes through a partition-rike interaction between the
sorute and the Doc (89). The solubirity enhancement tends

to increase with a decrease in sorute sorubility. An

estimate of the amount by which a soruters solubirity nay be

safely exceeded without introducing the possibirty of
precipitation, rây be carcurated by the rerationship
establ-ished by Chiou et al,. (89):

S*'/S*: (1 + XKooc) [ 11j

where the solubility enhancement factor is defined by the
ratio s-'/sw, x defines the concentration of Doc present in
a specific water body and Kpoc the sorute. partition
coefficient between Doc and pure water. Generarly, Kpoc

varues, in natural waters, are estimated to be one order of
rnagnitude smaller than Ko- values (90). using Doc

concentrations of 4.2 mg/L (specif ic for Lake 37s, Er,A) , and

the log Ko,., for 2,3,417r8-psCDF as 6.92 (19), it $/as

predicted that a maximum solubirity enhancement of j,4 courd

be justified for the pscDF congener. servos and Muir (91)

have observed S-fold solubility enhancements for
L,3,6,8-T4CDD as a result of the presence of l-.9 mg/L of
Ardrich humic acid (Doc). rt \^/as', therefore, assumed that
the levels of PscDF used in the rake water vrere in sorution
and did not precipitate. Figure 35 summarizes the

tI2



analytical steps used in the isolation and analysis

degradation products formed from the photolysis

2 ,3 ,4 ,7 ,8-P'CDF in lake water

Although relatively Iittle information is available
about the nature of polar degradation products from pCDFs,

PCBs and PCDDs have been shown to produce carboxy- and

hydroxy- type products in various media (92). fn
particular, production of singlet oxygen, with hydrogen

donation from a hydrogen donor in the lake water, and

possibly free oOH radicals by sunlight may allow the

displacement of chlorines v¡ith hydroxy groups (93-94).

Degradation of PCBs, in particular 2,2' ,5,5'-
tetrachlorobiphenyl in hexane under sunlight and

ttblackligh¡tt conditions, have resulted in the fonnation of
hydroxylated and carboxylated polar products (86). These

hydroxylated products are the resul-t of a loss of one cr and

the addition of an oH to form a phenolic product. A recent

study of dibenzo-p-dioxin degradation in methanol, hexane,

and acetonitrile at 253.7 nm, revealed a variety of polar

aromatíc degradation products, including 2-hydroxybenzoic

acid, 2,2'-dihydroxybiphenyl, and 2-phenoxyphenol (41) . It
was also suggested that these polar aromatic degradation

products may further degrade to aliphatic molecules, but no

conclusive evidence hras presented. Recentry, Kuroki et ar.
(95) demonstrated that rats produced dihydroxy-chrorinated

netabolites after being fed a mixture of TocDFs, indicating
that PCDFs can be hydroxylated by different processes. Due

to the structuraÌ similarities of pcDFs with pcBs and pcDDs,

of
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there is a strong suggestion that the same tlpes of porar
products courd be gienerated from the photorysis of pcDFs.

Bis(trirnethyrsilyl)trifluoroacetamide (BSTFA), used as

the derivatizing agent in this study, produces extremery
volatile reaction by-products, monotrimethylsilyl
trifluoroacetamide and trifruoroacetamide, which are eruted
with the solvent front during GC-MS analyses on a DB-1701

capillary column. The forrowing reaction represents a

typical phenolic derivatization:

.,f ïtt .n,
" CH,

BSTFAPHENOL

TMS DERIVATIVE

+

VOLATILE

BY-PRODUCTS

small scare derivatizations (50 pL of 3:2, cH3CN/BSTFA)

have been previousry used in the derivatization of polar
photoproducts of dibenzo-p-dioxin (41). This procedure

successfully derivatized 2-phenyÌphenoI, but did not produce

any obvious derivatives (as determined. by GC-MS analysis) of
suspected poJ-ar product in the lake water residue. This may

have been the resurt of the row sorubility of the suspected
polar product in smarr volumes of cHrcN. use of 500:t- (v/v)
THF/BSTFA in the procedure resulted in a major peak from the
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analysis of the BSTFA-treated rake water residue by

HRGC-LRMS on a 60 m DB-L701- capillary column (Figure 36).
The success of this procedure was possibly due to increased

sorubility of the porar material in larger volumes of
solvent.

Anarysis of BSTFA-treated 'non-spikedr lake water
residue verified that most of the peaks in the chromatogram

lrere due to compounds present in the rake water. The peak

with t.=23 - 9 min vras the TMs derivative of standard

2-phenylphenol, added to the residue to monitor the success

of the derivatization procedure. The major component,

t.:20.6 min, $¡as the resurt of the derivatization of a porar
product formed on photolysis of 2,3,4,7,g-psCDF in lake
water. The major features of the mass spectrum of the
derivatized product (t.:20.6 nin, Figure 36a) included a

base peak of 73 amu, the absence of recognizabre chlorine
isotope patterns in any fragrment ions, and. a possible
morecurar ion (M.) of mass 330 amu. The fragment of m/z 73

amu corresponds to the trimethyrsiryr (TMs) fragrment,

confirming successfur derivatization of a polar product.
Although this is a difficurt product to isorate and

derivatize, the procedure was reproduced with
non-radiorabelled and t oc-prcDF on four occasions. Based on

this evidence, it was suspected that the identified porar
product v/as non-chlorinated, and dihydroxylated witL¡ a

possible molecular ion (M.) of 330 amu. A variety of lower
injection port temperatures were attenpted (see Appendix 3,

program #4) and confirmed that the derivative (M+:330) could
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not sinply be the result of a high temperature reaction
occurring ín the injection port.

Derivatives of two standards, 2-phenylphenol and

2,2' -dihydroxybiphenyl, r^¡ere analyzed,under simirar GC-MS

conditions and used as a comparison with the derivative of
the polar product in lake water residue. The retention times

of these standards, 23.9 and 25.3 nin respectivery,
elirninated these as possì-bre degradation products of the
photolysis of 2 ,3 ,4 t7 ,g-p'CDF. However, analysis of the
mass spectra of these compounds (Figure 37) reveared

sinilarities with the mass spectrum of the derivatized potar
product formed on the photoi-ysis of pscDF. The morecular

ion of the TMS derivative of 2-phenylphenor is more

prominent than the M* of di-TMS 2 ,2 ' -d.íhydroxybiphenyl ( 3 3 o

amu). rn addition to the number of substituents, thej_r
positions on the aromatic ring may also affect the stabirity
of the molecurar ion. This may explain the relatively row

abundance of the M* of the TMS derivative of the polar
product. TMS derivatives of monohydroxybiphenyrs fragment

to form significant amounts of [M-]-51 + ions through the loss
of a methyr radical (96). For 2-phenyrphenol, the abundance

of the [M-15]. ion \,{as second only to the abundance of the

IM-31]. ion. However, for the 2 t2'-d,ihydroxybiphenyl, this
fragment r¡/as of extremely row abundance, consistent with
previous observations (41) . The 2,2'-d,lhydroxybiphenyr

derivative, therefore, does not tend to undergio significant
methyl cleavage to yield the [M-15]. fragrment. No [M-15].
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ion was detected in the derivatized porar product, . possibly
due to a steric interaction of bulky TMS substituents in
close proximity to each other. For simirar reasons,

dihydroxybiphenyls with ortho or 2,2'- disubstitutionr ñay

eliminate the t-si(cH-) sl. cation more readity than

monohydroxybiphenyls. In fact, the loss of the t-Si(CHr)¡1.
ion is the preferred route of fragrmentation producing the
base peak for 2,2'-díhydroxybiphenyl; whereas, this ion is
of very row abundance for 2-phenylphenol. Extraction of the
ion of m/z 73 amu from the Trc of the derivatized product,

produced a reconstructed chromatogram with one peak of t.=
20.6 min, indicating that only one compound was successfurry

derivatized,. The presence of a base peak at 73 amu further
supports the proposed structure of a dihydroxybiphenyr. The

peak of m/z l-03 amu (Figure 37c) is likery attríbuted to the

[cH2osi(cHs)¡]* fragment, which has previously been observed

for TMS ethers and esters with an aromatic moiety (96). The

ion of mass 24o amu courd result from a ross of [Hosi (cHs ) s ]

invorving a hydrogen migration. Loss of a rnethyr radicar
from this fragment (24o amu) would result in the fragment of
m/z of 225 amu. rn addition, the significant abundance of
the fragiment with m/z L47 amu usuarly indicates the presence

of di-TMS compounds (97). Although this fragment is found

in both the 2 ,2' -d.lhydroxybiphenyJ- standard and the
derivative of the polar degradation product, it appeared

more prominent in the latter.
HRGC-HRMS anarysis of the derivatized polar product on

a 25 m DB-5 capil-lary corumn (Figure 38 and 39) produced a
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mass spectrum sinilar to the one obtained with LRMS (Figure

36). These results further support formation of a

dihydroxybiphenyl from the photolysis of 2,3,4,7,8-psCDF.

Accurate i-sotope ratios, characteristíc of the elementar

composition of the molecular i-on, can provide the molecurar

formula for an unknown compound. Experimentally determined

rerative abundances of the isotope cluster in the molecurar

ion region, (M+:330 amu), for the TMS derivative of both the
standard 2,2' -dlhydroxybiphenyl and the derivatized product,

and the calculated isotope ratios for the proposed

structure, CreHzssi2O2, are summarized in Table 16. The

predicted isotope ratios are in reasonabry good agreement

with the ratios observed for the unknown product. Àlthough

the data f or 2 ,2' -dihydroxybiphenyl \"ras in good agreement

with the predicted ratios, the isotope ratios for the
unknown may not be as accurate due to a 2S-fotd resser

abundance of the M* ion. Furthermore, the isotope ratios
could be affected by fragmentation of co-eruting impurities.
Therefore, the isotope ratio data supports a dihydroxy-
biphenyl as the proposed structure of the polar product.

Additional anarysis of the derivatized product by

positive chemical ionization (pcr) with NHs (g) yielded

inconcrusive resul-ts. The derivatized polar product did not
produce a significant increase in the IM+1] fragment (ie.
331 arnu); however, it is possibre that this morecul_e is not
susceptibJ-e to proton transfer from the ammoniurn ion.
Although, in principle, the proton affinities of molecures

may be calculated and used to predict its susceptibility to
L23



TÀBLE 16s TSOTOPE ÀBUNDA}ICE RATIoSA FoR TMs

DERMTM8 OF 2 12'-DIUYDROXYBIPHENYL

ÀND THE POLÀR PHOTODEGRÀDÀTTON PRODUCT.

M M+l- M+2

2,2'-DHB5

Calc. l-00 30.9 1t_.5

Expt. 100 30. O 11. 3

Polar Product 100 23 .4 l_0. 3

äM:3 3 O r M*1:3 31r I'l*2:332 amu.

o 2,2' -DHB represents 2,2' -d,lhydroxybiphenyl.
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undergo reaction with anmonia 9âs, experimentar deviations

from the predicted are not unconmon (99). For example,

toluene and 1-t2,3-trimethylbenzene both have proton

affinities greater than that of NHg (g) , 787 kJ/not, but do

not undergo ammonium ion attachment under cr conditions
(98). It has also been suggested that the TMS from

derivatized molecules can inhibit the formation of an [M+1] +

ion (99). Reactivity, therefore, appears to be molecule

specific and is difficult to predict.

ïn summary, the mass spectral data, therefore, provided

evidence supporting a dihydroxybiphenyl as the polar
degradation product of 2,3 ,4 ,7 , B-psCDF in lake water. It
appears that during the photolysis of 2,3,4,7,8-psCDF, ring
opening via c-o bond cleavagie leads to the formation of a

2-hydroxybiphenyl. Although the exact position of the

second hydroxy group v/as not confirmed, 2,2'-díhydroxy-
biphenyt v/as rured out as the polar degradation product on

the basis of cC retention times. The possibility of
o-dihydroxy substitution courd be confirmed by preparation

of n-butyJ-boronate derivatives of the polar product (g2).

Absolute confirmation of the structure of the product would

reguire cc-MS analysis of all- other possible dihydroxy-
biphenyl isomers. since many of these are not commercialry

availabJ-e, their synthesis wourd be required. consequentry,

the only conclusion which may be reached with the existing
data is that the polar degradation product is a

dihydroxybiphenyl :

1_25



,.N OR

These resul-ts clearry demonstrate that reductive
dechlorination, ring opening, and hydroxyration resurt in at
least one non-chlorinated polar product forrowing the
photolysis of 2,3,4,7,8-psCDF in l_ake water.
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IV. CONCLUSIONS

It is evident that photolytic degradation plays an

important rore in determining the fate of the persistent
porychlorinated dibenzofurans. since the sun emits energy

between 98 .6 and 35. 8 kcaJ-/rnol in the 290-Boo nm region
(44), it provides enough energy to break typical CoHs-OCH3

and c-cl bonds which have bond strengths of 92 (t-oo) and

78-82 kcarlnol (l-01), respectivery. euantum yierds for the
direct aqueous photolysis of 2 ,3 ,7, g-T4CDF and 2 ,3 ,4 t7 tg-
PscDF in 50:50 cH3cN/Hzo, at 313 Dil, v¡ere determined to be

(2.9 t 0.5) x 10-4 and (6.6 t 0.9) x t-O-4, respectively.
The magnitude of these guantum yierds implies slow

photorytic degradation rates as a resurt of the direct
absorption of light by the pcDF. Hohrever, under sunright
conditions in distilled water | 2,3,7, g-T4CDF and

2,3,4,7 ,8-PsCDF degraded by direct photolysis with
pseudo-first-order rate constants of o. j,o + 0.007 and o.oj-4

t 0.002 d.t, respectively. These rates, corresponding to
haLf-lives of approximatety 7 t 0.5 and 50 t 15 d for T4CDF

and PsCDF, respectively, support the slow rates of
photolysis of these compounds initialry indicated by the
small quantum yields. predictions of direct aqueous

photolysis rates, using the ccsoLAR prog'ram avairable from

US-EPA (28) , hrere consistent with the slow rates of
degradation observed in sunlight. AJ-though these
predictions serve as reasonable estimations of environmental
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degradation rates of organic contaminants, computer proglrams

cannot simul-ate natural environments and, thus, Rây only
provide approximations of real phenomena. pseudo-first-

order rate constants for the net degradation of 2,3,7,g-
T4CDF and 2,3,4,7,8-PsCDF, measured in midsummer at SO"N

latitude in water from Lake 375, ELA, Kenora, ON; h/ere

determined to be o.5o t 0.05 and 3.6 t 0.5 d-t, respectively
(see Appendix 6 for statisticar anarysis). The significant
enhancement in the photoJ-ytic degradation rate is attributed
to the presence of naturarly occurring sensitizers in lake
water. of the many photooxidants identified in natural
waters, it has been suggested that the Ho radicar
concentrations may be too low to contribute significantly to
oxidation processes, but that the cornbination of oxyradicals
and singlet oxygen courd play significant rores (93).

Although photodegradation, particularry direct photorysj_s,

appears to be a relatively s10w process, this may be the
only possibre, and therefore significant, degradation
pathway for molecules as persistenÈ as pCDFs.

After 4-6 hours of irradiation in rake water, non-polar
degradation products v¡ere detected by HpLC-LSC and GC-MS for
both 2,3,7 ,8-T4CDF and 2,3,4,7 ,B-p'CDF. ft T¡/as concluded

that 2,3,6r8-T4CDFì 2,3r4rg-T4CDF; and one or both of
2,3,4,7-T4CDF and 2t3,718-T4CDF r¡/ere the result of the
photol-ytic degradation of 2 ,3 , 4 ,7 , B-p ICDF. On the other
hand, 2,3,7,8-T4cDF produced significant levers of either
2,3,9-T3cDF and/or 2,3,7 -T3CDF. However, exact

possible due to the lack of
1,28

identification was not



analyticar standards. However, the non-polar degradation
products hlere not the major degradation products for either
PCDF. It appeared that dechlorinated pCDFs were

intermediates in the formation of a more abundant polar
degradation product.

The photolysis of 2,3 ,4 r 7,8-p5CDF in lake water
produced one polar degradation product which v¡as identified
by cc-MS analyses as a dihydroxybiphenyl. No chlorinated
porar degradation products could be detected, d.emonstrating

that the degradation pathway incruded reductive
dechrorinatíon, ring opening and hydroxylation. Àrthough

analysis of polar degradation products resulting from the
photolysis of 2 ,3 ,7, 8-T4 CDF vras not performed, it is
possible that a similar degradation pathway also exprains

the increase in radioactivity in the polar phase. Figure 40

summarizes the degradatíon pathways of 2,3,4,7,g-psCDF as a

consequence of photorysis in lake water. To date, Do data

is available in the literature whích identifies the
non-poIar and porar degradation products following the
exposure of 2 | 3, 4,7, 8-P 5cDF under environmental conditions.

No attempt v¡as made to study possible aliphatic
degradation products; however, this type of study courd be

important in cornpleting the overall degradation scheme of
PCDFs in the aquatic environment.

Additional- anaryticar spectroscopic methods, such as

FTrR, cc-rR, LC-MS, and NMR may provide useful structural-
information about the photorytic degradation products of
PCDFs and PCDDs.
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APPENDIX 1

PHYSICAL AND CHEMICAL MEASUREMENTS
rÀKE 375, ELA. a

OF

DAY 159 r87 2L5 243 27r 292

Cond (pslcm)
pH
A1kal (eEq/L)
NH3 -N (vg/L)
No3-N (pg/L)
rDN (pg/L)
susp N (vq/L)
rDP (ps/L)
Susp P (vg/L)
DIc (e,tq/L)
Doc (vvt/L)
susp C (eg/L)
cI (ns/L)
So¿ (ng/L)
Na (mg/L)
K (nq/L)
ca (mg/L)
Ms (ng/L)
Mn (nq/L)
Fe (ng/L)
sRSi (ng/L)
chl-a (vq/L)

47
7 .44

34L
1
1_

l_9 0
33

2
3

351
430
380

o.32
3 .42
1.36
0. 60
5.38
1.35

<0. 01_

<0. 01
2.440

1_.40

47
7 .52

333
2
1

190
42

2
3

339
430
560

o.32
3.38
1.35
0. 60
5. 10
1.33
0. 0t-

<0.01
2.380

l_. 50

51
7.74

336
8

<l_
220

29
2
2

335
470
440

0.30
3.35
1.35
0.59
5.L4
1.35

<0. 0L
0. 0l_

2 .350
2.00

47
7 .58

342
7
2

290
35

2

340
440
420

o .27
3.35
L.32
o .57
5.33
1.33
0. 0L
0. 04

2.3LO
2.30

49
7.58

347
3
2

2QO
45

2
4

350
440
580

o .27
3.35
L.42
0.60
5.73
1_.40

<0. 0L
<0. 01
2.31,O

2 .60

51
7 .35

383
13
12.

260
49

5
4

389
530
830

0.80
3.92
t.47
0. 65
6. 07
l_. 50

<0. 01
0. 02

2.430
2.40

'Data provided by water cheinistry Laboratory, Department ofFisheries and Oceans; Winnipeg, Manitoba.
Samples were taken in l-989 at a 1- rn depth.
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APPENDTX 2

CONTOUR MAP OF I.,AKE 375 AT EXPERTMENTÀL I,AKES
AREA (ElÀ) , KENORÀ, ONTARIO. x : THE SITE OFALL EXPERIMENTAL WORK.
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SUMMÀRY OF ALL

ÀPPEIÍDTX 3

CONDÏTIONS USED FOR GC-MS ANALYSES

PROGRÀM #1:

Column :
Acguisition Mode:
Temperature Ramp:
Solvent Delay :
fnjection Port :
Transfer Line
Dwell- Time
Tons Monitored

PROGRAM #2:

CoIumn
Acquisition MOde
Temperature Ramp

DB-5 (30 n)
Scan/SfM
9O-270oC at 20" nin
2.70 min
2500c
2800C
1-00 ms
308, 306, 3O4t 24Lt 243t 1_7L

To CDFs
272, 27O, 1-71_t L37 - T3CDF

Sol-vent Delay
fnjection Port
Transfer Line
Dwell Time
Ions Monitored

DB-5 (30
SÏM
100"C for
100-14 o oc
]-40-200 0 c
8.00 nin
2500 C
2800C
100 ms
308, 3O6,

272, 27O,

m)

2.70 min
at 20" C/mín
at 0.5"C/min

3O4, 243t 24Lt L7r
T 4 CDFs

ITI. I37 - T3CDFS

PROGR-A.M #3:

Colurnn
Acquisition
Temperature

DB-1701 (60 n)
STM
100oC for 2.70 min
100-l-80oC at 5oC/min
I8O-270oC at O.5oC/nin
7.00 rnin
2500c
100 ms
308, 306, 3O4t 206, L7L - T4CDFs
272, 27Ot I7l_, L37 - T3CDFs

I42

uoae i
Ramp:

Solvent Delay
fnjection Port
Dwell Time
Ions Monitored



PROGRÀM #4:

Col-umn : DB-1701 (60 m)
Àcquisition Mode: Scan
Temperature Ramp: 60oC for 2.00 nin

60-240"C at L0"C/nin
240-270oC at 5'C/rnin

Solvent Delay : l_3.00 min
Transfer Line : 28OoC
fnjection Port z 29O, 2SS, 2SO, and LgOoC

L43



SUMMÀRY OF THE
2 ,3 ,7 , g-T ACDFa

ÀPPENDIX ¿lA

PARÀMETERS USED TO
WTTH GCSOI,AR.

PREDTCT kDE FOR

XENOBIOTI C NAl,fE 2 2 ,3 , 7, g-T4 CDF
I{ÀTER TDENTTFICATION: PURE WATER
TYPE OF ATMOSPHERE: TERRESTRIÀL
QUANTUM YIELD: o. OOo29b
TNTTTAL DEPTH: O. OOlOO¿
DEPTH TNCREMENT: lO.OOOOOC
FINAL DEPTH: 5. OOOOOô
REFRÀCTIVE INDEX: 1.34OOod
IVAVE LENGTH * WATER ABSORPTION'

(nm)
297.50
300.00
302.50
305.00
307.50
3l_0. 00
312.50
315.00
317.50
320.00
323.LO
330.00

* 0.82008-03
* 0.78008-03
* 0.74008-03
* 0. 69008-03
* 0.6900E-03
* 0. 65008-03
* 0.6300E-03
* 0. 61_O0E-03
* 0.56008-03
* 0.52008-03
* 0.50008-03
* 0.43008-03

* EPSTI,ONf

',, O.28298+05
* 0.30478+05
* 0.3237E'+05
* 0.3195E+05
* 0.2778E.+05
* 0.2441_E+05
* o.25478+05
* 0.24938+05
* 0. l_799E+05
* 0.93L28+O4
* o.3725E+04
* 0.61808+03

LATITUDE 50 N I^IAS SELECTED.
ALL SEASONS WERE SELECTED.
LONDITUDE SELECTED: 94.22
TIME-OF-DAY COMPUTATIONS ARE REQUESTED.
TYPÏCAL EPHEMERIDE AND OZONE VALUES WERE SELECTED.

^12,3,7t9-T4CDFl :9.45 x l-O-óM.bQuantum yields vrere determined using eguation t5l."rnitiar depth, depth increment, and finar depth áre in unitsof cm, and correspond to depths in the water body from thesurface. A depth increment of 10 cm is irrerevañt in thiscalculation since the final depth is only S cm.dRefractive index is applicable to water/ãcetonitrile solutions
used in experimental work, since the refractive indices ofthe two solvents are 1.3330 and r.344L, respectivery.

"water absorption refers to the absorbances óf pure, distirredwater over the wavelength region studied. Defáu1t values wereused for calcul_ations.rEpsilon varues are morar absorptivities tet of the pcDF.
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APPEIÍDIX 48

SUMMARY OF THE PARÀMETERS USED TO PREDTCT KDE
FOR 2,3,4,7,9-P'CDFa WITH GCSOI'ÄR.

XENOBIOTIC NAME:. 2,3, 4, 7, 8-PSCDF
WATER TDENTIFICATTON: PURE WATER
TYPE OF ÀTMOSPHERE: TERRESTRTÀL
QUANTUM YIELD: O. 00066b
TNTTIAL DEPTH: O. OO1OOô
DEPTH TNCREMENT: ].0. OOOOO.
FINAL DEPTH: 5.OOOOO.
REFRÀCTIVE INDEX: ]-. 34OOo d

WÀVE LENGTH * WATER ABSORPTTONE
(nn)

297.50
300.00
302.50
305.00
307.50
3l_0 . 00
3l_2 . 50
3 t-5. 00
317.50
320.00
323 . 10
330.00

* 0.8200E-03
* 0.78008-03
* 0.7400E-03
* 0. 6900E-03
* 0.69008-03
* 0.65008-03
* o. 63008-03
* 0. 6t-00E-03
* 0.56008-03
* 0.52008-03
* 0.50008-03
* 0.43008-03

* EPSTIONf

* o.24068+05
* 0.252L8+O5
* 0.25548+05
* 0.23788+05
tc O .2O278+O5
* o.L743E+05
* o. l-681_E+05
* 0. 1582E+05.
* 0. 1,27 4E+O5
* o.941-OE+04
* 0.6392E'+04
* 0 . 31-79E+04

LÀTITUDE 50 N WAS SELECTED.
ALL SEASONS WERE SELECTED.
LONDTTUDE SELECTED: 94.22
TrME-OF-DAY COMPUTATTONS ARE REQUESTED.
TYPTCAL EPHEMERIDE AND OZONE VALUES WERE SELECTED.

"12,3,4,7r8-PSCDFI: L.20 x LO-5M.bQuantum yietds were determined by eguation t5l."rnitiar depth, depth increment, and final aepttr are in unitsof cm, and correspond to depths in the water body from thesurface. A depth increment of i-o cm is irrelevant in thiscalculation since the finat depth is only 5 cm.dRefractive index is applicable to water/äcetonitrile sol-utions
used in experimentar work, since the refractive indices ofthe two sol-vents are l_.3330 and I.344L, respectively.

"water absorption refers to the absorbances of pure, distilred
water over the wavelength region studied. Default values were
used for cal-culations.rEpsilon values are molar absorptivities, e, of the pcDF.
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ÀPPENDTX 5

GCSOLAR PREDÏCTIONS OF PHOTOLYTIC DEGRÀDATTON
CoNSTANTS ÀND HALF-LTVES OF 2,3,7,8-TACDF AND
2,3 ,4,7 ,8-P5CDF
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å,PPENDTX 6

STATTSTTCAL ANALYSTS (SPSS)
DEGRÀDATTON RATE CONSTÀNTS
2t3,4,7t8-P'CDF.

, OF THE PHOTOLYTTC
FOR 2 ,3,7 ,g-TICDF AND

2 ,3 ,7 r g-T4CDF 2,3 ,4 ,7 , g-PsCDF

koe (d-t¡a
std Err in kpu (d- t )'
952 Confdnce Intrv] Bd

kre (d-t¡"
Std Err in k"u (d- t )'
952 Confdnce Intrvt Bd

o. 10
t0.007

0.083-0. L2

0.50
t0.05

0. 38-0.61

0. 0l-4
r0.007

0. 0029-0. o3 1

3.6
r0.3

2.7-4.6

'SPSS computer program used for statistical analysis (102).oAlI ko " val-ues are summarized in Table l-5.
"std Err represent the error in the srope of the rine used
to calculate ko e or kp ¡.d95eo confdnce rntrvr e iepresents the range within which
there is a 95å probability of finding the true kou or k"u
value.
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