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ABSTRACT 

The f oundaSons for the initial hypothesis that trace chemical reactions (»uld tie an unexpected bf-fsoduct of common 
combustion can be (ound in the published woric of Olie, Vermeulen and Hutzinger. In their 1977 publication entitled: 
"Chlorodibenzo.l><foxins and ChtorDdawnzofurans Are Trace Cotr^wnents of Fly Ash and Flue Gas of Some 
Munidpal Indnerators in the Nettierlands," these scientists set ttie stage for environmental stjdies wtiich would span 
more than a decade and would lead to controversy regarding the source of CDD/CDF pollutants in the environment' It 
woukJ be less than a year from the Sme ol this publication before The Dow (aiemical Conpany Michigan Division plant 
site would become the target of intense scrufiny regarding the source of CDDs that were discovered in feh collected 
from the Tittabawassee River which flows a^acent to this industrial ladllty. Historical Dow involvement in the 
production of chlorinated phenoBes and chlorinatad phenoxy hertAades at the Midland facilily appeared to be the 
obvkjus source of the CDD pollution to fte river, however, analytical findings did nol support this condusion and 
ultimately led to our involvement in furthering the TCOF hypothesis. 

CDDs at the Midland plant site were ultimately traced to Tiy ash emissions from an industrial hazanious waste 
indnerator rather than the obvious "leak" from one ot the chlorophenolics production fadlities. Because this finding 
was contrary to the current tieUefs of many within the sdentific community at that time, Dow set about to collect 
additional data to test the TCXIF hypothesis. Included in these studies were examinations of fly ash from a variety of 
incineration devices, soils collected from various mral and urban kxafions, volcanic ash samples from the eariy 
eruptions ol ML St. Helens in Washington, dried munidpal sewage sludge (modem and preserved retamers predaling 
use of chlorophenolics). and laboratory studies involving potential Vte novo" synthetic routes which cooW lead 10 the 
trace level generation of CDDs/CDFs during combustion. 

INTRODUCnON 

Beginning in 1977, InformaUon was becoming available that CDDs/CDFs were produced in municipal incinerators 

during the combustion of ordinary household refuse. Olie ei al detected these compounds in particulates emitted 

from Dutch munidpal waste indnerators,' and Buser et aL teponed similar findings in Dy ash from a Swiss mu­

nidpa! indnerator and an indostrial heating fadlit):" In each of these papers, the authors conduded that the likely 

source of CDDs/CDFs was a combination of dechlorination and condensation of cUoropbenols present in the 

waste fuel, however, die also surmised that their synthesis from non-phenolic precureors (de novo synthesis) vras 

possible. Employing the work of these scientists as a foundation, workers from The Dow Chemical Company 

published the results of a study which not only supported previous findings, but also expanded the scope of 

potential sources to include virtually all combustion situations.* 
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The findings ofthe Dow study ied to the formulation of an hypwihesis called ' Trace Chemistries of Fire" (TCOF). 
Aldiough this hypothesis Vias been interpreted in many different manners, the original work set forth a very simple 
statement which has been summarized hy Crummett and Townsend-.s 

"...lhe TCOF hypothesis states that numerous chemical reactions occur during combustion. These 
reactions produce numerous products, some of which are at very low concentration (parts per million 
or less) and are emined in smoke or are retained in thc ash. Among such trace products are the well 
known polynudear aromatic hydrocarbons, as reported by che National Academy of Sciences.^ The 
trace chemistries of fire hypothesis indudes chlorinated aromatic comprounds among such products— 
particularly chlorinated dibenzodioxins, chlorinated dibenzofurans, and polychlorinated bi- and ter­
phenyls." 

Perhaps due to frequent misinterpretation of the basic TCOF hypothesis or the moiivations of its founders, this 
theory has been the subject of conuoversy for more than a decade. Today however, the amassed research of literally 
hundreds of scientists appears to confirm its basic premise. Some of these subsequent findings have involved the 
continued efforts of Dow Chemical researchers, and several of these topics will be described herein. 

DISCUSSION 

The discovery of TCDD in catfish, taken from the Tittabawassee River which flo^vs ihrougfi thc Michigan Division 
plant site, was the event which occurred in 1977 thac resulted in the involvement of Dow Chemical in studies leading 
10 the evolution of iheT(X^F hypothesis. Atthe time of this finding, it was the consensus opinion of the scientific 
community that current and historical productton of chlorinated phenolics at the site were thc reason behind 
contamination ofthe river. However, diligent work by a team of Dow scientists failed to confirm this opinion; no leak 
could be found which emanated from a chk)ropheiK>lic production facility. At that time, whik: the bulk of the Dow 
tpam joii.̂ r*^ :r.'cr:.".:crprc:it;wii 0'Liioc fuiuin^, ihcanaiyucaj chemists devoted themselves to finding the source 
of an annoying reagent blank problem that had continually plagued their work. In the course of this quality 
assurance program it was discovered that atmospheric dust in the laboratory was the prim ary culprit relative to the 
reagent blank problem. Interestingt)^ it was this simple finding thai changed the course of the entire Dow investigation. 
Instead of searching for a waterborne leak to the river, we turned our attention to airborne sources which ultimately 
led to the discovery '.ha* the Do*/.- hazardoui .vasie Int:Incrator was the major source of TCDD to the local river. To 
theamazemeni ofall involved, iheTCDD was transported iniothewaierviaaparticulatecarrier, namely flyash.' 

Although the Dow scientific team was aware ofthe recent findings of Olie etai and Buser eiai.. and understood 
that their identification ofthe incinerator as the source of TCDD to the river was non first, they were uncertain as to 
how such informalion would be interpreted by government regulatory agencies and the general public. Because the 
findings of the Dow study did not support the consensus opinion of the scientific community at that time, it v̂ ras 
imperative that Dow institute addiuonal studies to attempt to confiim the connection between combustion and 
CDDs poUution of the environment Such studies were undertaken immediately and by late 1978 when thc TCOF report 
was published, evidence had been coUected which indicated that coaJ-fired powerhouse fly ash, municipal incinerator 
My ash, chemical waste incinerator fly ash. intemal combusuon engine emissions, residential vrood combustion 
unit fly ash, cigarene smoke, and charcoal broiled meat were all sources of CDDs/CDFs 10 the environment' 
Despite such dau. convoversy envctopcd the TCOF hypothesis from the very day of its release and to some minor 
extent, still persisis even today. 

Throughout the TCOF study, Dow scientists realized the need for improved CDD/CDF isomer specificity if 
analytical findings were to be useful for determining the source of these compounds in the environment. The 
concept of using the isomeric distributions of CDOs/CDFs to firtgerprint sources appeared reasonable if such 
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analyses cotild be accomplished routinely in a reiiabte maiuier. By the latter part of 1979 new'rnetfiodology had evoived 
which met these demands. Via a procedure tiat emplaned padced cotumn gas cfaiomatxsgraphy l̂ow resolution 
mass spectrometry (LRGC-LRMS), the Dow scientists could examine a multitude of environmcntel fliatrices for 
isomer specific tetra- (22 isomersl, hexa- (10 isomers], hepta- (2 isomers] and octachloroda>enzo-p-dioodns. This 
methodology included preparation of individual isomer standaids for each arialyte, purdiase and synthesis of 
several l'K;:„|-labeled CDD internal standards for quality assurance, and the necessary validations ofthe proce­
dures.*'"' 

From an historical perspective, tbe initial application of isomer specific CDDs methodology to various soU 
samples indicated a potential for idemifying combustion sotirces in the environment via their isomeric and conge­
ner group d^tributions." However, the eruption of Mount Saint Helens in May of 1980 offered an opportunity to 
diveige from the trend of distinguishing man- made combustion sources and allofwed us to pursue mother nature 
herself. While the goal for the study vras to discover that volcanic eruptions generate trace amounts of combustion 
by-products (&.§., PNAs = polynudear aromatics, PCBs = polychlorinated biphenyls, and CDDs/CDFs}. the actual 
findings returned us to our original course.. Interestti^, examination of many ground ^ volcanic ash samples 
indicated that the ash as emitted naturally is virtually t ec of contamination with the designated contaminants. 
Howevet; after exposure to various local environmemal conditions (eg., blast zone, rural, near interstate hi^iways, 
and urban) it was discovered that the ash bec<une contaminated wich alt of the specified aiialytes.' 

During 1981 and 1982 another attempt to test the TCOF hypothesis involved an investigation of partictilate 
material collected from the chimneys of residential wood combustion imits.^- Its piupose was to determine 
whether, under normal operating conditions, CDDs were produced during the combustion of wood in a variety of 
home heating units. From the findings, if positive, it was anticipated that we mig^t be able to condude that the 
natural combustion of wood (e.g., forest fires) could be a significant source ofCDDs input to die cnviionmenL To 
reduce the chances for extemal bias, the sampling protocol required collection of samples from three difCerem rural 
regions ofthe USA and all samples were obtained from tmits used exclusively for wood osmbustion wheieit was the 
major source of heating for the residence. Eighteen individual samples were exaniined using analytical methodol­
ogy developed specifically for these eitremdy di£Bcult matrices. The results indicated that specific CDD isomers 
could be detected in every sample at coturentrations exceeding 1 part per trillion with total CDDs content as higb as 
-40 parts per billion in the native chimney ash. Although convincing to us at the time of the work, a signifBant 
fraction of che sdentific community assessed the study as being flawed because we did not examine samples ofthe 
atmosphere supporting combustion, nor did we exdude the potential diat man-made materiab were bumed in the 
units at some time prior co the sample collection period. For neariy a year the work stood alone with re^wcc to 
demonstrating the potential that wood combustion represented a sizeable source of CDDs (and also CDFs) to the 
environment, however, it has since been corroborated by a number of other researchers."-" 

The statement in the TCOF report thai says CDDs may have existed since the advent of fire was intended to il-
lusu-ate that their presence in the environmeni is not exdusively due to the manuiiacture and use of chloropheno­
lics. Unfortunately, this single premise sustained much of the original controversy surrounding the hypothesis. 
Many researchers concluded that historical samples of environmental material should therefore be useful to prove 
or disprove the concept Such reasoning is not necessarily correct from the perspective of negative findings, but 
Dow also became involved in analogous studies hoping to provide positive evidence. Mentioned among the samples 
in the original TCOF was the examination of Miloiganite. It is a dried munidpal sewage sludge produced commer­
cially by lhe City of Milwaukee. Wisconsin. In the original TCOF woric it was discovered that such dried sewage 
contains part per trillion to pan per billion concentrations of various CDDs. Subsequent discussions with employ­
ees ofthe Milwaukee Mecropolican Sewerage District ted to a more detailed examination of cunent (Le.. î St and 1962] 
production samples ofthe material as weU as an historical sample ofthe sludge that had originally been displayed at 
thc 1933 Chicago Wbrld's Fain'̂  Comparison ofthe resulting data for the modern and historical Miloiganite samples 
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mdicated that with the exception of four particular TCDD isomers (2378-, 1378.. 1237- and 123S-TCDDsi the 
samples were essentially identical with respect to CDDs content, -^e fact that 237B-TCDD was present in the 
historrca^sample was concluded to besignifican.sinceneither2,43-trichlorophenolnor2,4,5-T were commercially produced ai that time. ' 

Throughout the period between 1973 and w66. Dow Chemical scientists have undertaken considerable work 
mvolving thechemistry behind the TCOF hypothesis. Inidally this work centered on aspects of producing CDD and 
CDF isomers m a purified state for use as reference standards in analytical procedures. In doing so. .hey discovered 
that the condensation of chlorophenoUc salts ,0 produce CDDs was significantly enhanced when conduced on a 
siUceous surface. Ute, studies indicated that the chlorinaUon of CDD/CDF isomers via reaction with gaseous 
chlonne was also facilitated by supporting the precursors on a siliceous surface as opposed .0 c o n d u c t the 
reacb^i m a convenuonai liquid phase media. A procedural need for -5 microgram quantiUes of l'>CJ-lateled 
bromod.ben.o.p.d,o«„ isomers provided the incentive to hirther improve trace halogenauon reaction of am-
mauc p r e o ^ r s present on siliceous supports In this case Dow workers discovered that such trace level reat^ns 

1 ^ C T ^ 7 ' " ° T T ' ^ " ' ^ ' " ^ * ' " " " ' ' " " ' " ' " " = '^"^^'^^' 'herelauvelylowtempetatun.of 
-ISO^C-nus discovery led ,0 further workwhich demonstrated that trace levels of CDDs/CDFs can beproduced by 
e^ben«ne,^rs toimnsupportedonsi l ic3gel inanatmosphereofni t r^^^ 

chlonde.Theslgmncanceof,h«Ia,tersystem is d^titisbeUevedro mimic theconditions which e x i s t d u r i n ~ 

might well be synthesized via a de noiio route during combustion.'" 
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