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Introduction

Thousands of tons of chlorophenols are amually produced for use as
wood preservatives (fungicides), as slimacides in paper mills, bactericides in
cutting fluids and industrial oils, as herlicides and a< starting materials for
a series of other products like the chlorinated phenoxy acids 2,4-D and 2,4,5-T.

Chlorophenols contain a variety of contaminants and byproducts. In ad-
dition to other chlorophenols, they may contain up to several percent of poly-
chloiinated phenoxyphencls (predioxins). Polychlorinated dibenzo-p~dioxins
{PCLDe}, dibenzofurans {PCDFs) and diphenyl (thers often are present in the
rangye of tens to hundreds of ppm.1

PCDVs and PCLYs are two groups of compiunds whose presonce in chlorophe=

nols as well as in other pioducts give rise Lo nuch concewn. Tn case of the
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PCDDs, 75 different isomers exist ranging from the mono- to the octachloro
compound; the corresponding number for the PCDFs is 135, Some of these 1s0-
mers have extreme toxficological properties, the most toxic and blologlically
active isomers are¢ 2,3,7,8-tetra~CbdD, 1,2,3,7,8-penta-CDD, 1,2,3,6,7,8- and
1,2,3,7,8,9-hexa-CDDs. Moreover, the acute toxicity, bioiogical activity and
enzym induction has been found to vary greatly for closely related ilome:l.z-‘

PCDDs can be formed by dimerization of chlorophenates during pyrolysis.
Higginbotham gt gi.s first reported on the formation of various PCDDs in 1968,
but no quantifications were made and the authors did not discuss the possibili-
ty of positional !somers, The pyrolysis of 2,3,4,6-tetrachlorophenate was stu-
died by Aniline.6 The product contained two isomeric hexa-CDDs but no attempts
were made to isclate the individual isomers or to perform a structural deter-
mination. Buser synthesized a large number of tetra~-, penta- and hexa-CDDs
using micropyrolysis of different <:hlt:u-<;~phenal:el.-“'9 The compounds were cha-
racterized by high-resolution gas chromategraphy and mass spectrometry without
actual isclation.

Larde quantities of chlorophenols are used as fungicides in the wood in=-
dustry. Prior to the final use, the top layers with the applied chlorophenate
are removed and the wood shavings burned for heating purpose or used in the
plywood production. During this burning, PCDDS8 could conceivably be formed.

In the present investigation we have identified and quantified PCDDs
formed during the uncontrclled open burning of leaves and wood wool impreg-
nated with commercial and purified chlorophenates. The analytical technigque
used has allowed the identification of individual isomers of PCDDs, No attempts
wore made to find the optimal conditiong in burning for the formatior of PCDDs
and PCDFs., For comparison we have alsoc studied the micropyrolysis of a fow chlo-

rophenates at 280°C.

Experimental

Compounds

The chlorophenate formulations used without further purification in
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the burning experiments were Servarex teknisk (Gullviks Fabriks AB, Malms,
Sweden; lot Npnr 324) and Kymmene KY-5 (Kymmene OY, Kuusankoskl, Finland;

gt 132/16). These formulations contain approximately S & of 2,4,6-tri-, 50 %
of 2,3,4,6~-tetra- and 10 ¢ of pentachlorophenol as thelr sodium salts. The le-
vels of polychlorinated phenoxyphenols {predioxins) are about 0.2 to 0.5 % of

10

the penta- to octachloro compounds. The amounts of PCDDs and PCDFs were de-

termined according to known methodsll

and found to be 20 and 150 ppm, respec-
tively (see Tzble 1 and Results and Discussion).

2,4,6-Tri- and pentachlorophenol of an isomeric purity of > 99 V were
prepared by multiple recrystallisations. No predioxins were detected (< 1 ppm).
The levaels of PCDDs are reported in Table 2. Both compounds were used in the

burning experiments as their sodium salts,

Burning and sampling procedures

The chlcrophenates (1.0 g} were dissolved Iin 20 mi of water and sprayed
over 30 g birch leaves or wood wool. After spraying, the materials were dried
overnight at room temperature. For burning, they were placed on a metal screen
in a glass bowl, this allowed an air stream from the sldes. The materials were
ignited and burned spontaneously in open fires. The smoke gases were drawn
through a glass funnel into a glass filter using a vacuum pump (capacity: 100
1/min) ., Pumping was starved before ignition and was terminated 15 min after
burning ceased. The filter contajined 15 g of charcoal {Norit PK, 0.5-1 mm) or
Amberlite XAD-2 {20-50 mesh), both purlfled by Soxhlet extraction (methylene
chloride, 24 hours). After burning, the glass equipment was washed with 150 ml
of methylene chloride; the adsorbant was Soxhlet extracted for 10 hours using
this washing s¢lution.

sanple purification

Aliguots (25 %) of the burning extracts were conccntrated and purified
on slljica gel micro-columns (0.5 g silica gel, 70-230 mesh, Merck, in 150 x 5
mm disposable Pastour pipettc) using 6 ml of n-hexane as eluant. Further puri-
fication was carricd out on alumina micro-columns (1.0 g basic alumina, Woelm,
in Pasteur pipeite} by elution with 10 ml cach of 2 % and 50 % methylene chlo-

ride in n-hexaﬁe.lz The %0 %-fractions containing the PCDDs and PCDPs were
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concentrated and the resldues redissolved in 500 ul of n-tetradecane.
Aligquots of 2 ul were used for analysis.
Micropyrolysis

Samples of 10 mg of chlorophenates were subjected tomicroupyrolyses
at 280° ¢ for 30 minutes. The exact experimental conditions and the clean-up
procedure used have been previously described.7

GC-MS Analysis

M Finnigan 4000 guadrupcle GC-MS instrument equipped with EI source
[70 eV, 250° C) and a Finnigan 6111 data system was used, An QOV-17 glass ca-
pillary coluwnn {50 m, 0,36 mmID} was coupled via a platinum capillary inter-
face lcading directly into the ilon-source. Sample aliquots of 2 uyl ware Injec-
ted splitlersly {vaporizer temperature 276° ¢} and the column programmed from
200 to 240° ¢ with 2% ¢/min. The helium carrier gas pressure was 1.40 at,

The samples were analyzed for the presence of PCDDs and PCDFs using mass
specific detection i(mass fragmentography] by continuocusly monitoring molecular
ions at m/e 320, 354, 388, 422 and 456 for the tetra- to octa-CDD3 and at m/e
304, 338, 372, 406 and 44Q for the tetra- to octa-CDFs. Two runs for a sampla
were required. The detection limits for the tetra- to octachloro compounds
in the present case ranged from 0.01 to 0.24 ug/g chlorophenate. Some of the
samples were reanalyzed by recording complete mass spectra (m/e 35-460, 1.4

sec/scan} using the data system,

Resylts and Discussion

In our burning experiments we selected two of the most commonly used
chlorophenol formulations on the Scandinavian market. They both consist of
a mixture of 2,4,6~tri-, 2,3,4,6-tetra- and pentachlorophenatle, The levels of
PCDDs found in the two formulations are similar (see Tuble 1) and this is5 also
the case for the PCDFs (see bolow),

Wood wool and birch lecaves were Lmpregnated with these formulations,
ignited and burned. The burning of the lcaves proceed slower and at a lowerl

temperature with formation of more smoke and steam than the burnirg of thc
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wood wool., Several individual burnings were carried out and the smoke gases

were analyzed for PCDDs

XAD-2 filcer.

the adsorption of these

Amounts of PCDDs formed

These two

compounds.

in the burnings

and PCDFs after adscrption on a charcoal or Amberlite

adsorbante were sclected to study the efficiency for
13

In Table 1 we report the amounts of PCDDs found after the burning of

impregnated wood wool and birch leaves. It can be seen that the amountsy of

PCDbs increased and that PCDDs of all degrees of chlorination are formed.

Table 1. Amounts of PCDDs found in burning experiments of commercial chlo-

zophenates

{yg PCDDs / ¢ chlorophenate)
SERVAREX KY -5

original birch leaves wood wool original birch leaves

sample charcoal ash XAD-2 charcoal XAD-2|sample charcoal
Tetra-CDDs 0.7 35 17 26 96 210 0.4 30
Penta-~-CDDs 5.2 90 S8 59 120 357 3.5 84
Hexa=('DNhs 9.5 80 74 57 110 347 5.2 82
Hepta-CDDs 5.6 8 18 8 65 29| 2.1 8.2
Octa-CDD 0,7 0.3 6.4 0.2 1.2 1.2 0.3 0.4

The burning of

PCbDs for beth

impregnated birch leaves did yield very similar amounts of

formulations when trapping on charcoal was used. Somewhat

lower values ware found when using Amberlite XAD-2, but this is not considered

to be significant.

The burning of birch leaves did yield considerable amounts of ash. Ana-

lysis of ash from a Servarex burning indicates a similar amount of PCDDs as in

the gmnoke gases with some prefercnce of the higher chlorinated and somewhat

gmaller amounts of the lower chlorinated dioxins.
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The burning of Servarex was also carried out using wood weel and the
BmOoke gases were trapped on charcoal or XAD-2. The amounts of PCD0s formed
in these experiments were higher with both adsorbants than in the burning of
birch leaves. The higher amount of PCDDs found in the XAD-2 filter as compared
to the charcoal filter could be due to some varilations in the burning condi-
tions. In addition to the PCDDs reported in Table 1, we have also found some
tri-CDbs, which however were not identified or quantified.

The results from the burning of purified 2,4,6-tri- and pentachlorophe-
nate are given in Table 2. In these experiments we used only birch leaves and
trapping of the smoke gases on charccal filters, The levals of PCDDs dramati-
cally increased durlng these burnings, In the case of the 2,4,6-trichlorophe-
nate, the dominating PCDDs are tetra-CDDs. In the cage of the pentachlorophe-
nate the highest level was found for the octa-CDD, but the amounts of hexa-

and hepta-CDDs were found to exceed 50 ng/g pentachlorophenate.

Table 2. Amounts of PCDDs found in burning experiments of purified chloro-~-

phenates
(pg PCDDs / g chlorophenate)
2,4,6~Trichloro- Pentachloro-
phenate phenate
original birch_leaves original birch lraves
sample charceoal sample charcoal
Tetra-CDDs < 0.02 2100 < 0.02 5.2
Penta-CDDs < 0,02 5.0 < 0.02 14
llexa~CDDs < .03 l.0 < 0.03 56
ltepta-CDDs <« 0.1 3.0 0.3 172
Octa~CDD ¢ 0.1 6.0 0.9 710
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Table 3}, Identification of PCDDgin burning extracts {see Figure 1)

Peak PCDD isomer Peak PCDD igsomer
1 1,3,6,7-tetra-CDD 13 1,2,3,7:8-penta-CDhD
2 1,3,7,9- -"- 14 1,2,4,6,7.9-hexa—CDDb)
3 2,3,7,8~ M- 15 1,2,3,4,6,8- -~
. 1,2,3,8- =" a) 16 1,2,3,6,8,9- -=- ¢©
5 1,2,6,9- -"- 17 1,2,2,4,6,9- -
6 1,2,6,7- -"- 18 1,2,3,4,7,8- -"-
7 1,2,8,9- - 1% 1,2,3,6,7,8- -t
8 penta-ChDs from pyro- 20 1,2,3,7,8,9- "
9 lysis of 2,4,6- tri- 21 1,2,3,4,6,7- -"-
10 and 2,3,4,6~tetrachlorophenate 22 1,2,3,4,6,7,9-hepta-CchD
11 i,2,4,7,8-penta-CcDD 23 1,2,3,4,6,7,8~ ===
12 1,2,3,4,7- -"~ 24 octa-CbD
a) ‘or the Smiles product 1,2,3,7-tetra-CcDD
b) or the fmiles product 1,2,4,6,8,9-hexa-CDD
c) or the Smiles product 1,2,3,6,7,9-hexa=-CDD

Identification of PCDDe formed in the burnings

The analytical technique used allowed the identiflication of individual
isomers of PCDDs. A typical run from the burning of Servarex on birch leaves
i5 given in Figure 1 a.

In the case of the major isomers, more lnformation concerning discrete
PCDULs and PCDFs could be obtained by running complete EI mass spectra. These
showetd lntense molecular ions with the expected ion clustering due to the chlo=-

rine isotopes and the known characteristic ftdgNehtatiOh.lz
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h comparison of retention times of PCDDs in the burning extracts with
synthetic PCDD standards made it possible to ldentify the major constituents.
In addition, the substitution patterns were checked by studying ions in the
low mass range as recently descrlbed.9 This technlque gave additional sup-
port for the assignment of the various PCDDs given in Fig.l and Table 2. The
substitution pattern was defined as the number of chlorine atoms in each car-
bon ring of a dioxin molecule,

Among the tetra-CDDs in Fig.1l a, we can eee up to 14 of the theoretical~
ly possible 22 iesomers. The major components were found to have a 2:2 substi~
tution pattern (two chlorine atoms in each carbon ring). The main isomers are
the 1,3,6,8- and 1,3,7,9~tetra-CbD, both of which are found comparably littie

biologically act1ve.2'4 These two isomers are the normal dimerization7-9

14,15

and
the Smiles rearrangement products f£+rom 2,4,6-trichlorophenate. A minor
peak has the same retention time as the highly toxic 2,3,7,B8-tetra-CDD; in
addition this peak alsc showed the 2:2 chlorine substitution pattern (peak 3).

among the penta-CDDa, we can see up to 9 of the theoretically possible
14 isumers. With one exception,all of them had a 3:2 chlorine substitution
pattern. llowever, there are few penta-CDD standards available:; une peak has
the same retention time as the highly toxic 1,2,3,7,8-penta-CDD (peak 113).

Among the hexa-CDODs (10 theoretically possible isomers), we see 5 iso-
mers in medium to higher concentrations (3 additional isomers are present in
minute quantities as well)., The major hexa~CDD is the 1,2,3,6,8,9-substituted
isomer; the others are 1,2,4,6,7,9~, 1,2,3,4,6,8~, 1,2,3,6,7,8- and 1,2,3,7,8,9~
-hexa~Cub. 1,2,3,4,6,8-Hexa~-CDD 1is a condensation product of 2,4,6~-tri~ and
pcntachloropharate with a 4.2 chlorine substitution pattern,9 the other isomers
have 3:1 substitutions and are dimerization products of 2,3,4,6~tetrachloro~
phenate. The most toxic of these isomers are considcred to be 1,2,3,6,7,8~
(pcak 19} and 1,2,3,7,8,9-hexa-CDD (peak 20).2 Roth the hepta-CoDs and octa-CDL
wele also present.

Typical runs from the burning of the purified chlorophenates are given
in Fig, 1 b and 1 <. In the case of the 2,4,6-trichlerophenate (I'ig, 1 c} the

only tetra-CDDs were the 1,3,6,8~ and 1,3,7,9-isomers. In the case of the
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pentachlorophenate (Fig. 1 b}, the octa~-CDD was the main product In addition
to the octa-CDD we found both hepta-CDD3s, eight hexa-CDDs and several penta-
and tetra-CDDs. In the formation of the lower chlorinated PCDDs a nonspecific
dechlorination process must be involved.

A comparison of the chromatograms in Fig., 1 reveals that the distribu-
tion of the individual isomers is different in the burning of technical pro-
ducts (rig.1 a) as compared to the purified samples (Fig. 1 b and ¢). The ob-
vious dimerization products {peaks 1,2 and 24) dominate to a higher degree in
the case of the purified samples.

It i5 worth noticing that very similar chromatograms were obtained in
burning experiments of Servarex and in micropyrolyses of the same formulation,
Most of these pCpp isomers are also found im fly ash samples.s'g

PCDF8 in starting materials and burning extracts

Using the same technique as described for the PCDDs above, we have guan-
tified the PCDFs found in the starting materials and burning extracts. Due to
the lack of suitable PCDF standards, no identification of the discrete isomers
was possible. In both formulations 40-50 individual isomers were present,
while the burning extracts contained less than 10, but in part some of thesse
were newly formed.

The main PCDFS in the starting materials are the hexa- and hepta-CDFs
present at levels of 60-70 yg/g each, and the amounts found for the tetra-,
penta~ and octa~CDF were about 10 ug/g. The saue levels and the same isomers
were found in the two formulations studied.

After burning, the levels of most PCDFs were yenerally much decrcased
(as opposed to PCDDs) but the level of a few individual PCDFs nevertheless in-
creased, a.9. the major tetra~CDF (unknown {somer} {increased during burning
more than l00-fold (from 0.04 to 5§ pg/g). Two of thesc isomers were not at all
found in the starting materials, 2,3,7,8-Tetra~-CDF, which 15 ronsidered to be

186

the most toxic of all PCDFs, was only a minor companent in all these samnplus,

in the startinyg material less than 0.1 ¥ of the total tetra-CDFs,
The same PCDFs were formed in the micropyiolysis ©f Servarex as in the

burning experiments, but from the burning and the micropyrolyscs of the
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purified chlorophenates no PCDFs could be found. Consequently, the newly
formed PCDFs are formed from impurities in the technical products, probably

in reactions with higher absclute ylelds than those leading to PCDDS.
Conclusions

From a mechanistic point of view the PCDDs found in the burning extracts
can be formed in three different ways:

A. by dimerization of chlorophenates,

8. by dechlorination of higher chlorinated PCDDs and

C. by cyclization of predioxins,

The fact that the purified tri- and pentachlorophenates also yield large
amounts of PCUDe strongly suggests a dimerization reaction. The fact that hep-
ta~CDDs and lower chlorinated PCDDs are formed from pure pentachlorophsnate sug-
gests that a dechlorination reaction is also involved. The thermal cyclization
of predioxins has heen reported previously.17 It gseems quite plausible
that the three reactions A, B and C yield various and different PCDD isomers.

An examination of the kinetic situation reveals that reaction A, which
is a dimerization should be a bimolecular reaction, while dechlorination
{B) and cyclization (C} are moncmolecular, Consequently, the ratio of the iso~-
merg formed in burning reactions should be dependent on the chlorophenate con-
centration. The dimerization reaction (A) gives lower yields in more diluted
systems. The concentrations used in the burnings here are quite high, and
further work is needed to varify that hypothesis, However, it is worth noti-
cing that within an evapcrating droplet the concentration of nonvolatile com-
ponents gradually increases resulting in spotwise high concentrations. Conse-
quently, the local concentration is not as low as indicated by the mean concen-
tration found.

Other variables in the burnings are temperature and flow rate of air,
Both arc difficult to contrel during open burning, However, as mentioned pre-
viously, no attempts wero made to find the optimal conditions for the formation
ol PCDDs and PCDFs.

MONS 213788



280 fe, 3

0f special interest is the observation of PCDD isomers with the same re-
tention time and chlorination pattern as the highly toxic 2,2,7,B8-tetra-con
and 1,2,3,7,8-penta-CDD. Although they are found to be Only minor congtitu-
ents, in individual burnings both have been found at levels exceeding 10 .g/q
chlorophenate. It can also be pointed out that these two lsomers cannot bo
formed in the expected dimerization reactions (A), consequently they are for-
med in dechlorinatlon reactions (B} or cyclizations of predioxins (C), present
as impurities in the commercial formulation.No 2,4,5-trichlorophencl could be
detected in the commercial formulations.

It is also of interest to compare the formation of PCDDs reported on here
with the potential formation of 2,3,7,8-tetra-CDD from various 2,4,5-T precur-
sors, 4 gquestion arsociated with some controversory in the past, Pravipusly, we
reported that no 2,3,7,8-tetra-Cdd could be found by burning variou- samplas of
vegatation, sprayed or splked with 2,4,5-T ester or salts.18 The combustion
gases, soot particles and ashes were analyzed by the same technigque as used
here, and the detection limit was 4 p»g 2,3,7,8-tetra-CDD/g 2,4,5-T burned.

Cur results are supported by the recent publications of Stehl et g&.lg on
burning vegetation sprayed with purified 2,4,5-T esters and salts, and by
Ahling et al. on burning a 2,4,5-T ester formulation.20

The burning of chlorophenates or material like wood shavings, plywood

or waste oll containing chlorophenates secms to be a more important source to

environmental pollution by PCDPs including 2,3,7,8-tetra-CD0 than the acciden-

tal burning of 2,4,5-T derivatives or vegetation treated with 2,4,35-T derivati-

ves.
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