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ENVIRONMENTAL HEALTH CRITERIA FOR PENTACHLOROPHENOL

A WHO Task Group on Environmental Health <Criteria for
Pentachlorophenol met at the Fraunhofer Institute for
Toxicology and Aerosol Research, Hanover, Federal Republic of
Germany from 20 to 24 October, 1386, Dr W. Stober opened the
meeting and welcomed the members on behalf of the host
Institute, and Dr U, Schlottmann spoke on behalf of the
Federal Government, who sponsored the meeting. Dr K.W. Jager
addressed the meeting on behalf of the three co-operating
organizations of the IPCS (UNEP/ILO/WHO). The Task Group
reviewed and revised the draft criteria document and made an
evaluation of the risks for human health and the environment
from exposure to pentachlorophenol.

The drafts of this document were prepared by DR G. ROSNER
of the Fraunhofer Institute for Toxicology and Aerosol
Research, Hanover, Federal Republic of Germany, and
DR A. GILMAN of the Health Protection Branch, Ottawa, Canada.

The efforts of all who helped in the preparation and
finalization of the document are gratefully acknowledged.

Partial financial support for the publication of this
criteria document was kindly provided by the United States
Department of Health and Human Services, through a contract
from the National Institute of Environmental Health Sciences,
Research Triangle Park, North Carolina, USA - a WHO
Collaborating Centre for Environmental Health Effects. The
United Kingdom Department of Health and Social Security
generously supported the costs of printing.
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1. SUMMARY

1.1 Identity, Physical and Chemical Properties,
Analytical Methods

Pure pentachlorophenol (PCP) consists of light tan to
white, needlelike crystals and 1s relatively volatile. It is
soluble in most organic solvents, but practically insoluble in
water at the slightly acidic pH generated by its dissociation
(pKa 4.7). However, its salts, such as sodium pentachloro-
phenate (Na-PCP), are readily soluble in water. At the
approximately neutral pH of most natural waters, PCP is more
than 99% ionized.

Apart from other chlorophenols, unpurified technical PCP
contains several microcontaminants, particularly polychlori-
nated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzo-
furans (PCDFs), of which HgCDD is the most relevant congener
toxicologically. 2Z,3,7,8-T,CDD has only once been confirmed
in commercial PCP samples (0.25 - 1.1 ug/kg). Depending on
the thermolytic conditions, thermal decomposition of PCP or
Na=-PCP may yield significant amounts of PCDDs and PCDFs. The
use and the uncontrolied incineration of technical grade PCP
is one of the most important sources of PCDDs and PCDFs in the
environment.

Most of the analytical methods used today involve acid-
ification of the sample to convert PCP to its non—ionized
form, extraction into an organic solvent, possible cleaning by
back-extraction into a basic solution, and determination by
gas chromatography with electron-capture detector (GC-EC) or
other chromatographic methods as ester or ether derivatives
(e.g., acetyl-PCP). Depending on sampling procedures and
matrices, detection limits as low as 0.05 pg/m?® im air or
0.01 pg/litre in water can be achieved,.

1.2 Sources of Human and Enviroomental Exposure

PCP is mainly produced by the stepwise chlorination of
phenols in the presence of catalysts. Until 1984, Na-PCP was
partly synthesized by means of the alkaline hydrolysis of
hexachlorobenzene, but it is now produced by dissolving PCP
flakes in sodium hydroxide solution.

World production of PCP is estimated to be of the order of
30 000 tonnes per year. Because of their broad pesticidal
efficiency spectrum and low cost, PCP and its salts have been
used as algicides, bactericides, fungicides, herbicides,
insecticides, and molluscicides with a variety of applications
in the industrial, agricultural, and domestic fields. However,
in recent years, most developed countries have restricted the
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use of PCP, especially for agricultural and domestic applica-
tions.

PCP is mainly used as a wood preservative, particularly on
a commercial scale. The domestic use of PCP is of minor
importance 1in the overall PCP market, but has oveen of
particular concern because of possible health hazards
associated with the indoor application of wood preservatives
containing PCP.

1.3 Envirommental Transport, Distribution, and Transformation

The relatively high volatility of PCP and the water solub-
ility of its ionized form have led to widespread contamination
of the environment with this compound. Depending on the
solvent, tempervature, pH, and type of wood, up to 80% of PCP
may evaporate from treated wood within 12 months.

The adsorption and leaching behaviour of PCP varies from
soil to soil. Adsorption of PCP decreases with rising pH and
so PCP is most mobile in wmimeral soils, and least mebile in
acidic clay and sandy soils.

Solid or water—dissolved PCP can be photolysed by sunlight
within a few days, yielding aromatic {(lower chlorinated
phenols, etc.) and nonarcmatic fragments, as well as hydrogen
chloride (HCl) and carbon dioxide (C0p). Traces of PCDDs,
mainly OCDD are formed photochemically on irradiation of
Na-PCP in aqueous solution.

PCP degrading microorganisms have been isolated from
waters and soils. High organic matter and moisture content,
median temperatures, and high pH enhance microbial breakdown
in soil (half-life = 7 - 14 days). Low oxygen conditions are
generally unfavourable for the biodegradatiom of PCP, allowing
it to persist in soil (half~life = 10 - 70 days under flooded
conditions), water (hali-life = 80 - 192 days in anaerobic
water), and sediments {l0% decomposition within 5 weeks to
almost no degradation}. Several studies have proved that PCP
can be degraded by activated sludge. However, in full-scale
treatment plants the treatment efficiency is often reduced.

Numerous metabolites have been identified resulting from
the methylation, acetylation, dechlorination, or hydroxylation
of PCP. Of the possible metabolites, at least tetrachloro-
catechol seems to be relatively persistent. However, there 1is
a lack of data concerning the fate of the intermediate
products of both the abiotic and biotic degradation of PCP.

1.4 Environmental Levels and Human Exposure

The ubiquitous occurrence of PCP is indicated by its
detection, even in ambient air of mountain rural areas (0.25 -
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0.93 ng/m?. In urban areas, PCP levels of 3.7 - 7.8 ng/w’
nave been detected.
While elevated PCP concentrations can be found in ground-—

water (3 - 23 ygflitre) and surface water (0.07 - 31.9
wg/litre) within wood—treatment areas, the PCP level of
surface waters is wusually in the range of 0.1 - 1.0

ugf litre, with maximum values of up to 11 ug/litre. PCP
concentrations in the mg/litre range can be encountered near
industrial discharges.

Sediments of water bodies generally contain much higher
levels of PCP than the overlying waters. Soil samples from
PCP or pesticide plants contain around 100 pg PCP/kg {(dry
weight); heavily contaminated soil (up to 45.6 mg PCP/kg) can
be found in the vicinity of wood-treatment areas.

Residues of PCP in the aquatic invertebrate and vertebrate
fauna are in the low pg/kg range (wet weight). Very high
levels (up to 6400 pg/kg) are found in fish from waters that
are contaminated with wood preservatives, while sediment-
dwelling organisms, such as clams, show PCP levels of up to
133 000 ug/kg. Fish kills result in PCP residues in fish of
between 10 and 30 mg/kg.

After agricultural PCP application, birds can be highly
contaminated (47 mg/kg wet weight in liver). Exposure of farm
animals to PCP-treated wood shavings used as litter causes a
musty taint of the flesh as a result of contamination with
pentachloroaniscle, a metabolite of PCP biodecomposition. PCP
levels ranging from not detectable to 8571 uwg/kg have been
found in the muscle tissue of wild birds.

The general population 1s exposed to PCP through the
ingestion of drinking-water (0.01 = 0.1 ug/litre) and £food
(up to 40 pg/kg in composite food samples). Apart from che
daily dietary intake (0.1 - 6 yg/person per day) resulting
from direct food contamination with PCP, continuous exposure
to hexachlorobenzene and related compounds in food, which are
biotransformed to PCP, may be another important source.

In addition, because of its widespread use, the general
population can be exposed to PCP in treated items such as
textiles, leather, and paper products, and above all, through
inhalation of indoor air contaminated with PCP. Generally,
PCP concentrations of wup to about 30 pg/m® can be
expected, for up to the first month, after indoor treatment of
large surfaces; considerably higher levels (up to 160
pg/m?) cannot be excluded under unfavourable conditions.
In the long term, wvalues of between 1 and 10 pg/m3 are
typical PCP concentrations after extensive treatments, though
higher levels, up to 25 pg/m?, have been found in yooms
treated one to several years earlier. For comparison, PCP
indoor air levels in untreated houses are generally below
0.1 pg/m*.



_14_

According to the usage pattern, the main sources of
occupational exposure to PCP are the treatment of iumber in
sawmnills and treatment plants, and exposure to treated weood
during carpentry and other wood-working activities. Most of
the reported air concentrations at the work-place are below
the TWA MAC wvalue of 500 upg/m® that has been established
by several countries. Occupational exposure to PCP mainly
occurs via inhalation and dermal exposure.

Since the PCP concentrations in the sources (air, food) do
not directly indicate the actual PCP intake by the different
routes, extrapolation from urine residue data has been used to
estimate human total body exposure. Mean or median urine-PCP
levels range around 10 pg/litre for the general population
without known exposure, around 40 pg/litre for non-
occupationally exposed persons, and around 1000 ug/litre for
occupationally exposed people.

The ranges of urine levels observed in exposed and
unexposed persons overlap considerably. This overlap probably
occurs because occupational exposure does not necessarily
invelve high loading, while non-occupationally exposed people
may, 1in some instances, be exposed to PCP at levels
encountered at the work-place.

1.5 Effects on Qrganisms in the Environment

As a result of its biocidal properties, PCP negatively
affects non-target organisms in s50il and water at relatively
low concentrations. Algae appear to be the most sensitive
aquatic organisms; as little as 1 ug/litre can cause
significant inhibition of the most sensitive algal species,
Less sensitive species show ECgy values of around 1 mg/litre.

Most aquatic invertebrates (annelids, molluses, crusta=-
cea} and vertebrates (fish) are affected by PCP concentra-
tions below 1 mg/litre in acute toxicity tests. Generally,
reproductive and juvenile stages are the most semsitive, with
LC5p values as low as 0.0l mg/litre for fish larvae. Low
levels of dissolved oxygen, low pH, and high temperature
increase the toxic effects of PCP, Concentrations causing
sublethal effects on fish are in the low pg/litre range. As
PCP contamination in many surface waters is in this range,
population and community effects cannot be ruled cut. This is
also indicated by the substantial alteratioms in the community
structure of model ecosystems that are induced by PCP.

PCP is accumulated by aquatic organisms. Fresh-water fish
show bioconcentration factors of up to 1000 compared to
< 100 in marine fish. The portion of PCP taken up, either
through the surrounding water or along the food chain, is
probably species specific.
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PCP taken up by terrestrial plants remains in the roots
and is partly metabolized.

1.6 Kinetics and Metabolism

PCP is readily absorbed through the 1intact skin and
respiratory and gastrointestinal tracts, and distributed in
the tissues, Highest levels are observed in liver and kidney,
and lower levels are found in body £fat, brain, and muscle
tissue. There is only a slight tendency to biocaccumulate, and
so relatively low PCP concentrations are found in tissues. In
rodent species, detoxication occurs through the oxidative
conversion of PCP to tetrachlorohydroquinone, to a small
extent alse to trichlorohydroquinone, as well as through
conjugation with glucuronic acid. In rhesus monkeys, no
specific metabolites have been detected. In man, metabolism
of PCP to tetrachlorohydroquinone seems to occur only to a
small extent.

Rats, mice, and monkeys excrete PCP and thelr metabolites,
either free or conjugated with glucuronic acid, wainly in
urine (rodents, 62 - 83%; monkeys, 45 - 75%) and to a lesser
extent with the faeces (rodents, & - 34%; monkeys, &4 ~ 17%).
The pharmacokinetic profile following single doses depends on
the species and possibly on the sex of the test animals. Rats
and mice eliminate PCP rapidly, with a half-life of 6 - 27 h.
The kinetics in rats follow a biphasic elimination scheme with
a comparatively slow second elimination phase (haif-life, 33 -
374 h), perhaps because extensive enterchepatic circulation
retains PCP in the liver, Retention may also be the resuit of
plasma-protein binding of PCP, which seems to become stronger
at lower PCP concentratiomns.

In rats, 90% of an applied single oral dose is excreted by
day 3 with small amounts still remaining in the iiver (0.3%)
and kidney (0,05%) after 9 days. On the other hand, monkeys
snow a much slower elimination rate (half-life, 41 - 92 h),
apparently because they do not metabolize PCP; even 15 days
after oral application of a single dose (10 mg/kg bodyweight),
about 1l% of the total dose remained in the body, particularly
in the intestines and liver,

The elimination kinetics of PCP in human beings are a
controversial subject. A study on 4 male volunteers ingesting
a single oral dose of water-soluble Na-PCP at 0.1 mg/kg body
weight showed a rapid eliminatien of PCP both in urine
(half-life, 33 h) and plasma (30 h). Within 168 h, 74% of the
dose was excreted in urine as free PCP and 12% as its glucuro-
nide, while about 4% was eliminated in the faeces. In contrast
to this study, the application of oral doses of between 0.016
and 0.31 mg PCP/kg body weight in 40% ethanol revealed a sub-
stantially slower PCP excretion rate, with elimination half-
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lives of 16 days (plasma) and 18 - 20 days (urine). These low
elimination rates have been ascribed to the high protein
binding tendency of PCP.

Some animal data indicate that there may be long—term
accumulation and storage of small amounts of PCP in human
beings. The fact that wurine= or blood-PCP levels do not
completely disappear in some occupationally exposed people,
even after a long absence of exposure, seems to confirm this,
though the biotransformation of hexachlorobenzene and related
compounds provides an alternative explanation of this pheno-
menon. However, there is a lack of data concerning the long-
term fate of low PCP levels in animals as well as in man.
Furthermore, no data are available on the accumulation and
effects of microcontaminants taken up by people together with
PCP.

1.7 Effects on Experimental Animals and In Vitro Test Systems

In the main, mammalian studies have been relatively
consistent in their demonstration of the effects of exposure
to PCP. 1In rats, lethal doses induce an increased respiratory
rate, a marked rise in temperature, tremors, and a loss of
righting reflex. Asphyxial spasms and cessation of breathing
occur spon before cardiac arrest, which is in turn followed by
a rapid, intense rigor mortis.

PCP is highly texic, regardless of the route, length, and
frequency of exposure. Oral LDsg values for a variety of
species range between 27 and 205 mg/kg body weight accerding
to the different solvent vehicles and grades of PCP. There is
limited evidence that the most dangerous route of exposure to
PCP is through the air.

PCP is also an irritant for exposed epithelial tissue,
especially the mucosal tissues of the eyes, nose, and throat,
Other localized acute effects include swelling, skin damage,
and hair loss, as well as flushed skin areas where PCP affects
surface blood vessels., FExposure to technical formulations of
PCP may produce chloracne. Comparative studies indicate that
this is a response to microcontaminants, principally PCDDs,
present in the commercial product. The parent molecule
appears responsible for immediate acute effects, including
irritation and the uncoupling of oxidative phosphorylation
with a resultant elevated temperature.

Short- and long-term studies indicate that purified PCP
has a fairly limited range of effects in test organisms,
primarily rats. Exposure to fairly high concentrations of PCP
may reduce growth rates and serum-thyroid hormone lievels, and
increase liver weights and/or the activity of some liver
enzymes. In contrast, technical formulations of PCP usually



at much lower concentrations can decrease growth rates,
increase the weights of liver, lungs, kidneys, and adrenals,
increase the activity of a number of liver enzymes, interfere
with porphyrin metabolism, alter haematological and bio—
chemical parameters and interfere with renal function.
Apparently microcontaminants are the principal active moities
in the nonacute toxicity of commercial PCP.

PCP is fetotoxic, delaying the development of rat embryos
and reducing litter size, neonatal body weight, neonatal
survival, and the growth of weanlings. The no-observed-
adverse-effect-level (NOAEL) for technical PCP is a maternal
dose of 5 mg/kg body weight per day during organogenesis. The
NOAEL for purified PCP is lower. In ome study, it was reported
that purified PCP was slightly more embryo/fetotoxic than
technical PCP, presumably because contaminants induced enzymes
that detoxified the parent compound.

PCP  is not considered teratogenic, though, in one
instance, birth defects arose as an indirect result of
maternal hyperthermia, The NOAEL in rat reproduction studies
is 3 mg/kg body weight per day. This value is remarkably
¢lose to the NOAEL mentioned in the previous paragraph, but
there are no corroborating studies in other mammalian species.

PCP has also proved immunotoxic to mice, rats, chickens,
and cattle; at least part of this effect is caused by the
parent molecule.

Neurotoxic effects have also been reported, but the
possibility that these are due to microcontaminants has not
been excluded.

PCP is mnot considered carcinogenic for rats. Mutagenicity
studies support this conclusion in as much as pure PCP has not
been found to be highly mutagenic. Its carcinogenicity remains
questionable because of shortcomings in these studies. The
presence of at least one carcinogenic microcontaminant
(HgCDD) suggests that the potential for technical PCP to
cause cancer in laboratory animals cannot be completely ruled
out.

1.8 Effects on Man

The effects of PCP on man are very similar to those
repoerted in experimental animals., Human data have been
obtained primarily from accidental exposures and from the
work-place. Unfortunately, there are few precise estimates of
exposure, hence dose-response relationships are difficult to
establish in human beings.

It is clear that the use of PCP may pose a significant
hazard with regard to specific aspects of the health of
workers employed in the production or use of PCP. Chloracne,
skin rashes, vrespiratory diseases, neurological changes,
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headaches, nausea, and weakness have been documented in
workers at numerous production and manufacturing sites.
Similar symptoms have been reported in some inhabitants of
houses treated internally with PCP. Acute intoxications
leading to hyperpyrexia and death have beea clearly associated
with exposure to the chlerophencl molecule itself, whereas
chloracne appears to be an effect of the PCDD and PCDF micro-
contaminants. Changes in industrial practice have resulted in
fewer high-dosage, acute exposures, but deaths due to occupa-
tional overexposure to PCP are still being reported.

Studies designed to examine biochemical changes in wood-
workers exposed to high levels of PCP for extended periods
have failed to indicate statistically significant effects on
major organs, neural tissues, blood elements, the immune
system, or reproductive capacity. However, many of these
studies were based on small sample sizes; hence, analyses of
trends indicating effects on liver enzymes, kidney function,
T-cell suppression, nerve conduction velocity, etc., have not
been statistically significant. Others have been non-specific
in the search for signs of intoxicatiomn in large groups of
workers. However, there are mounting indications that
long-term exposure to relatively high levels of PCP leading to
blood—-plasma concentrations as high as 4 ppm is likely to
cause borderline effects on some physiological processes.
Some of these effects, especially those involving the liver
and the immune system, may be caused, in whole or in part, by
the microcontaminants of these chlorophenols, especially
HgCDD.

Several epidemiological studies from Sweden and the USA
have indicated that occupational exposure to mixtures of
chlorophenols is associated with increased incidences of soft
tissue sarcomas, mnasal and nasopharyngeal cancers, and
lymphomas. In contrast, surveys from Finland and New Zealand
have not detected such relationships. 7The major deficiency in
all of these studies appears to be a lack of specific exposure
data.

There are no conclusive reports of increased incidences of
cancers in workers exposed specifically to PCP; however, there
have not been any carefully conducted studies of a suitably
exposed occupational group large enough to provide the
necessary statistical power to identify an increase in cancer
mortality. Furthermore, there are few occupational groups
that have been exposed to & single chemical, such as PCP.
Finaliy, the various levels of microcontaminmants in different
formulations make inferences to PCP in general difficult.

Persons non-occupationally exposed to technical PCP in
rooms complained about relatively unspecific symp toms
(headache, fatigue, hair loss, tomsillitis, etc.}; a causative
connection with PCP could not be proved or disproved.
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2, IDENTITY, PHYSICAL AND CHEMICAL PROPERTIES,
ANALYTICAL METHODS

Pentachlorophenol (PCP) and its salt, sodium pentachloro-
phenate (Na~-PCP}, are the most important forms of pentachloro-
phenol in terms of production and use. Other derivatives such
as the potassium salt, K=PCP, and the lauric acid ester, L-PCP
are of minor importance. Reflecting this minor role, few data
on the physical and chemical properties of K-PCP and L-PCP are
reported in the literature. Hence, this section primarly
concerns PCP and its sodium salt.

2.1 Identity

2.1.1 Pentachlorophenocl (PCP)

Chemical structure: OH
Cl cl
& cl
C
Molecular formula: CgHCL50
CAS chemical name: Pentachlorophenel
Common synonyms: chlorophen; PCP; penchlorol; penta;

pentachlorofenol; pentachlorofenolo;
pentachlorphenol; 2,3,4,5,6-penta-
chlorophenol

Common trade names: Acutox; Chem-Penta; Chem-Tol; Crypto-
gil ol; Dowicide 7; Dowicide EC-7;
Dow Pentachlorophencl DP-2 Antimicro-
bial; Durotox; EP 30} Fungifen;
Fungol; Glazd Penta; Grundier
Arbezol; Lauxtolj; Lauxtol A; Liro-
prem; Moosuran; NCI-C 54933; NCI-C
553783 NCI-C 56655; Pentacon; Penta-
Kil; Pentasol; Penwar; Peratox;
Petrmacide; Permagard; Permasan;
Permatox; Priltox; Permite; Santo-
phen; Santophen 20; Sinituho; Term-i-
Trol; Thowpson's Wood Fix; Weedone;
Witophen P

CAS registry number: 87-86-5
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z.1.2 Sodium pentachlerphenate (Na=~PCP)
Chemical structure: ONa
<l Cl
Ci Cl
Cc
Molecular formula: CgClsONa

CgCls50Na*Ho0 (as monohydrate)

Common synenyms : penta-ate; pentachlorophenate sodium;
pentachlorophenol, sodium salt;
pentachlorophenoxy sodium; penta-—
phenate; phenol, pentachloro-, sodium
derivative monohydrate; sodium PCP;
sodium pentachlorophenate; sodium
pentachlorophenolate; sodium penta-
chlorophenoxide

Common trade names: Albapin; Cryptogil Na; Dow Dormant
Fungicide; Dowicide G-5t; Dowicide G;
Napeclor-G; Santobrite; Weed-beads;
Xylophene Na; Witophen N

CAS registry number: 131-52=2 (Na=PCP);
27735-64~4 (Na-PCP monohydraie)

2,1.3 Pentachlorophenyl laurate

The molecular formula of pentachlorophenyl laurate 1is
CgCLs0C0R; R is the fatty acid moiety, which consists of a
mixture of fatty acids ranging in carbon chain length from
Cg to Cgg, the predominant fatty acid being lauric acid
(Cpp) (Cirelli, 1978b).

2.2 Impurities in Pentachlorophenol

Technical PCP has been shown to contain a large number of
impurities, depending on the manufacturing method (section
3.2.1). These consist of other chlorophenols, particularly
isomeric tetrachlorophenols, and several microcontaminants,
mainly polychlorodibenzodioxins (PCDDs}, polychlorodibenzo-
furans (PCDFs), polychlorodiphenyl ethers, polychlorophenoxy-
phenols, chlorinated cyclohexenons and cyclohexadienons,
hexachlorobenzene, and polychlorinated biphenyls (PCBs).
Table 1 presents analyses of PCP formulations taken from
several publications. According to Crosby et al. (1981), the
quality of PCP is depends om the source and date of manu=-
facture. Furthermore, analytical results may be extremely



21 -

TITWTI] UATIDATAP AOT24 = >
*pa11T1dads 10U = Su

T{ ApratAacq

T£-033 3pToTROq

paTITing

“(QfeRT) uwouy wolj

*(GRAT) IWEBSOpPUNGITIMU WOLZ
*($L61) 1asng rmoig

T(8467) ‘TR 12 zI13aAYdg wolg
*(HZ6T) *1E 12 ziaAydg ruolyg
C{4L61) TTE 12 UTIISPIOYH fUaIq

Slald|T] el o=l

su su su a0t su su su 2U3ZulqoIoTUIBRXIY
su 041 ofe 0"t > cT0> 08 092 —010TY3E330
s 09 08z g1 0> 08 jaleled -oxo1yseaday
su 0l 6t Be S0 > 0t 06 —010TUdTXIH
ST 70 2°0 > su su su av —oao1ydeIUI]
su su 70 > su su su 5> ~010T12B2I323]
SURINJOZUAQT(
009 00§ 0se ST 0"l > 0052 08¢1 —010742E12)
€1 0el ceT ¢ 9 $ 0> ST 0z<s —ozo1yaeidap
¢ g'¢ 6 1 o> ) 8 ~0I0TUIB¥IN
su su 70> su su su "0 > —-0I0TUOEIUDA
10'6 > 100°C > FT°0 > 500 > oo > $0°0 > 170> ~010TY2RIID],
suttxotp~d-oczuaqiq
sTouaydAxouayd
000 0L su su su 000% 000 79 su pa3EUTIOTYY IaudTH
su 07 su 000t > 00% 000T > su -010TU21I],
000 oL 000 0§ su 000% 01 007 000 %% Q00 0f ~010T0IEIID]
spouayqd
(%98} (%49) T(su) (%% 06) (186) (%% 88) (%9°%8)
suajnod-auguy 1299N *ud M0(] Mo “og Mo OJUBSUOWR
FIRRTUYIR] F1BITUYIRY T FIEITUYDAL HeFSTBOTUYDSL T RITUYID]L glr21uusaL F1BoTUY3R]
(%) 3u23u0d gnd c19onpoid ‘uoTied1jyToads Jusuoduorn

s3onpoad god TEOTUYDII JUSISFITP ul (Jod ¥%/dm) serytanduy 1 =1qzl

| _



- 22 -

variable, particularly with regard to earlier results, which
should be considered with caution. Jensen & Renberg (1972)
detected chlorinated 2-hydroxydiphenyl ethers, which obviously
may transform to dioxins during gas chromatography, thus
giving a false dindication of a higher level of PCDDs. Unlike
these '‘predioxins"”, other isomers are not direct precursors of
dioxins, and are labelled "isopredioxins"

In Fig. 1, the structures and numbering system for the
polychlorinated dibenzodioxins (PCDDs) and dibenzofurans
(PCDFs) are illustrated

P0% B

Cly 6 4 cly 4 iy

wHO 57203

PCDDs PCDFs

Fig. 1. Structures and numbering systems for the polychlorinated dibenzo-=
dioxins (PCDDs) and dibenzefurans (PCDFs). From: Rappe et al.
(1579).

Since the toxicity of PCDDs and PCDFs depends not only on
the number but also on the position of chlorine substituents,
a precise characterisation of PCP impurities 1s essential.
The presence of highly toxic 2,3,7,8-tetrachlorodibenzo-p-
dioxin (2,3,7,8-T4CDD)} has only been confirmed once in
commercial PCP samples, In the course of a collaborative
survey, one out of five laboratories detected 2,3,7,8-T4CDD
in technical PCP and Na-PCP samples at conceantrations of 250 -

260 and 890 - 1100 ng/kg, respectively (Umweltbundesamt,
1985). Buser & Bosshardt (1976) found detectable amounts of
T,CDD (0.05 - 0.23 wmg/kg) in some samples of different

technical PCP products, but on re-analysis were unable to
confirm the compound's identity. 1In other cases, T4CDD has
not been identified at detection limits of 0.2 - 0.001 mg/kg
(Table 1).

The higher polychlorinated dibenzodiexins and dibenzo-
furans are more characteristic of PCP formulations (Table 1),
Hexachlorodibenzo-p-dioxin (HgCDD), which is also considered
highly toxic and carcinogenic (section 8}, was found at levels
of 0.03 - 35 mg/kg (Firestone et al., 1972), 9 - 27 mg/kg
(Johnson et al., 1973}, and < 0.03 - 10 mg/kg {(Buser &
Bosshardt, 1976). According to Fielder et al. (1982), the
1,2,3,6,7,9-, 1,2,3,6,8,9-, 1,2,3,6,7,8-, and 1,2,3,7,8,9-
isomers of HgCDD have been detected in technical PCP. The
1,2,3,6,7,8and 1,2,3,7,8,9-HgCDDs predominated in commercial
samples of technical PCP (Dowicide 7) and Na-PCP. Octachloro-
dibenzo-p-dioxin (OCDD) is present in relatively high amounts
in unpurified technicai PCP (Table 1).
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Recently, the identification @ of 2-bromo-3,4,5,6-tetra-
chlorophencl as a major contaminant in three commercial PCP
samples (ca. 0.1%Z) has been reported, This manufacturing
by—-product has probably not been detected in other analyses
because it is not resolved from the PCP peak by traditional
chromatographic methods (Timmons et al,, l984}.

2.2.1 Formation of PCDDs and PCDFs during thermal
decomposition

The thermal decomposition of PCP or Na-PCP yields
significant amounts of PCDDs and PCDFs, depending on the
thermolytic conditions. For pure PCP, dimerization of PCP has
been suggested as an underlying reaction process; in technical
PCP, additional reactions, 1i.,e., dechlorination of higher
chlorinated PCDDs and cyclization of predioxins are involved
in forming various and different PCDD isomers (Rappe et al.,
1978b).

Pyrolysis of alkail metal salts of PCP at temperatures
above 300 °C resuits in the condensation of two molecules to
produce OQCDD. PCPF itself forms traces of OCDD only on
prolonged heating in bulk and at temperatures above 200 °c
{Sandermann et al., 1957; Langer et al., 1973; S5tehl et al.,
1973).

Although present in original technical PCP products, a
number of PCDDs, other than OCDD, are generated during thermal
decomposition (290 - 310 °C) in the absence of oxygen
(Table 2) (Buser, 1982).

Table 2. PCDDs (mg/kg PCP) in the pyrolysate of technical PCP
and Na-PCP2

PCP Na-PCP
2,3,7,8-T4CDD -b -c
1,2,3,7,8,9-HgCDD 53 2.1
1,2,3,6,7,8-1,CDD 66 0.95
Total lgCDD 455 10.5
17CDD 5200 65
0CDD 15 000 200

o |oje

From: Buser (1982).

Detection limit (1 mg/kg).

Detection limit (0.25 mg/kgl.
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2.3 Physical, Chemical, and Organoleptic Properties

Pure pentachlorophenol consists of light rtaan to white,
needlelike crystals. It has a pungent odour when heated
(Windholz, 1976). 1Its vapour pressure suggests that it is
relatively volatile, even at ambient temperatures. Since PCP
is practically imscluble in water at the slightly acidic pH
generated by its dissociation, readily water-soluble salts
such as Na-PCP are used as substitutes, where appropriate.

Na-PCP is non-volatile; its sharp PCP odour results from
slight hydrolysis (Cresby et al., 1981}, Technical PCP
consists of brownish flakes or brownish oiled, dustless
fiakes, coated with a mixture of benzein polyisopropyl and
pine 011 Technical Na-PCP consists of cream—coloured beads
(Anon., 1983a,b). Technically pure L-PCP consists of a brown
oil that is insoluble in water and alcohols, and soluble in
non-polar solvents, oils, fats, waxes, and plasticizers
(Cirelli, 1978b).

PCP is non-inflammable and non-corrosive in its uunmixed
state, whereas a solution in oil causes deterioration of
rubber (Mercier, 1981).

Because of the electron withdrawal by the ring chlorines,
PCP behaves as an acid, yielding water-soluble salts such as
sodium pentachlorophenate. Due to nucleophilic reactions of
the hydroxyl group, PCP can form esters with organic and
inorganic acids and ethers with alkylating agents, such as
methyl iodide and diazomethane (Crosby et al., 198l). This
property has been used for analytical purposes (section 2.5.2),

PCP may exist in two forms: the anmionic phenolate, at
neutral to alkaline pH, and the undissociated phenol ar acidic
pH. At pH 2.7, PCP is only 1% icnized; at pH 6.7, it is 99%
ionized (Crosby et al., 198l). Other relevant properties of
pure PCP and Na-PCP are shown in Table 3,

PCDDs and PCDFs may also be formed during the combustion
of materials treated with either purified or technical PCP,
Smoke from birch leaves impregnated with purified Na-PCP and
burnt on an open fire showed considerably increased amounts of
PCDDs compared with the original sample (Table 4)., The mass
fragmentograms revealed 14 of the 22 posslble T,CDD isomers
with 1,3,6,8- and 1,3,7,9- -T4CDD as the main and 2,3,7,8-
T4,CDD as minor isomers. The formation of PCDFs, including
small amounts of 2 3,7,8-T,CDF, during either combustion or
micropyrolysis (280 °C, 30 min) was only observed im technical
PCP samples; purified Na-PCP was negative in this respect
(Rappe et al., 1978b),

Jansson et al. (1978) observed a very wide range of PCDD
concentrations in the smoke from burning wood chips
impregnated with a technical PCP formulation (Table 4)., The
formation of PCDDs was favoured by temperatures below 500 °C,
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Table 3. Physical, chemical, and organoleptic properties of PCP and Na-PCP

PCP Na-PCF
Boiling point? 310 °C (decomposition)
Relative molecular mass2 266.4 288.3
306.3
(mono—
hydrate)
Melting pointd 191 ‘¢
Density (d?2 in g/ml)2 1.987 2
Vapour pressure kPa (mmHg)
at 20 ‘¢t 2 x 10°¢ (1.5 x 10°%)
ar 19 °cd 6.7 x 1077 (5 x 10-%}
Saturation vapour density 220
(e/m3) (20 “c)E
Steam volatility® 0.167
(g/100 g warter vapour)
(10¢ “c)
Solubility in fat 213
(g/kg) (37 "c)f
E—Otztanol/water partition 4.84 (pH 1.2); 3.56 {pH 6.5);
coefficient (log P)& 3.32 (pd 7.2); 3.86 (pH 13.5)
pK; (25 °C)E 4.7

oxygen deficit, and lower gas-retention time. The results
given in Table 4 are corrected for the very low background
values obtained by burning untreated wood chips,

When technical PCP was burnt in a quartz reactor (600 °C,
10 win), Lahaniatis et al. (1985) identified the following
thermolytic products: pentachlorobenzene, hexachlorobenzene,
octachlorostyrole, octachloronaphthaline, decachlorobiphenyl,
HgCDF, OCDF, and OCDD. 2,3,7,8-T4CDD was not detected at
a detection limit of 1 mg/kg PCP.

Olie et al. (1983) found only slightly higher levels of
PCDDs and PCDFs in the fly ash of burned new wood treated with
PCP compared with painted wood, which was more than 60 years
old, However, because data were missing on PCDD/PCDF levels
in the original samples and on the conditions of burning,
meaningful interpretation of these results is not possible.
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Table 3 (contd).

PCP Na-PCP
Solubility in water:
(g/litre)g>h,i
Jc, pH 3 0.005
20 °C, pH 5 0.01%4
30 c pH 5 0.020
20 °C, pi 7 2
20 °c, pH 8 8
20 c p 10 15 > 200
25 °C 33c
Solubility in crganic sol-
vents (g/100 g) (25 °c)k:
acetone 50 35
benzene 15 insolonble
ethanol (95%) 120 65
ethylene glycol 11 40
isopropanol 85 25
methanol 180 25
Odour threshold 1.6 (in water)
(mg/litre)l:
01factory threshold 0.03 (in water)

(mg/litre)ld:

From; IRPTC (1983).

From: Cirelli (1978b).

From: Zimmerli (1982).

From: Dobbs & Grant (1580).

From: Crosby et al, (1981).

From: Rippen (1984).

From: Kaiser & Valdmanis (1982),

From: Gunther et al., {1968),

From; Bundesamt flir Umweltsechutz (1982).
From; Dietz & Traud (1978a).

bt 0 (g0 fafo totm

2.4 Conversion Factors

1 ppm = 10.9 mg PCP/m? (25 °C, 101.3 kPa)
1 mg PCP/m® = 0.09 ppm

2,5 Analytical Methods

A number of methods have been used to determine PCP in a
variety of media. The earlier procedures were reviewed by
Bevenue & Beckman (1967). They were mostly based on colour
reactions, which are not very specific and relatively
insensitive. For several years, more sophisticated devices
have been available to analysts, of which gas chromatography
has become the method of choice (Table 5).



Table 4. Amount of PCDDs in the original sample and in the smoke
from combusted materials treated with purified Na=~PCP or technical PCP

Birch leavesZ Wood ¢hips®
(mg PCDDs/kg Na-PCP (mg PCDDs/kg PCP
(purified})) {(technical}}
Original SmokeS Original Smokels S
sample sample

T4CDD < 0.02 5.2 ndg <4.7 - 47
P5CID < 0.03 14 nd < 1.2 - 419
HgCDD < 0,03 56 7 <9.3 - 93
H7CDD 0.3 172 93 < 4.7 - 279
0CDD .9 710 186 < 0.9 - 442

Adapted from: Rappe et al. (1978b),
Adapted from: Jansson et al., (1978).
Smoke trapped on charcoal filter.
Depending on combustion conditions,
nd = not determined.

Im teul 0Tl

The determination c¢f PCP is based on the distinctive
properties of this substance: steam distillation is possible
because of its wolatility; its acidic behaviour is used 1in
extracting it into a base and in ilon-exchange chromatography;
the electro-positive ring reinforces selective chromatographic
adsorption and the absorption of wultraviolet radiation;
finally, the reactivity of PCP with c¢ertain organic compounds
te form esters, ethers, and coloured derivatives is of great
importance for its detection and measurement {(Crosby et al.,
1981).

Most of the analytical methods used today involved acid-
ification of the sample to convert PCP to its non-ionized
form, extraction into an organic solvent, possible cleanup by
back-extraction into basic solution, and analysis by gas
chromatography or other chromatographic methods as ester or
ether derivatives. In the following section, the sampling and
analytical methods is described as reviewed mainly by Bevenue
& Beckman (1967), Gebefuegi et al. {1979), and Crosby et al.
(1981). 1In addition, the more recently published methods for
PCP determinationm in various matrices are summarized (Table 5).

2.5.1 Sampling methods

In principle, the sampling techniques summarized by
Bevenue & Beckman (1967) are still the methods of choice; more
recent methods are included in Table 5.

The first step in preparing a sample consisting of a solid
material 1is a thorough pulverization or homogenization in
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special mills or blenders. Maceration of the sample in a
blender with an organiec solvent 1s more rapid than Soxhlet
extraction and similar efficiencies can be achieved with both
procedures (Bruns & Currie, 1980).

For celluiose materials, adhesives, agricultural
commodities, bioleogical tissues, and water, an initial
extraction with dilute sodium hydroxide solution at room
temperature for several hours, followed by acidification and
steam distillation may be preferable. For samples that
contain components strongly complexed with PGP, such as
soybean o0il, treatment with hot concentrated sulfuric acid is
recommended prior to steam distillation, Liquid-liquid
partitioning or distillation of the filtered extract at the
beiling point of water may alse be used to isolate PCP
(Bevenue & Beckman, 1967).

When alkaline soil extracts are acidified, gel formation
can occur at pH values lower than 6, resulting in interference
with the extraction of PCP. According to Renberg (1974},
proper separation is possible 1if the acidic substances are
bound, under alkaline conditions, to an anion ion exchanger.

When analysing liquid wmaterials, particularly wurine
samples, the sample should first be hydrolysed by heating the
acidified urine to free the PCP moiety of its sulfate and
glucuronide conjugates (Edgerton & Moseman, 1979; Drummond et
al,, 1982; Butte, 1984). Enzymatic hydrolysis is questionable,
because the metabolite  tetrachlorohydrequinone strongly
inhibits the enzyme g-glucuronidase (Ahlborg et al., 1974),

For determining the PCP content of air several possible
sampling procedures are described by Gebefuegi et al. (1979)
including: absorption in liquids, such as potassium carbonate
(K2C03) solution or ethylene glycol; adsorption  on
activated charcoal or silica gel; freezing and condensing by
sucking the air through cooling traps; or derivatization by
phenolate formation in alkaline solution. By pumping high
volumes of air through the sample-collecting device, PCP is
concentrated in the collector, thus enhancing the detection
Limit.

Concentration is also required for other matrices with
relatively low PCP contents. For water samples, procedures
used involve the separation of PCP from the water by distil-
lation, sublimation, freeze-drying, adsorption, and extraction
(Riibelt et al.,, 1982). The extraction solvents, in Eturn, are
concentrated by distillation or evaporation.

Only a few investigators have used internal standards,
adding specific substances to the samples to check for
completeness of recovery during Lthe extensive solvent extrac—
tions and manipulative steps required. Drummond et al. (1982)
used 3,5-dichloro-2,3,6-tribromophenol, while Needham et al.
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(1981) incorperated 2,4,6-tribromophenol, and Hargesheimer &
Coutts (1983) spiked the samples with 4,6-dibromo-o-cresol.

Most recovery data given 1in Table 5 were obtained by
spiking samples with known amounts of PCP and carrying them
through the entire analytical procedure, Ernst & Weber
(1978a) wused !'*C-PCP for this purpose. To check the
efficiency of acetylation, Rudling (1970) compared spiked
samples with a pentachlorophenyl acetate standard. According
to NIQSH (1978), an appropriate correction factor should be
used if recovery of PCP in air samples is less than 95%.

Using the analytical method of Erney (1978) (Table 5),
Zimmerli et al. (1980) found that only about 8% of "endo-
genous" PCP was extractable from raw bovine milk, though 82.5%
of known amounts of PCP added had been recovered on average.
A complete extraction was only achieved by acid or alkaline
pretreatment of the milk (cf., Lamparski et al,, 1978) (Table
5), which probably releases the PCP bound to proteins.
Zimmerli et al. (1980) concluded from this {finding that
recovery data may indicate wvalues that do not correspond to
the true recovery.

2.5.2 Anaiytical methods

Earlier methods, which have been thoroughly reviewed by
Bevenue & Beckman (1967), were based on the formation of
coloured derivatives from the reaction of PCP with either
nitric acid or 4-aminoantipyrine. Other reagents commonly
used in this respect are p-nitraniline, sulfanilic acid, and
3-methyl-2-benzenethiazoline-hydrazine (Koppe et al., 1977).
As already mentioned, these colorimetric or spectrometric
methods are not very specific and comparatively insensitive,
and therefore only suitable for pure solutions or for pro-
duction and routine controls. They may be of some importance
in determining total phenolics, for example, in the meonitoring
of levels of phenolics in surface and waste waters. However,
comparative studies, in which 45 laboratories within the
European Communities participated, revealed that photometric
procedures gave rather different results, depending on
specific 1laboratory conditions (Sonneborn, 19763 Ribelt et
al,, 1982). According to Crosby et al. {(198l), colorimetric
or spectrophotometric procedures achieve a sensitivity that
is, at best, in the low ppb-range (1:107).

Gas chromatography, particularly when combined with an
electron-capture detector, substantially lowers the detection
limits to the ppt-range (1;10'! - 1;10%?) and is therefore
the preferred method today. Very few investigators have
applied direct @gas chromatography after the extraction
procedures. To reduce peak tailing, derivatization of PCP
with appropriate compounds prior to analysis is preferred.
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Diazomethane is most commonly used to produce the methyl
ether, As shown in Table 5, this method, which is based on
the work of Bevenue et al. (1966), has been used to determine
PCP in a variety of matrices including blood, urine, fish,
soil, and water. According to Crosby et al. (1981}, it is an
official method for regulatory analysis in the USA. The
procedure for measuring PCP in blood and urine samples as
recommended by the National Institute for Occupational Safety
and Health (NIOSH), USA, is described by Eller (1984a,b).

Other alkyl ethers have been produced as derivatives of
PCP, including the ethyl, propyl, l-butyl, iscbutyl, amyl, and
isoamyl-PCP (Cramnmer & Freal, 1970). Besides the potential
health risk incurred when using hazardous reagents such as
diazomethane or dimethyl sulfate, the alkylation method 1is
subject to interferences from other compounds with active
H-atoms, e.g., carboxy acid herbicides such as 2,4-dichloro-
and 2,4,5-trichlorophenoxyacetic acid (Chau & Coborn, 1974;
Crosby et al., 198l1). These drawbacks are avoided by the
acetylation of PCP with acetic anhydride to give acetyl-PCP as
reported by Rudling (1970), Chau & Coborn (1974), and other
research workers (Table 5).

Several techniques, other than gas chromatography, have
been used in connection with electron-capture detection,
These include thermal <conductivity and microcoulometric
detectors (Bevenue & Beckman, 1967), thin-layer chromatography
(TLC), gas chromatography in connection with mass spectrometry
(M8), and high-performance liquid chrowmatography (HPLC)
equipped with UV detectors. in particular, the last two
methods have become more and more prevalent as reflected by
Table 5. 1In many cases, mass spectrometry has been used to
confirm the identity of PCP peaks determined by EC detectors.
Dougherty & Piotrowska (1976a) and Kuehl & Dougherty ({1980}
screened environmental and tissue samples for PCP using
negative chemical ionization (NCI) mass spectrometry. This
method provides a sensitivity of detection comparable to
GC-ECD analysis. Moreover, it can be used for compound
identification, Since both of these methods require an
extensive amount of pretreatment, a procedure had to be
adopted for PCP determination by which samples could be
measured simply and precisely, without the tedious extraction
and formation of derivatives needed for the other methods.
High-performance liquid chromatography offers these
advantages, as using this method direct determination of PCP
is possible, giving peaks of constant height and high
resolution, Comparative GC-ECD and HPLC analyses of mushrooms,
conducted by Schinhaber et al. (1982), resulted in similar
detection limits (Table 5).

Detection limits depend not only on the sensitivity of the
detection systems, but also, to a great exteat, on the volume
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of the sample. The detection limits given in Table 5 refer to
the smallest amounts of PCP detectable using the procedure and
sample size described by the authors. In many cases, it would
be possible to lower the detection limit by taking larger
samples, particularly 1in the case of gaseous and fluid
matrices.

Analytical interferences may become a problem in PCP