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Abstract

Pentachlorphenol (PCP) was widely used as a biocide and insecticide for wood
preservation. Chlorinated dioxins and furans (2,3,7,8-substituted PCDD and
PCDF congeners) were inadvertent byproducts of PCP production. As such, it
is an important source of PCDD/F contamination in treated wood and in soil/
sediment near sites that produced or used PCP. It has been noted in the lite-
rature, that PCP congener profiles are similar to some combustion profiles, as
well as sewage sludge and particulate deposition. In a very broad sense, this is
true. OCDD and 1,2,3,4,6,7,8-HpCDD are typically the dominant constituents
in these source categories. There is however, a distinct, consistent and repeat-
able feature in the lower chlorinated tetra, penta and hexa PCDD/F range of
PCP related samples: an order of magnitude increase in concentration as a
function of degree of chlorination. Because lower chlorinated furans concen-
trations make up less than 1% of the total PCDD/F in PCP, it is difficult to
differentiate PCP from other OCDD dominated source profiles on bar-graphs
that use a linear-scale y axis. Using a log-scale y axis, however, PCP impacted
profiles are obvious, and are not easily confused with congener profiles from
other sources.
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1. Introduction

Pentachlorophenol (PCP) is a biocide used extensively in Europe, North Ameri-
can and elsewhere. It was used primarily for wood treatment, but also as a con-
tact herbicide and other pesticide applications [1] [2] [3] [4]. Its use for these
applications began in the 1930s [2]. It was produced by two methods: catalytic
chlorination of phenol and hydrolysis of hexachlorobenzene [1] [2] with the
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former being the primary method used in the United States [2]. PCP was pro-
duced under a number of trade names, including Santophen (Monsanto), Wi-
tophen P (Dynamit Nobel), and Dowicide 7 (Dow) [1] [3] [4]. Precise global
PCP production numbers are not known [1] [9] [37] but reported estimates
range between 30,000 [37] to 90,000 metric tons per year [38] through the 1970s
with production and use decreasing in the 1980s due to restrictions/regulations
and increasing use of alternative methods of wood preservation [1] [37].

Technical-grade pentachlorophenol contains a considerable amount of im-
purities, such that the product typically sold as “pentachlorophenol” was only
about 90% - 92% PCP [1]. The most abundant impurities are lower chlorinated
phenols (e.g. tetrachlorophenol makes up 4% - 9% of technical PCP, and trich-
lorophenol <0.1%) [1]. Polychlorinated dibenzofurans (PCDF) and dibenzo-p-
dioxins (PCDD) are also present in technical grade PCP products [5] [6] [7] [8].
Figure 1 shows two reactions that lead to the two most abundant PCDD and
PCDF impurities in PCP: octachlorinated dibenzo-p-dioxin (OCDD) andoc-
tachlorinated dibenzofuran (OCDF).

Typical PCDD/F concentrations observed in PCP are in the range of 0.5 to 2
mg/kg (ppm) TEQ [9], where TEQ is the weighted toxicity equivalence of the 17
2,3,7,8 PCDD/F congener concentrations [10]. While this is a trace amount as
compared to other impurities in PCP, when viewed in context of a typical
PCDD/F residential cleanup/action levels (0.00001 - 0.0015 ppm) [11], PCP can
be an important source of PCDD/F in treated wood and in soil/sediment near
wood treatment facilities and PCP manufacturing sites [12] [13] [14] [15].

Previous studies have addressed the congener profiles of pentachlorophenol as

compared to those from other sources [20] [21] [22], and have suggested that the
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Figure 1. Pentachlorophenol Molecule (left on both panels) and chemical reactions that lead to formation of octachlorodiben-
zo-p-dioxin (OCDD, upper panel) and octachlorodibenzofuran (OCDF, lower panel). After Plimmer [8].
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congener profile of PCP is similar to some combustion sources (diesel truck
emissions, unleaded gasoline vehicle emissions, and industrial wood combustion
[22]) as well as sewage sludge and atmospheric deposition [20] [21]. These stu-
dies point to the dominance of OCDD (typically 70% - 90% of the sum of 17
2,3,7,8 substituted congeners in PCP) as the key chemical characteristic leading
to that conclusion.

The objective of this paper is to characterize the congener profiles of 2,3,7,8
substituted PCDDs and PCDFs, present as impurities in technical grade PCP, as
a result of its production [4] [5] [6] [7] [8] [9]. It should be noted that there is a
second way that PCDD/F may be associated with PCP: de novo formation of
OCDD from a pentachlorophenol precursor, either in the atmosphere or as a
biochemical reaction in sewage sludge [16] [17] [18] [19]. This paper however,
focuses on the PCDD/F congener profile observed as impurities in technic-
al-grade PCP. The data examined here are the seventeen 2,3,7,8-substutituted
congeners, and this focus is primarily a function of data availability. This paper
relies on published and publically available data, and while full-congener analy-
sis of all PCDD/F congeners (75 PCDD congeners, 135 PCDF congeners) is an
emergent analytical method [23] the vast majority of available dioxin data re-
ported in the literature have been analyzed for the 17 2,3,7,8-substituted PCDD/
Fs.

2. PCDD and PCDF in Technical Pentachlorophenol

There have been a few studies that have reported concentrations of the 17 2,3,7,8
substituted PCDD/F congeners in technical PCP product [9] [24] [25] [26]. Un-
fortunately, these analyses of dioxins in PCP were conducted more than 20 years
ago, and there are issues with some congeners reported below method detection
limits (non-detects). In terms of numbers of non-detects, the best of these was a
1987 study by Hagenmaier and Brunner [9]. PCDD/F congener data were re-
ported for technical PCP products from two different manufacturers. But by the
standard of current PCDD/F analytical methods, these data have some issues: 1)
five of the 17 congeners were reported below detection limits; and 2) coelutions
were reported for the two pentachlorinated CDFs. The congener profiles for
these two samples is shown on Figure 2. On this and subsequent bar-graphs,
non-detects are indicated with a “U” qualifier at the top of the bar, coeluting
peaks with a “C” qualifier. The chemical characteristic that is most striking on
this figure is the dominance of OCDD, which is greater than 70% of the sum the
17 variables. This OCDD dominance in PCP congener profiles has been noted
by others and is the primary reason for studies that have concluded that that
PCP profile is similar to other source patterns [20] [21] [22].

Plotting these bar-graphs using a linear y-axis scale shows the obvious do-
minance of OCDD, and the secondary levels of OCDF and hepta-chlorinated
congeners. It provides little insight however, into any differences in relative
concentrations of tetra, penta and hexa chlorinated CDD/Fs. These lower chlo-

rinated congeners all look to be essentially at or near the zero line on the y-axis.
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Figure 2. Pentachlorophenol congener profiles (bar-graphs) for two PCP products reported by Hagenmaier and Brunner (1987)
[9] plotted with a linear y-scale. TEQ calculated using WHO 2005 TEFs [10]. “U” indicates non-detect. “C” indicates coeluting

analyte.

To the extent that there is anything diagnostic in the lower chlorinated congen-
ers, it is not visible on bar-graph with a linear-scale y-axis.

Figure 3 shows bar-graphs for the same two PCP samples/profiles, except that
they are plotted with a log scale y-axis. On the log-scale graph, it is apparent that
there is a great deal of contrast within the lower chlorinated congeners. The
HxCDDs and HxCDFs (hexa-chlorinated congeners) while orders of magnitude
lower in concentration than OCDD and OCDF, are orders of magnitude higher
than tetra and penta dioxins and furans.

Figure 4 shows the congener profile for one of the two technical PCP samples
discussed above in comparison to the congener profiles from other PCP im-
pacted media (sediment [12], soil [14], PCP treated railway ties wood [27], and
PCP treated utility poles [28]). All of these profiles exhibit a similar pattern, with
the relative concentration of both PCDD and PCDF congeners increasing by one
to two orders of magnitude as a function of degree of chlorination. This makes
sense when viewed in context of impurities reported in technical PCP, and the
chemical reactions that produce PCDD/F in PCP production (Figure 1). NTP
(1989) [1] reported lower chlorinated chlorophenol impurities in commercial
pentachlorophenol samples, such that tetrachlorophenol > trichlorophenol >
dichlorophenol. If these lower chlorinated phenol impurities substitute for PCP
in the chemical reactions shown in Figure 1 (and in similar proportions to their
relative concentrations in technical PCP), it is logical that levels of tetra, penta,
hexa and hepta PCDD/F would exhibit increasing concentrations in PCP as a
function of degree of chlorination.

Note also on Figure 3 and Figure 4 that within the hexa-chlorinated diben-
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Figure 3. Pentachlorophenol congener profiles (bar-graphs) for two PCP products reported by Hagenmaier and Brunner (1987)
[9] plotted with a log y-scale. TEQ calculated using WHO 2005 TEFs [10]. “U” qualifier and gray shading indicates non-detect.

“C” indicates coeluting analyte.

zofurans, 1,2,3,4,7,8-HxCDF (fourth bar from the left) is consistently the high-
est. This is typical of PCP related congener profiles. For purposes of this graphic,
I have taken one sample from each of these studies. But this characteristic PCP
pattern is consistent for the majority of PCP impacted samples from the litera-
ture that I have reviewed.

There are however exceptions. A study by Masunaga et al [29] reported con-
centrations of 17-2,3,7,8 PCDD/F congeners in four Japanese PCP samples. The
samples were typical in that they were dominated by OCDD (with secondary
HpCDD, OCDF, and HpCDF) but for the lower chlorinated congener, the order
of magnitude increase in concentration as a function of degree of chlorination
was not observed. The reason the Japanese samples differ is not clear. Given that
the majority of available data are from North America and Europe, it may be due
to different pentachlorophenol production methods for Japanese formulations.
Another exception to the typical pattern was noted in a 2010 study by Tondeur,
et al, [30] who reported the average concentrations PCDD/F congeners from 20
PCP samples. In this study, the order of magnitude differences in concentration,
as a function of degree of chlorination were as described here for the typical PCP
pattern. However, OCDF (69% of XPCDD/F) was the dominant reported con-
gener in their average PCP pattern, not OCDD (23%).

3. Graphical and Numerical Comparison of PCP Congener
Profiles to Other Sources

Previous studies have suggested that the congener profile of PCP is similar to
those from a number of other sources. Cleverly, et al [22] reported similarities
to diesel truck emissions, unleaded gasoline vehicle emissions, and industrial

wood combustion, citing the dominance of OCDD in observed on linear scale
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Figure 4. PCP congener profiles reported in various media (technical PCP product, soil, sediment, and treated wood).

bar-graphs. Hagenmaier, et al [21] reported that PCP was similar to sewage
sludge and atmospheric deposition, also pointing to the dominance of OCDD
(typically 70% - 90% of the sum of 17 2,3,7,8 substituted congeners in PCP) as
the key chemical characteristic leading to that conclusion.

Figure 5 shows a PCP impacted soil sample (top panel) in comparison to
congener profiles from each these five other source categories, with a log-scale
y-axis. If one focuses on the relative proportion of OCDD, the congener patterns
are indeed similar. OCDD is the most abundant PCDD/F congener in each.

The similarity between the six congener profiles shown on Figure 5 is also
evident when quantified using a numerical similarity metric (Table 1). Correla-
tion coefficients calculated between PCP and the other five congener profiles
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Figure 5. Congener profile of PCP impacted soil sample (top panel) in comparison to profiles from five other source categories
which have been suggested in the literature to be similar to PCP. Data from [14] [26] [31] [32] [33] [34] [35].

shown on Figure 5 range from 0.90 to 1.0. That is because this metric applied to
raw concentration data is strongly leveraged by OCDD which, in all of these
samples, is much higher in concentration than any other congener. Not coinci-
dentally, the sample with the lowest percent-OCDD (industrial wood combus-
tion: OCDD = 36%) is the sample with the lowest correlation coefficient (0.90)
when compared to PCP (Figure 5). One strategy that would allow the lower
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Table 1. Pearson correlation coefficients calculated between PCDD/F source category
patterns shown on Figure 5.

Indust.
Source Category PCP Sewage  Particulate neus P Diesel Unl. Gas
00
(Figure 5) Sludge  Depostion Combust. Emissions  Emissions
PCP 1.00
Sewage Sludge 0.99 1.00
Particulate Depostion 0.99 1.00 1.00
Industrial Wood
. 0.90 0.89 0.91 1.00
Combustion
Diesel Emissions 0.99 0.97 0.97 0.88 1.00
Unleaded Gas
. 1.00 1.00 1.00 0.92 0.97 1.00
Emissions

concentration congeners to have greater weight (and therefore allow greater
contrast between PCP and non-PCP profiles) would be to log-transform the data
prior to calculation of the correlation coefficient.

Another approach would be to use an alternative similarity metric. The Spear-
man correlation coefficientis based on correlation of the ranks of the 17 congen-
er concentrations in each sample (Table 2). Like a log-transformation, this al-
lows the lower concentrations congeners to have more weight. As such, the dis-
similarity between PCP and other sources (that do not exhibit the order of mag-
nitude differences in concentrations as a function of degree of chlorination) is
better reflected by the lower Spearman similarity metrics (Table 2).

This is not meant to suggest that Spearman (or non-parametric statistical me-
thods in general) are necessarily preferable for forensics applications. Rather, the
Spearman metric is more effective in this particular instance, because by per-
forming the correlation calculation on ranks (rather than raw concentrations)
the lower concentration analytes are allowed to have more weight, and is there-
fore more effective in illustrating the contrast between PCP and other OCDD
dominated congener profiles. An equally viable approach would be to use data
transformations prior to the calculation of the Pearson correlation coefficients.
Transformations such as log and/or autoscale (i.e. mean-center and scale) would
allow the lower concentration congeners to have greater weight, and would
therefore show greater contrast between OCDD-dominated PCP and non-PCP
profiles. An illustration of the effectiveness of such transformations will be
shown in the PCA application that follows [36].

4. Implications for Multivariate Statistical Analysis

The dominance of OCDD in these congener profiles has equally important im-
plications for multivariate statistical analysis. Procedures such as principal
components analysis (PCA) are variance-driven, and there is usually a strong
relationship between the mean value of an analyte and its variance. To allow
lower concentration variables to have equal weight in a PCA, it is often necessary

to perform a log-transform and/or “homogeneity of variance” transformation
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Table 2. Spearman rank correlation coefficients calculated between PCDD/F source cat-
egory patterns shown on Figure 5.

. Indust. .
Source Category PCP Sewage  Particulate Wood Diesel Unl. Gas
Figure 5 Sludge Depostion Emissions Emissions
(Figure 5) uas P Combust.
PCP 1.00
Sewage Sludge 0.72 1.00
Particulate Depostion 0.52 0.68 1.00
Industrial Wood
N 0.43 0.54 0.82 1.00
Combustion
Diesel Emissions 0.79 0.79 0.70 0.45 1.00
Unleaded Gas
e 0.56 0.62 0.91 0.82 0.71 1.00
Emissions

prior to the analysis [36]. PCA was run on a data set with 2,3,7,8-PCDD/F data
from samples taken from four typical OCDD-dominated source categories dis-
cussed within this paper (PCP, diesel emissions, sewages sludge and particulate
deposition). For the PCA scores plot shown in the upper panel of Figure 6, the
data were normalized to percent of total PCDD/F concentration. Samples from
all four source categories plot in close proximity to each other, suggesting that
these profiles are similar. This is because with only percent transformation, high
proportions of OCDD dominate the analysis.

In the second panel on Figure 6, the data have been sample-normalized (per-
cent), then log-transformed, then autoscaled (mean-centering across variables,
followed by division by the standard deviation). These transformations have the
effect to giving the low concentration congeners more weight in the analysis
[36], and as a result, there is clear separation of the PCP related samples from
the other OCDD dominated source categories.

In addition to PCA, it is instructive to look at this data set in terms of numer-
ical similarity metrics discussed earlier. Table 3 shows the Spearman coefficients
for the 35 samples used for the two PCA runs shown on Figure 6. All PCP sam-
ples have Spearman values > 0.92; none of the samples from the other source
categories have a Spearman value > 0.86, with respect to PCP. Most are less than
0.65.

5. Discussion

The dominance of OCDD in Pentachlorophenol is such that the typical PCP
congener profile is similar to those from sewage sludge, atmospheric deposition,
and some combustion sources, in that all of these source categories typically ex-
hibit a predominant OCDD pattern. However, PCP can be readily distinguished
from the congener profiles of these other sources. The diagnostic part of the PCP
profile lies within the order of magnitude lower concentration tetra, penta and
hexa PCDD/Fs. 2,3,7,8-TCDD and 2,3,7,8-TCDF are present in PCP impacted

samples. For both dioxins and furans in PCP, congeners with 8 chlorines are
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(percent-transform). Data for the second PCA (bottom panel) were transformed by percent, followed by a log transform, followed

by mean-center/scaling (autoscale). Data were compiled from [14] [27] [28] [31] [32] [33] [34].

Figure 6. Scores plots from two PCA runs of a 17 PCDD/F congener data set with samples from four different source categories:
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Table 3. Spearman rank correlation coefficients calculated between PCDD/F samples used in PCA (Figure 6).

Source Category/Sample [citation] PCP-01 PCP-02 PCP-03 PCP-04 PCP-05 PCP-06 PCP-07 PCP-08 PCP-09 PCP-10
PCP-01 Soil S-5 [14] 1.00 0.99 0.99 0.93 0.96 0.95 0.95 0.99 0.99 0.96
PCP-02 Soil S-9 [14] 0.99 1.00 0.99 0.95 0.97 0.95 0.96 1.00 1.00 0.97
PCP-03 Soil S-3 [14] 0.99 0.99 1.00 0.94 0.96 0.95 0.96 0.98 0.99 0.97
PCP-04 Railway Tie DS00000417 [27] 0.93 0.95 0.94 1.00 0.99 0.95 0.95 0.95 0.95 0.92
PCP-05 Railway Tie DS00000418 [27] 0.96 0.97 0.96 0.99 1.00 0.97 0.96 0.97 0.98 0.95
PCP-05 Power Pole DM00000422 [27] 0.95 0.95 0.95 0.95 0.97 1.00 1.00 0.95 0.96 0.95
PCP-06 Power Pole RA00000422 [27] 0.95 0.96 0.96 0.95 0.96 1.00 1.00 0.96 0.96 0.96

PCP-07 Power Pole 1 yr after treatment [28] 0.99 1.00 0.98 0.95 0.97 0.95 0.96 1.00 1.00 0.98
PCP-08 Power Pole 4 yrs after treatment [28] 0.99 1.00 0.99 0.95 0.98 0.96 0.96 1.00 1.00 0.98
PCP-09 Power Pole 11 yrs after treatment [28] 0.96 0.97 0.97 0.92 0.95 0.95 0.96 0.98 0.98 1.00

Diesel Emissions 6 [34] 0.47 0.53 0.48 0.63 0.57 0.53 0.53 0.54 0.52 0.50
Diesel Emissions 9 [34] 0.64 0.68 0.62 0.69 0.68 0.63 0.63 0.68 0.69 0.66
Diesel Emissions 5 [34] 0.60 0.65 0.58 0.64 0.64 0.53 0.54 0.65 0.65 0.59
Diesel Emissions 3 [34] 0.46 0.50 0.45 0.60 0.56 0.51 0.51 0.51 0.50 0.51
Diesel Emissions 8 [34] 0.65 0.68 0.65 0.70 0.67 0.65 0.64 0.65 0.66 0.60
Diesel Emissions 10 [34] 0.79 0.79 0.79 0.74 0.77 0.73 0.72 0.76 0.79 0.73
Sewage Sludge A [31] 0.67 0.71 0.65 0.71 0.69 0.73 0.71 0.68 0.69 0.67
Sewage Sludge B [31] 0.72 0.74 0.70 0.67 0.67 0.66 0.64 0.70 0.71 0.62
Sewage Sludge E [31] 0.71 0.74 0.69 0.72 0.70 0.71 0.69 0.71 0.71 0.65
Sewage Sludge G [31] 0.72 0.74 0.69 0.70 0.69 0.68 0.66 0.72 0.72 0.65
Sewage Sludge H [31] 0.69 0.71 0.68 0.67 0.67 0.69 0.68 0.69 0.69 0.65
Sewage Sludge K [31] 0.65 0.68 0.64 0.73 0.69 0.64 0.63 0.65 0.65 0.59
Sewage Sludge L [31] 0.82 0.84 0.82 0.85 0.84 0.86 0.85 0.82 0.82 0.80
Sewage Sludge N [31] 0.63 0.67 0.61 0.67 0.65 0.57 0.55 0.64 0.65 0.56
Deposition-Hornisgrinde 10/92 [32] [33] 0.42 0.46 0.44 0.56 0.50 0.43 0.43 0.44 0.44 0.40

Deposition-KA-Eggenstein 10/92-11/92 [32] [33]  0.45 0.49 0.45 0.57 0.52 0.47 0.47 0.48 0.47 0.40
Deposition-KA-Eggenstein 11/92-12/92 [32] [33]  0.64 0.67 0.65 0.71 0.67 0.67 0.66 0.63 0.64 0.60
Deposition-Goldscheuer 3/92-4/92 [32] [33] 0.62 0.67 0.63 0.71 0.66 0.64 0.63 0.65 0.64 0.61
Deposition-Waiblingen 11/92-12/92 [32] [33] 0.65 0.67 0.67 0.70 0.65 0.67 0.66 0.63 0.63 0.60

Deposition-Karlsruhe-Mitte 10/92-11/92 [32]
(33]
Deposition-Pforzheim-Mitte 4/92-6/92 [32] [33]  0.52 0.57 0.54 0.66 0.60 0.52 0.51 0.55 0.54 0.47

0.53 0.57 0.53 0.65 0.59 0.58 0.56 0.53 0.54 0.48

Deposition-Pforzheim-Mitte 6/92-7/92 [32] [33]  0.53 0.59 0.53 0.71 0.65 0.58 0.57 0.57 0.55 0.52

Deposition-Karlsruhe Vogesenbrucke

0.46 0.50 0.47 0.60 0.54 0.46 0.46 0.49 0.48 0.42
10/92-11/92 [32] [33]

Deposition-Stuttgart 3/92-4/92 [33] 0.59 0.64 0.60 0.73 0.66 0.62 0.62 0.62 0.62 0.57

Deposition-Stuttgart 6/92-7/92 [33] 0.44 0.49 0.44 0.61 0.55 0.50 0.48 0.46 0.45 0.41

most abundant, followed in turn by hepta, hexa, penta and tetra chlorinated
congeners at progressively order-of-magnitude lower concentrations. This dis-
tinctive part of the PCP pattern is subtle, but is observed in PCP related con-
gener profiles from multiple studies. The distinctive part of the congener pattern
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is within congeners that are orders of magnitude lower in concentration than
OCDD, which has implications for the analytical methods necessary to recognize
it. Very low detection limits are required. If for example, OCDD is present in a
PCP impacted sample at 10,000 ng/kg, one will need to employ an analytical
method with detection limits in the 0.5 to 5 ng/kg range in order to detect levels
of tetra chlorinated congeners necessary to distinguish that congener profile
from non-PCP, OCDD dominated patterns. Twenty years ago (when studies
suggesting that PCP had a congener profile similar to other sources was pub-
lished) such low detection limits were uncommon. Today, they are routine.

Distinguishing this PCP congener profile also requires careful consideration
of data visualization methods. Because the diagnostic lower chlorinated dioxin
furans make up less than 1% of the total PCDD/F in PCP, it is very difficult to
distinguish PCP from other OCDD dominated source patterns by inspection of
bar-graphs with a linear y axis. Using a log-scale y axis, however, PCP profiles
are obvious, and are not easily confused with those from other sources. In mul-
tivariate statistical analysis, the data transformations used prior to the analysis
are crucial. Without proper normalization/scaling, the dominance of OCDD in
different source patterns may drive the analysis and create an apparent similarity
of samples on a scores plot. Because OCDD is often the dominant congener in
PCDD/F data sets, a “homogeneity of variance” transformation, such as an au-
toscale, is highly recommended for multivariate analysis of PCDD/F congener
data [36].
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