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Abstract

The total petrol hydrocarbon (TPH) content in soil is determined by gas chromatographic separation and flame ionisation
detection according to ISO 16703 in routine laboratories for about 20 years. The development of the interlaboratory variability
observed with this analytical procedure over 15 years in a proficiency testing scheme conducted annually with more than 170
participants is evaluated in detail. A significant improvement of the reproducibility standard deviation among participants
is observed over the years and attributed to an increasing familiarity with the procedure. Nevertheless, the determination
of TPH in the environmentally relevant mass fraction range between 500 mg/kg and 10 000 mg/kg in soils or sediments is
far from reaching the reproducibility standard deviations predicted by the Horwitz curve. It is seen that laboratories with
sporadic participation tend to report higher bias, while a core group of laboratories participating on a regular basis arrived
at reproducibility standard deviations below 20 %. Results from a given laboratory obtained on two different samples tend
to be highly correlated in the same PT round indicating a sound repeatability. Expectedly, the within-laboratory correlation
between results from consecutive rounds was considerably lower. However, results from consecutive rounds with a temporal
distance of 1, 2 or 3 years revealed largely similar correlations which suggests that the within-laboratory reproducibility
adjusts to a constant level at least after a period of 1 year.

Keywords ISO 16703 - Gas chromatography - Flame ionisation detection - Soil - Interlaboratory comparison -
Reproducibility

Introduction

Interlaboratory comparisons are an important tool for the
external assessment of the proficiency of routine laborato-
ries and are operated in nearly all areas of analytical chem-
istry [1-3]. Successful participation in proficiency testing
(PT) schemes is often a prerequisite to obtain or maintain
accreditation for a respective field of analysis or may be
part of a contractor selection for a specific task. Most PT
schemes provide interlaboratory comparison rounds on a
given matrix/analyte combination and on a repetitive basis,
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while the respective intervals between rounds may differ
largely between schemes. Especially in cases with larger
intervals between rounds, an idea about the persistence of
the performance over consecutive rounds should be helpful
for interval planning.

The objectives of this paper are:

e to look at the development of the reproducibility among
laboratories in successive rounds of a major PT scheme
hosting a large number of participants. Is there a signifi-
cant development towards smaller reproducibility stand-
ard deviations in consecutive interlaboratory comparison
rounds?

e to see whether there is a tendency for a given labora-
tory to similarly perform on different samples within one
round and over consecutive rounds and if so, how long
does such a tendency last?

e to define whether there are groups of participants with
constantly better or worse performance than would be
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expected by a random distribution of laboratory results
within each round and how large these groups are.

Especially, the questions concerning the improvement
of reproducibility over consecutive rounds and the mainte-
nance of the performance level of a given laboratory are best
investigated with analytes that have been adopted by routine
laboratories only relatively recently.

Thus, the determination of total petrol hydrocarbons
(TPHs) in soil using gas chromatography—flame ionisa-
tion detection (GC-FID) was chosen as the method/analyte
combination. Apparently, up to the date, nothing has been
reported regarding interlaboratory comparisons for this ana-
lyte except an early report on preliminary experiences [4].

Background of the PT scheme

The proficiency testing scheme “Contaminated Sites” is
operated by BAM since 1996 [4] and covers a range of
organic and inorganic trace analytes relevant on contami-
nated sites with a historic industrial or military background.
The scheme aims at routine laboratories seeking accredita-
tion. Apart from aqua regia extractable heavy metals, poly-
cyclic aromatic hydrocarbons, polychlorinated biphenyls,
chlorinated pesticides, adsorbable organically bound halo-
gens (AOX) [5] and total cyanides, it routinely included the
sum parameter total petrol hydrocarbons, one of the most
often encountered pollutants on sites with a history of mili-
tary use. Its determination according to ISO 16703 [6] pre-
scribes the summary quantitation of hydrocarbons after a
specified extraction and clean-up procedure followed by GC-
FID and summary integration of the peaks within the reten-
tion time range between decane (C,,) and tetracontane (C,).
ISO 16703 and its preceding documents were introduced
to routine environmental analysis since the late 1990s as a
substitute for the abandoned infrared spectroscopic method
ISO/TR11046 [7] because the latter was based on the use of
meanwhile banned halogenated solvents. The PT scheme is
conducted following the rules laid down in ISO/IEC 17043
[8], ISO 13528 [9], and DIN 38402-45 [10].

Organisation of the scheme and preparation
of the test samples

Laboratories seeking accreditation for trace analysis on
contaminated sites were invited and took part mostly on a
repetitive basis, while a certain fluctuation occurred. Test
samples were prepared from real-case soils or freshwater
sediments collected on various sites with a reported history
of contamination dating back for decades. Fortification was
only done in one case where a wet farmland soil was spiked
with commercial diesel fuel, homogenised, air-dried and
then stored for two years in the dark at outside temperatures
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until further processed as outlined in the following for all
starting materials. Bulk soils or freshwater sediments taken
from the field were air-dried to constant weight, and por-
tions above 250 um were removed by sieving. Further
sieve fractionising yielded optionally fractions <63 um,
63 um — 125 pym and 125 pm — 250 um. Sieving fractions
with a suitable TPH content were homogenised using a drum
hoop mixer. In some cases, fractions with similar particle
size ranges and bulk densities were blended to adjust a
desired level of TPH content. A material with defined parti-
cle size range, bulk density and homogeneous TPH content
was used as test material. At least three test materials dis-
playing different TPH contents were bottled for each round
with a spinning riffler and using a system of partitioning
and back-mixing [11]. A typical test material consisted of
80—160 units of a constant mass in the range between 50 g
and 80 g of soil or sediment bottled per unit. Different test
materials intended for the same PT round contained simi-
lar masses per unit. Directly after bottling, test materials
were stored at —20 °C until shipment to the participants.
The homogeneity of the TPH content was tested on selected
units of each test material, and the acceptance criterion from
ISO 13528 was prerequisite for use in the PT scheme. From
both own and literature experience [11], it is known that
under the applied storage conditions TPH in dry soils or
sediments are stable within time spans much longer than
those elapsing from preparation of the material until collec-
tion of results from all PT participants. However, long-term
storage over years may reveal a certain TPH degradation.
For a report including considerations on this issue, see [11].
For a PT, this effect is fully negligible. The determination of
TPH content as a sum parameter and complicated measurand
involves extraction, clean-up, flame ionisation detection of
the hydrocarbons, and integration in the pre-defined range
for TPH as laid down in ISO 16703 as the stated reference.
Each participant received two test items which came
always from two different test materials displaying differ-
ent concentration levels. At least three different test materi-
als were used to avoid consultation of participants on the
results during the interlaboratory comparison period. Also
for this reason participants were asked to report results of a
duplicate determination on each sample within 20 days after
delivery. Data received from the participants were handled
anonymously. Statistical evaluation of results and assess-
ment of participant proficiency were carried out according
to DIN 38402-45 [10] using the Hampel estimator and the
g-estimator [12] as robust estimates of the average X and
reproducibility standard deviation si. The average X was
taken as assigned value X, for the proficiency assessment
along with the standard deviation for proficiency assessment
6 selected by perception according to ISO 13528. The pro-
ficiency assessment of each participant was based on the
asymmetric z,-scores according to DIN 38402-45 [13].
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Over the rounds assessment of the PT scheme
results

Since the PT scheme was open to all laboratories willing to
participate, any given PT round may include participants
with little experience leading, in some cases, to biased
results that do not represent the actual scatter of results
among laboratories reasonably familiar with the method.
This required a certain policy of restrictions made on the
full data set in order to arrive at realistic reproducibility
estimates. One option is to use robust statistics to eliminate
the effect of outlying observations, and the alternative is
to exclude laboratories with few and irregular participation
over the rounds. Both options should produce data sets that
represent best estimates of the interlaboratory scatter at the
respective point in time.

For the assessment of the PT scheme, the following ques-
tions have to be answered:

e Do participating laboratories experience an improvement
of their skills (local improvement)?

e Can it be proven that after a longer period of participa-
tion, the overall performance of laboratories is increasing
(global improvement)?

e [s there a number of laboratories performing (on average)
better than the rest?

e Does a successful participation in one round of a PT
guarantee similar performance in the future?

Fig.1 Coefficients of variation 70
(CV) over TPH content C from
PT rounds before and after 2004
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For answering these questions, one would consider from
a statistical point of view

e aregression for certain (long-term participating) labora-
tories of their accuracy

e plots of biases versus precision for different time periods,
and the development of the total variability over the time
of running the scheme

e ttest and F-test (shrinking to core laboratories)

e the correlation coefficient between the performance
attained at a certain instance in time and the one attained
one or two PT rounds later.

Results and discussion
General overview

Figure 1 shows the development of the overall performance
data on TPH. Relative between-laboratory reproducibilities
Sgrel i %, also known as coefficients of variation CV, are
presented for each test materials in terms of robust g-esti-
mators [12]. The individual data can be found in the sup-
plementary Table S1.

The naked eye suggests a strong improvement of robust
sy after the initial years until 2004. This may be attributed
to the growing experience acquired in the laboratories. It
can also be seen that after the period until 2013 (assessed
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in more detail in the following) no significant further
improvement became evident. Similar rapid improve-
ments in the initial rounds of PT have been reported for
blood [14] and olive oil analysis [15]. Figure 1 displays
for comparison the relative sy as observed for aqua regia
extractable metals (As, Cr, Cu Hg, Ni, Pb, Zn) in the
same PT scheme. It is seen that the metals follow, in good
agreement, the prediction of the Horwitz curve [16] that
provides a benchmark for the interlaboratory variability
valid for many matrix/analyte combinations. Clearly, the
analyte TPH does not follow this rule and the current
state outlined in this report does not suggest that this will
change in the future. It should be noted that the alterna-
tive TPH quantification using IR spectrometry [7] and
withdrawn because of the use of a banned fluorochloro-
hydrocarbon as extraction solvent did follow the Horwitz
prediction [4].

Correlation of within-laboratory results
over the rounds

In order to assess whether laboratories tend to retain their
performance level over the rounds, the correlation of
results from within the rounds was compared with results
obtained by the same laboratories in consecutive rounds
with intervals of one, two, and three years. Thus, the TPH
results were sorted such that all data reported by the same
group of participants on two specific test materials could
be associated with the respective Pearson’s correlation
coefficients. Then, the correlations of any participant sub-
group on two given test materials within the rounds and
between consecutive rounds may be obtained. This prin-
ciple is clarified in the supplementary information along
with the test of correlations for significance. The synopsis
in Fig. 2 reveals a strong correlation of laboratory results
within one round, while the number of significant correla-
tions (p < 0.05) over consecutive rounds is much smaller
and independent of the interval between rounds (one, two
or three years). This suggests that the correlation between
independent results obtained on two different test sam-
ples at different points in time is reduced already after one
year to a level that does not decrease further with longer
intervals.

This finding should not to be confused with observa-
tions that either the reproducibility among laboratories did
not improve with the increase in PT round frequency [17]
or the reproducibility among laboratories improved over
time in other cases [18, 19] including the scheme reported
here. The reproducibility among laboratories may improve
over consecutive rounds regardless if individual laboratory

@ Springer

results in terms of bias from the respective averages tend
to display a certain correlation over the rounds or not.

The performance of the participants
over consecutive rounds

Performance evaluation of the participants was (mainly)
conducted on the basis of the Q score which is

Q = (xlab - Xref) /Xref

expressed in per cent. With widely varying data distribu-
tions, it may be assumed that the Q score is normally dis-
tributed. The above-mentioned synopsis already revealed an
improvement of compatibility of results from participants
over the rounds. However, the robust evaluation procedure
is designed to minimise the impact of outlying results and
tends to provide best si estimates for the likely “outlier-
free” data sets. Furthermore, only the respective participants
including those without regular attendance contribute to the
s estimates. In order to assess the results obtained by labo-
ratories with a repeated participation over the rounds, the
data from laboratories with less than three participations
were excluded. Thus, the total number of 351 laboratories
having participated in the scheme occasionally was reduced
to 151 regular participants which indeed participated at least
three times. Figure 3 displays the average mean Q score
and the standard deviation of the attained Q scores of the
selected laboratories, assessed over their individual time of
participation in the PT scheme. Figure 4 depicts the rela-
tive standard deviation over the bias of the arithmetic mean
from the reference value for the named laboratories. The
reference value was always the robust consensus mean of
all laboratories having analysed the respective test material.
Obviously, the reproducibility among this truncated group
increased with time and interestingly the bias between refer-
ence value derived from all participants and the arithmetic
mean of this group diminished with time. This is consistent
with the concept that even seldom participating laboratories
tend to arrive on average at the arithmetic mean of the more
regular participants. Figure 5 depicts the average standard
deviation observed among the regular participants in the
respective round.

The latter leads to a slow but constant improvement of
performance (at least improved reproducibility) as can be
seen from the graph, depicting the performance of 22 labo-
ratories constantly participating in the PT scheme, as shown
in Fig. 6. The envelope describing the reduction in the
between-laboratory variability (or reproducibility accord-
ing to ISO 5725-2) is constantly decreasing over the time
of participation, approximating the attainable precision and
trueness of the method itself.
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Fig.2 Correlation within a round (upper left) and between one, two
and three consecutive rounds (clockwise). Each data point represents
the correlation of results obtained on two different test materials by

Within this group, some of the laboratories perform bet-
ter or even much better than the rest, and Fig. 6 visualises
three of those. Regression coefficients, slope uncertainty,
residual scatter and the significance level of the regression
for the three laboratories highlighted in Fig. 6 are listed in
Table 1. Note that the regressions in Table 1 span 15 years
and a minimum of 10 participations within the period of
interest. While laboratories 009 and 052 reveal no trends
and, on average, remain at the same slight bias of 5 % at
maximum, laboratory 010 started from a quite high bias
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the same group pf laboratories. The y-axis represents the TPH mass
fraction ratio of the respective two test materials

(see intercept) reducing, over time, to some 7 %-8 % (see
the negative slope). All laboratories are “true in itself”,
i.e. reveal a long-term reproducibility much better than
even the full core of the longer-participating laboratories.
Reproducibilities of the named laboratories are within the
range of 7.5 % to 10 %, significantly better than the 20 %
for the core group of regular participants, let alone ran-
domly involved participants. However, also an excellent in
the long-term run laboratory cannot fully avoid occasional
underperformances.
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Standard deviation of Q scores

Mean Q score

Fig.3 Average mean Q score and the standard deviation of the
attained Q scores of 174 selected laboratories, assessed over their
individual time of participation in the PT scheme

Conclusions

The determination of TPH in soils and sediments experi-
enced an improving degree of equivalence among routine
laboratories since its implementation about 20 years ago.
The demonstrable improvement in method domination is
largely due to fact that this analytical procedure was intro-
duced in routine laboratories as exchange for the banned
chlorofluorocarbon-based IR spectroscopic procedure only
at the beginning of the time covered by this report. In this
case, the increasing degree of equivalence among labora-
tories occurring over the first years of wider application
among routine laboratories, and a subsequent approximation
towards the maximum attainable performance of the method
could be observed. The reproducibility standard deviations
at around 20 % for TPH appear to represent state of the art.
However, the Horwitz model which provides a sound esti-
mate for the coefficient of variation for many matrix/analyte
combinations [14] does not apply even after the transition
period. It should be assumed that the substantial complex-
ity of the analytical procedure and the relatively high LOD
of several hundred mg/kg led to this discrepancy. There are
obviously a group of laboratories that reported constantly
lower variability of results, significantly better than the rest,
and better than expected from the corresponding distribution
attained in the year of execution. Such groups form on a long
basis of participation in PTs and corresponding, ongoing

Fig.4 Mean Q score and

the standard deviation of the
attained Q scores per PT round
and level, averaged over the
actual number of participants
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Fig.5 Distance from the origin of the data points in Fig. 4, represent-
ing both the variability and the average bias of data attained in a PT
round, by year. The fit is third-order polynomial and for illustration
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Fig.6 Performance develop- 0.8 -
ment of laboratories participat-
ing between 9 and 12 times,
over the years (x axis). The
measure of performance is the
Q score attained by the labora-
tory in the corresponding PT
round, and selected laboratories 0.4
performing better than the rest

Q score

Table 1 Regression parameters for three of the well-performing labo-
ratories

Laboratory Intercept  Slope u (slope) Residual p value
scatter

L009 —0.05174 0.000 05 0.00795 0.098 97 0.995

LO10 0.33537 —-0.02370 0.005 67 0.082 05 0.002

L052 0.02297 —0.00588 0.00551 0.074 33 0.308

application of the method under discussion. Although it has
been found that routine laboratories establish their “per-
sonal” performance profile after a period of time of one
to two years, a membership in a better-than-the rest group
requires long-term experience and constant quality assur-
ance measures. Groups with documented repeatedly greater
equivalence may be employed for defining reference values,
for example, for PT rounds or certification of reference mate-
rials. Apart from the general concept of external proof of
proficiency, PT remains on ongoing task, because punctual
outliers may occur also in excellent laboratories and strongly
deviating results are more likely with laboratories not par-
ticipating on a regular basis.
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