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Measurement uncertainty is a required parameter to assure the reliability of analytical results because many
management decisions (scientific, technical, regulatory, and economical) are based on the results of analytical
processes. Moreover, since ISO 17025 accreditation requirements specify protocols for estimating uncertainty
in measurements, the community of the analytical laboratories had to start reporting their results with the cor-
responding associated uncertainty. Several approaches have been reported for estimating uncertainty, although
the evaluation of uncertainty from themethod accuracy assessment has the advantage to not require extra efforts
for the analysts. In-house reference materials are useful both to perform the validation studies and to estimate
the measurement uncertainty when certified reference materials are not available. In this study, we presented
a practical methodology to calculate the uncertainty of the analytical results when the accuracy assessment is
performed by using an in-house reference material developed to fit this purpose. For evaluating the suitability
of this approach,we applied it to the assessment of two extractionmethods for total PAHdetermination in indus-
trial sludges. The uncertainty budgets revealed that the uncertainty arising from subsampling gives decisive con-
tributions to the overall uncertainty (from18% to 69%), depending on the homogeneity in the sample preparation
process.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Hazardous waste management is a predominant issue in environ-
mental science research and policy. The physicochemical properties of
sludge wastes must be investigated in origin before their safe disposal
in order to determine their compliance with international, national or
regional regulations [1–3]. These current regulations require analytical
controls and periodic monitoring for some hazardous pollutants.
Besides polychlorinated biphenyls and chlorobenzenes, PAH are well
known class of priority hazardous organic pollutants [4,5]. In this
regard, the total PAH concentration in sewage sludge was recently lim-
ited inmanyMember States of the European Community [6]. Therefore,
the compliance of these regulations requires the availability of reliable
data for decision-making and thus adequate analytical methods with
well-established uncertainty estimates have to be applied for testing
laboratories. The evaluation of the uncertainty associatedwith the over-
all measurement process should be estimated and reported in order to
verify the “fit for purpose” of an analytical method and demonstrate
the quality of their results. This not only supports the reliability of the
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.

analytical performance of the laboratories, but also prevents the data
end-users from drawing misleading conclusions concerning the envi-
ronmental risk and potential need for remediation or waste disposal.

Over the years, several spectroscopic andnon-spectroscopicmethods
have been developed and standardized for the analysis of total PAH in
soil, sediments and waste materials. Most of these methods need two
pretreatment steps prior to the analytical determination: subsampling/
splitting of the laboratory sample with a consecutive processing step.
Sub-sampling is associated with the homogenization and splitting of
the analytical portion from the laboratory sample, and sample process-
ing involves extraction techniques followed by a clean-up procedure.
These pretreatment steps have associated their contribution of uncer-
tainty to the overall measurement uncertainty of the analytical process.
Different approaches to perform the evaluation of the measurement
uncertainty are described in the literature [7–10]. The approach pro-
posed by Maroto et al. takes advantage of the information generated in
assessing the accuracy of a given analytical procedure [10]. A common
practice in the analytical laboratories is the use of certified referencema-
terial (CRM), pure substances or by using other documented standards
to evaluate the accuracy of their results. However, when CRM are not
available (absence on the market, difficulty in acquiring) and the use of
pure calibrating substance is not appropriate because the matrix sample
is complex, it is possible to evaluate accuracy and measurement
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Table 1
Homogeneity of the IHRM.

Test Experimental value Critical value Result

Cochran 0.382 0.967 Pass
Analytical standard deviation 1.1 1.2 Pass
Homogeneity variance 2.92 7.72 Pass

Summary of the statistical results.
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uncertainty by using a suitable reference material produced in the labo-
ratory, usually denominated “in house reference materials”, IHRMs.
Scarce works have been reported in the literature concerning the pro-
duction of IHRMs. The National Measurement Office of the UK Govern-
ment published an official document that provides a guidance to
prepare IHRMs. However, the author remarks that this document does
not provide a full set of instructions [11].

The objectives of this study included: (a) development of an IHRM
for total PAH analysis in wastes, using the authentic matrix of routine
samples, and assessing the assigned value and its associated uncertainty
taking into account the preparation procedure, and the contributions of
the homogeneity and the stability to the overall uncertainty of the
IHRM, (b) evaluation of the suitability of the IHRM for assessing both
the accuracy and the measurement uncertainty of the results, obtained
bothwith a standard referencemethod aswell aswith a newdeveloped
extraction method, (c) evaluation of the uncertainty budget of the
total PAH analysis in waste samples taking into account the analyti-
cal procedure, the bias component and the pretreatment steps, and
(d) comparison of the uncertainty budget for both studied extraction
methods.

2. Experimental

2.1. Chemicals

All chemicals used were of analytical grade or better. The stan-
dard solution of chrysene (192.8 μg ml−1 in methylene chloride)
was supplied by Supelco (Bellefonte, PA, USA). Polyoxyethylene 10
lauryl ether (POLE, purity pPOLE ≥ 99%) was supplied by Sigma
(St. Louis, MO). Chrysene (purity pc N 95% AR grade) was obtained
from BDH Ltd. (Poole, UK). Triton® X-100 (purity pT ≥ 99%) and SDS
(purity pSDS ≥ 95%) were purchased fromMerck (Darmstadt, Germany)
and Anedra (Tigre, Argentina), respectively. For spectrofluorimetric anal-
ysis, hexane, acetone and methanol of spectrometric grade and water
purified with a Milli-Q system (Millipore, Bedford, MA) were used
throughout.

2.2. Samples

In order to ensure the representativeness of the matrix routine
samples, authentic wastewater sludge was collected from the effluent
channel in the Petrochemical Complex, Bahía Blanca, Argentina, with a
pre-conditioned stainless steel sampler, screened to remove foreign ob-
jects and placed into a dark polypropylene container previouslywashed
with methanol. Wet sample was immediately transferred to the re-
search laboratory to sieve and mix for preliminary homogenization,
and then allowed to settle to remove most of the occluded water. Wet
settled sample was preserved at 4 °C in the dark according to the inter-
national protocols (ASTM and EPA).

2.3. In house reference material production

2.3.1. Preparation procedure
The authentic sludge sample was dried at room temperature during

2 hours, homogenized again, and then dried during 12 hours at 80 °C
[12,13]. This preconditioned authentic material (PAM) was finally
homogenized at room temperature and then stored in the dark at
constant-humidity. Later, several sub-samples of the PAM were used
to prepare the in-house reference material (IHRM) following this
process: a) Two sub-samples of the PAM were analyzed in an ISO
17025-accredited laboratory for the determination of the native con-
centration of PAH by applying the EPA Method 3540 C (Soxhlet extrac-
tion) [14] and the EPAMethod 8310 (HPLC-UV) [15]. Certificates of such
analyses reported that 16 priority PAH were not detected (detection
limit, 0.1 mg kg−1) in both sub-samples of the PAM; b) another sub-
sample of the PAM (mPAM = 121.0011 g) was fortified with chrysene
(analytical-grade) and aged in a stationary mode for 1 month in order
to allow the analyte–matrix interactions [16]. Chrysene was selected
as the target analyte because of its known environmental and analytical
properties of concern and because is the target analyte used for calibra-
tion in the standard reference method and research works [12,17–20].
This fortification procedure was carried out according to the technique
described by Llompart et al [21], i.e.: this sub-sample of the PAM was
slurried with 200 mL of a hexane-acetone homogeneous solution
(1:1) of chrysene (0.96 × 10−4 M) and then allowed to air-dry with oc-
casional stirring at ambient temperature, protected from draught for 5
days, bottled and stored in a dry dark place at 4 °C. Themass of chrysene
(mchrysene = 0.0044 g) used for the preparation of the hexane-acetone
solution and the mass of the sub-sample of the PAM mPAM were mea-
sured on an analytical balance (Ohaus Pioneer PA214, Ohaus Corpora-
tion, Parsippany, NJ, USA) calibrated with a weight mass standard of
0.002 g nominal value (Class E2-OIML, manufactured by Dolz Hnos
SRL Argentina) and also with a weight mass standard of 100 g nominal
value (Class 1-ANSI/ASTM E617, manufactured by Troemner Inc.,
Philadelphia, USA).

2.3.2. Homogeneity and stability testing
The sufficient homogeneity of the IHRM, respect to the total con-

tent of PAH, was tested by using the approach proposed by Fearn and
Thompson [22]. The analyses of the IHRM were performed by tripli-
cate instead of duplicate, applying the official reference method [12].
Following the approach of these authors, three rapid tests were
applied to calculate statistical homogeneity experimental parame-
ters, which were compared with corresponding critical values,
i.e.: a) Cochran's criterion procedure to check data homoscedastic-
ity, outlier detection; b) precision of the used analytical method,
analytical standard deviation; and c) homogeneity test, between-
sample standard deviation. Results obtained in the analysis of ho-
mogeneity data were summarized in Table 1. As the critical values
were higher than the experimental values, the IHRM was considered
sufficiently homogeneous. On the other hand, it was concluded that
no instability could be demonstrated because of the assay results ob-
tained for the IHRM with the official reference method showed no sig-
nificant effects (p N 0.11) during the 30 days of the storage period of
the IHRM.

2.3.3. Calculation of assigned value and associated uncertainty
On the assumption there were no chrysene losses during stirring or

storage, the assigned value of the total PAH concentration in the IHRM
was assessed according to the preparation procedure and taking into ac-
count the purity pc of chrysene used, the mass mchrysene of the chrysene
measured, the massmPAM of the sub-sample of the PAMmeasured, the
buoyancy correction factor Buchrysene = 1.0008 for mchrysene and the
buoyancy correction factor BuPAM = 1.0006 for mPAM. The assigned
value cIHRM of the mass concentration of total PAH in the IHRM was
calculated by the following formula (1):

cIHRM ¼ mchrysene � pc�Buchrysene

mPAM : BuPAM

� �
� 106 ¼ 34:6mg kg−1 ð1Þ



Table 2
Factor levels in the screening design (23).

Factor Key Low (−) High (+)

Time (min) A 5 30
Surfactant concentration (10−3 M) B 0.1 100
Surfactant volume:amount of IHRM (ml/g) C 6.25 18.75
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Formula (1) enables also calculation of the standard uncertainty of the
assigned value cIHRM by applying the law of propagation of uncertainty to
this formula (1), i.e.:

uCIHRM

cIHRM
¼
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The standard uncertainties of the masses, umchrysene=0.0002 g and
umPAM=0.0004 g, were derived from: (i) precision experiments, (ii) cal-
ibration process of the balance at the nominal values of 0.002 g and
100 g of weight size, and (iii) balance drift due to both temperature
changes and between calibration events. Both uncertainties, umchrysene

and umPAM , included the respectively contributions of the tare and gross
measurements. The standard uncertainty of the purity upc=1% was de-
rived from the manufacturer's information. The uncertainties of the
buoyancy correction factors were neglected because the uncertainties
of the densities of the air, chrysene, PAM and weight reference stan-
dards were neglected. With this assumption and taking into account
the standard uncertainties of umchrysene , umPAM and upc , it is possible to cal-
culate the standard uncertainty uCIHRM by applying the formula 2. Then,
the obtained result of the standard uncertainty of the assigned value
was uCIHRM ¼2.03 mg kg−1.

The standard uncertainty of the homogeneity of the IHRM, uhom =
1.71mg kg−1, was taken as the square root of the homogeneity variance
presented in Table 1.

The standard uncertainty of the homogeneity and the standard un-
certainty of the assigned value were combined by taking the square
root of the sum of the squares; an additional component equal to the
homogeneity uncertainty was included to take account of any possible
instability of the IHRM. Thus, the combined uncertainty of the IHRM
was calculated according to this formula:

uIHRM combined½ � ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2
IHRM þ 2u2

hom

q
ð3Þ

The combined uncertainty was uIHRM combined½ � ¼ 3:2 mg kg−1 , with
νIHRM = 25 freedom degrees, estimated with the Welch–Satterthwaite
approach [23]. Then the assigned value of the total PAH content in the
IHRM and its expanded uncertainty were:

(cIHRM ± UIHRM) = (cIHRM � t 25; α
2ð Þ:uIHRM combined½ �) = (34.6 ± 6.6) mg

kg−1 at the level of confidence 0.95. This concentration level would be
useful to evaluate the international intervention level of 40.00 mg kg−1

for total PAH [24].

2.4. Evaluation of the suitability of the IHRM

2.4.1. Extraction procedures
Two extractive procedures were applied to study the suitability of

the IHRM: a) the standard procedure A (Soxhlet extraction) was per-
formed following the EPA Method 3540 C [14]. Samples of the IHRM
were weighed into pre-extracted and air-dried cellulose extraction
thimbles Whatman grade 603, and the loaded thimbles were inserted
into a preconditioned Soxhlet extractor with 150 mL of n-hexane-
acetone (1:1, v/v). Extractions were carried out during 24 h, resulting
in more than 100 extraction cycles. Finally, the raw extract was trans-
ferred into volumetric flasks, previously calibrated according to the
methodology described by Rius et al. [25]. An aliquot of 10 mL of each
one of these extracts was cleaned-up according to EPA Method 3650 B
[26] in order to check sample interferences in total PAH determination.
Finally these extracts were used for measuring the analytical signal of
fluorescence in order to estimate the total PAH content, according to
the international official method [12]; b) a non-standardized procedure
B (UAME) was carried out in an open rectangular ultrasonic bath (Cole
Parmer®, USA) with an operating power of 300 W at frequency of 40
Khz. The optimization of this UAME is described in the subsequent
sections. Portions of 0.2 g of the IHRM were accurately weighed and
sonicated during 25 min with 10 mL of POLE 0.050 M. After the extrac-
tion, the IHRMextracts were centrifuged at 2,500 rpmduring 3min and
filtered. Then, thesemicellar extracts were transferred quantitatively to
a volumetric vial and treated with 0.5 mL of 1.5 M HNO3, according to
the procedure described by Valcarcel et al. [16]. After that, themeasure-
ments of fluorescence of these micellar extracts were done by using a
modification of the international official method.

2.4.2. Experimental designs for the optimization of the UAME procedure
As the UAME is not a standardized method, it was necessary first to

optimize the experimental condition of the extractions. Themicellar ex-
traction method used was based on a previously described method for
some selected PAH in spiked marine sediments [27]. However, in this
work, three different surfactants, POLE, Triton X-100 and SDS, were
used to select the most suitable extraction micellar solution for total
PAH from the IHRM. The best micellar solution was selected according
to the higher analytical signal. Before that, it was necessary to optimize
the UAME conditionswith each surfactant media. For this purpose, total
fluorescence areawas used as analytical signal and a global response for
the total PAH content in the IHRM. This optimization process for each
micellar medium was initially planned with a two-level full factorial
design, 23, involving eight runs. These initial screening designs were
used to detect those variables having the most influence on the experi-
mental response. The variables studied as well as their values (‘+’

representing the maximum and ‘−’ the minimum level) are shown in
Table 2. Maximum and minimum levels were chosen according both
to previous experience with the application of ultrasound for PAH ex-
traction and from the available data in the literature. The minimum
level of the surfactant concentration factor was selected as the lowest
critical micellar concentration values of the studied surfactants [28].

Then, in order to obtain more accurate optimization for each micel-
lar system, a central composite rotary design (CCRD) with α = 1.682
and three central points was applied, considering the same three factors
studied in the screening design. Table 3 lists the values given to each
factor. All the experimental treatments (screening and optimization
designs) were undertaken in a random order according to the arrange-
ment table calculated for the used software (Unscrambler 9.7).

After this optimization process, five additional extractions were
performed under conditions of repeatability for each optimized UAME.
Finally, statistical analysis was conducted by evaluating themean values
of the global responses of these extractions.

2.4.3. Fluorescence determination of total PAH
The total PAH content of the IHRM extracts was determined by

fluorimetric analysis using a SLM Aminco Bowman Series 2 lumines-
cence spectrometer equipped with a xenon discharge light source
(1,500 W). Wavelength accuracy and wavelength repeatability
were ± 0.5 nm and ± 0.25 nm, respectively. Throughout the instru-
mental measurements the excitation and emission slits widths were
adjusted at 8 nm and 4 nm, respectively; PMT voltage was kept at
600 V. Fluorescence measurements were performed using a standard
1 × 1-cm quartz cell. Calibrations for the micellar system and for the of-
ficial method were accomplished by external standardization at eight
concentration levels in the range from 0.60 to 9.00 mg L−1 of total
PAH in terms of chrysene equivalent units. All calibration solutions



Table 3
Factor levels used in the CCRDs for each micellar system.

Factor Low (−) High (+) Centre Axial (−α) Axial (+α)

A (min) 8.0 30.0 19.0 0.5 37.5
B (10−3 M) 33 100 66.5 10.2 122.8
C (ml/g) 13.0 50.0 31.5 0.4 62.6
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were preparedwith the standard solution of chrysene and analyzed five
times under intermediate precision conditions.

The fluorescence of the Soxhlet extracts was measured at λex =
310 nm, and the emission was recorded at λem = 360 nm. However,
to measure the fluorescence of the micellar extracts it was necessary
to optimize the official method taking into account each of the selected
extraction medium. This modification involved verifying the wave-
lengths of excitation and emission with respect to the fluorescence of
Fig. 1. (a) Pareto chart for the standardizedmain effects in the factorial 23 experimental designs
designs obtained by plotting surfactant concentration vs. volume:amount ratio. The vertical lin
the surfactant medium in each UAME. For this purpose, a set of micellar
solutions of the standard chrysene solutionwere preparedwith concen-
trations of each surfactant at similar level of their critical micellar con-
centrations (CMC) and approximately equal to their solubility values
in water. Ordinary least square (OLS) method was applied to calculate
the calibration curves. Linear relationships with r N 0.99 were always
obtained and validated (ANOVA at 95% of confidence level), and detec-
tion limits were between 1.24 mg L−1 and 2.48 mg L−1 of total PAH for
the official method and for calibration curves of standard solutions in
the different surfactants, respectively.

2.5. Statistics and data validation

All of the parameters of the calibration lines have been calculated
with ULC 2.0 (Univariate Linear Calibration) computer software [29].
Validations of the recoveries data were performed by following the
and (b) estimated response surfaces for totalfluorescence area using the central composite
es indicate the statistical significance bound of the effects.



Table 5
Predicted and experimental values of response under optimal conditions.

Optimal values Total area

POLE SDS Triton X-100

Actual (average, n = 5) 1972 1469 1479
Predicted 2081 1497 1507

Table 4
Optimal values for each UAME.

Factor Key Micellar system

POLE SDS Triton X-100

Time (min) A 21 22 21
Surfactant concentration (10−3 M) B 65 44 30
Surfactant volume:amount of IHRM (ml/g) C 47 40 13
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acceptance criteria established by USEPA [30]. Parametric statistical test
were used to check outlying results and the normality of the data
[31–33]. ANOVA statistical calculations and Pareto charts were per-
formed using Microsoft Office Excel ® 2010 (Microsoft, Redmond, WA,
USA). For the analysis of the experimental design data, the Unscrambler
9.7 (CAMO SA, Oslo, Norway) was used.

3. Results and discussion

3.1. Optimization of the UAME procedure

The data obtained in the screening designs were evaluated by
ANOVA at the 95% confidence level in order to estimate the significance
of the main effects of the extraction variables and their interactions for
each micellar system. These results can be shown in Fig. 1(a). In these
graphics, the standardized effects are presented in rank order.

The Pareto chart shows that the surfactant concentration and
the volumeof surfactant:amount of sample ratiowere the statistical sig-
nificant variables (at p b 0.05) having the most influence on the exper-
imental response (total fluorescence area). Extraction timewas scarcely
significant, with modest effect, for total fluorescence area. As can be
seen, in the same Fig. 1(a), the UAME efficiency was affected by interre-
lated variables only for the SDSmicellar system. In this case, the interac-
tion between the factors extraction time and SDS concentration appears
statistically significant, with negative sign, for the total fluorescence
area. The region where these experiments were carried out did not
include the optimum. Therefore, for planning the optimization, the
CCRDs shifted in the direction of the maximum gradient were
established. After the CCRDs, as expected from the screening experi-
ments, the surfactant concentration and surfactant volume:amount
ratio appeared as statistically significant main effects (p b 0.01). The
lack of fit for themodels obtained for each surfactantwas not significant
(p b b0.05), and this fact demonstrates that the regression equation ex-
plained correctly the variability of the experimental data. The optimal
value for the extraction time was similar for the three extraction
Table 6
Results obtained in the assessment of accuracy.

Method Test

Soxhlet Shapiro Wilk
Levene
TruenessX=25.3 mg kg−1(α = 0.05; ν = 19)

UAME Shapiro Wilk
Levene
TruenessX=27.3 mg kg−1(α = 0.05; ν = 23)

Precision comparison F(repeatability)
F(runs)
F(intermediate precision)
systems. These results, in time extraction, were within the range of
previous reports for ultrasonic extraction of selected PAH in soils and
marine sediments [27,34,35]. Fig. 1(b) shows the response surfaces
plots for the total area obtained by plotting surfactant concentration
versus surfactant volume:amount ratio when the extraction time was
fixed at 22 min. After evaluation of these fitted surface graphs, the
best experimental responses for extracting the total PAH compounds
of the IHRM were summarized in Table 4.

Then, the optimalmicellarmediumwas selected by using the results
of the additional experiments performed in repeatability conditions
with each surfactant at the optimal experimental values presented in
Table 4. The experimental results of eachUAME and their corresponding
predicted values are summarized in Table 5.

ANOVA analysis of these results indicated that POLE was the surfac-
tant that showed the highest responses (p b 0.01). SDS and TritonX-100
presented similar response values (p N 0.5). Then, POLE was selected as
the best micellar system to use for the extraction of total PAH content in
the sludge samples by applying the UAME optimized method.

3.2. Assessment the accuracy of the extraction methods with the IHRM

The assessment of the accuracy of the traditional Soxhlet method
and the UAME method was assessed against the developed IHRM. For
this purpose, two-factor fully-nested designs were originally defined
for both methods. The factors studied in each design were the repeat-
ability and the runs on which measurement was performed; where
the runs were in the higher rank than the repeatability [36].

3.2.1. Comparison of precision
From the requirements previously indicated, two measurements

(ns = 2 replicates) were made in repeatability conditions on seven dif-
ferent runs (ps=7 runs). Later, a series of statistical tests (Grubbs' tests,
single and pair, and Shapiro–Wilks' test) was conducted in order to
investigate presence of outlying results and the normality of the data,
respectively. Additionally, USEPA acceptance criterion was applied, in
order to check recoveries in each analysis [30]. After checking these con-
ditions, the originally fully-nested designs became unbalanced, then
ANOVA calculations were conducted in this way in order to obtained
the different variance terms: repeatability variance, sr

2, the run-
different intermediate variance, srun2 , and the variance of the means, s2

X
.

This variance, s2
X
, of both methods was compared by F-tests. There was

no evidence that both methods have different run-different intermedi-
ate precision at 95% significance, but the repeatability precision of the
UAME method was better than the Soxhlet method at the same signifi-
cance level of evaluation. The total PAHmean recoveries obtained were
79% (RSD= 6%) and 73% (RSD= 9%) for the UAME and for the Soxhlet
extraction method, respectively.

3.2.2. Comparison of trueness
If the future routine samples have similar level of concentration to

the IHRM (intervention reference level of 40.0 mg kg−1), the trueness
of the extraction methods can be evaluated by checking whether the
Experimental values Critical value Result

0.877 0.859 Pass
5.00 5.52 Pass
2.778 2.093 Not passbias = 9.3 mg kg−1

0.899 0.859 Pass
0.84 5.52 Pass
2.298 2.069 Not passbias = 7.4 mg kg−1

1.40 5.05 Pass
3.20 6.39 Pass
2.45 2.82 Pass



Table 7
Uncertainty values estimated for UAME and Soxhlet extraction methods (mg kg−1).

Method Sample/Homogeneity μbias μproc μssamp.step teff,α/2 U U/X (%)

Soxhlet Routine/Not pass 3.4 2.2 6.0 2.045 14.8 43%
IHRM/Pass 1.7 1.960 7.9 25%

UAME Routine/Not pass 3.3 1.6 6.0 2.042 14.3 41%
IHRM/Pass 1.7 1.960 7.2 23%
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difference between the grand mean for each method, X , and the
assigned value of the IHRM, “the experimental bias”, is not statically
significant, i.e:

bias ¼ X−CIHRM

�� ��bteff ; α=2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2I
peff

" #
þ u2

IHRM

vuut

where: sI2 = sr
2 + srun

2 is the variance of the intermediate precision;
peff = 12 were the effective number of results after the originally
fully-nested designs became unbalanced; and t was the two-sided
tabulated t-value for α = 0.05 and its associated number of effective
degrees of freedom, νeff, was estimated with the Welch–Satterthwaite
approach:

veff ¼
u2
IHRM þ s2I

vSI

� �h i2
u4
IHRM

vIHRM
þ s4I
vSI

The results of these comparisons are shown in Table 6.
Therefore, since the bias was statistically significant for both

methods, the results of the routine samples should be corrected for
the experimental bias at the studied concentration level of the IHRM.

3.3. Uncertainty estimation

3.3.1. Uncertainty arising from the analytical procedure
The standard uncertainty arising from the experimental variation of

future measurements was calculated with the following equation:

μproc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2run
ps:ns

þ s2r
ns

s

where: ps is the number of runs on which the measurement is carried
out and ns is the number of replicates performed every run. In this
study, the worst case was assumed, then the standard uncertainties
have been calculated when the routine samples is analyzed once
(i.e. for ns = 1 and ps = 1).
Fig. 2. Contribution of the analytical procedure, assessment of accuracy and subsampling to th
shown for the two homogeneity conditions of samples.
3.3.2. Uncertainty arising from the assessment of trueness
This term corresponds to the uncertainty of the experimental bias,

u biasð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2I
peff

" #
þ u2

IHRM

vuut

3.3.3. Uncertainty arising from other sources
This term includes the contribution of the sources of uncertainty

arising from the heterogeneity of the material (subsampling) and
from preprocessing steps applied to future working samples. In this
study, the homogeneity of the IHRM was checked as it was proved in
Section “In house reference material production”. However, future
working samples are not expected to be homogeneous, and so this con-
tribution of uncertainty arising from heterogeneity must be included.
On the other hand, the uncertainty from the preprocessing steps
(weighing, drying, UAME, centrifugation, filtration, nitric acidification,
etc.) are not included in this term, because this preprocessing steps
were carried out on the IHRM using in the assessing the accuracy. The
uncertainty arising from the heterogeneity was estimated with the
subsampling step standard deviation, sssamp.step. For this purpose, ten
different portions of the authentic sample, nps = 10, preserved as it
was described in Section “Samples”, were assaying under repeatability
conditions. After checking the normality and rejection of two outliers,
the sssamp.step of these results was 6.0 mg kg−1 with 7 degrees of
freedom.

3.3.4. Quantification of the overall uncertainty
The overall uncertainty was estimated by combining the uncer-

tainties arising from the analytical procedure, the assessment of accura-
cy and the subsampling step, by applying the following equation:

U ¼ teff ;α=2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ2
proc þ μ2

bias þ μ2
ssamp:step

� �r

where: teff,α/2 is the two-sided tabulated t-value forα=0.05, and its ef-
fective degrees of freedomwere estimated using theWelch–Satterwaite
approach.

Table 7 shows the results of the uncertainty values calculated for
both methods.

Table 7 also shows that the relative expanded uncertainties values
are very high for the routine sample (41% and 42 % for UAME and
Soxhlet extraction respectively) and decrease considerably when the
analyzed samplewas the IHRM. As can be seen from Fig. 2, this decrease
is due to the different contribution of the subsampling step, i.e. from
lack of homogeneity of the analyzed sample. This regard emphasizes
the importance of the homogenization treatment of the laboratory sam-
ple prior to subsampling/splitting steps. Regulatory standard methods
e measurement uncertainty in both extraction methods studied. These contributions are
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for the analysis of environmental complex matrices do not used to re-
quire a quality control of the subsampling in terms of the homogeneity.
Moreover, the contribution of the uncertainty arising from heterogene-
ity (lack of homogeneity) is rarely evaluated to assess its effect on the
overall uncertainty of the final results or on the decision-making pro-
cess based on the analytical results. Here, it was demonstratedwith rel-
evant data, that the preparation of subsamples (especially of complex
matrix) equally representative of the as-received sample submitted to
the laboratory should be validated in order to ensure the “sufficient
homogeneity”; e.g.: soil analysis [37], waste or wastewater analysis.

4. Conclusions

A full and practical methodology for assessing accuracy and calculat-
ing the measurement uncertainty was applied. This approach is based
on the information from the precision and bias estimates calculated in
assessing the accuracywith the IHRMprepared for its intended purpose.
This methodology can be very valuable in absence of references of the
highest metrological hierarchy (e.g. primary method, primary CRM).

An in-house reference material, IHRM, was developed for quality
control purposes of total PAH determination in waste samples at the in-
ternational level of reference. The IHRM demonstrated to be suitable for
optimizing a non-standardized extraction method, and also it was use-
ful to assess the accuracy of the results obtained with the two studied
extraction methods.

The obtained overall uncertainties were thoroughly dependent on
the assurance of the “sufficient homogeneity” of laboratory sample
prior to the subsampling/splitting steps of the analytical process. This
remark is particularly relevant when small sample quantities are re-
quired to be analyzed. The obtained uncertainty budgets show the essen-
tial role of the uncertainty in analytical quality controls and decision-
making assessments.
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