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Abstract In this study, the use of differential scanning
calorimetry (DSC) is demonstrated as a powerful technique
that can provide accurate thermodynamic property values
of environmental contaminants such as polycyclic aromatic
hydrocarbons (PAHs). In total, 47 high purity PAH certi-
fied reference materials were selected and analysed by
DSC. Their onset melting temperature, enthalpy of fusion
and eutectic purity were calculated from the obtained
melting endotherms. In addition, the entropy of fusion,
which was calculated from the onset melting temperature
and enthalpy of fusion, is presented. All measurements
were evaluated in a metrologically rigorous manner,
including measurement uncertainties.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a major class
of environmental organic contaminants, which includes
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hundreds of individual substances. All PAHs are repre-
sented by a common characteristic skeleton that is made up
of carbon and hydrogen atoms and which consists of at
least two fused benzene rings. The position and number of
these benzene rings and the presence of substituents (N and O)
and functional groups (e.g., nitro, alkyl, hydroxyl, amine)
strongly define their chemical and physical properties and
behaviour. PAHs are derived from both natural and
anthropogenic activities. Classical natural sources are
volcanic eruptions, forest fires and geological reactions.
Anthropogenic contamination might be caused by incom-
plete combustion of fossil fuels and by a variety of
industrial processes such as oil refining, iron and steel
production and aluminium casting [1, 2]. As a conse-
quence, PAHs are released to the atmosphere where they
tend to adhere to particulate matter [3]. Via aquatic eco-
systems and either wet or dry atmospheric deposition,
PAHs enter the food chain. Furthermore, PAHs have been
linked to adverse health effects, and some of them have
been determined to possess mutagenic and/or carcinogenic
activities [4-0].

European legislation has been put in place over the years
to protect public health and environment from these con-
taminants [7—11]. Consequently, the levels of PAHs in food,
feed and environment need to be regularly monitored. To
facilitate the implementation of European legislation con-
cerning PAH monitoring and to support testing laboratories
in analytical quality assurance/quality control (QA/QC)
including the validation of analytical procedures, the Insti-
tute for Reference Materials and Measurements (IRMM) of
the Joint Research Centre (JRC) of the European Commis-
sion has produced a group of highly pure and well-charac-
terised PAH certified reference materials (CRMs). These
CRMs are the basis for the preparation of calibration stan-
dards when dissolved in appropriate solvents. The CRM
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production activities at the IRMM are accredited according
to ISO Guide 34 [12, 13].

As PAHs in the environment occur only as complex
mixtures, detection techniques based on chromatographic
separation such as GC-MS, GC-FID, HPLC-DAD, HPLC-
UV and HPLC-FLD have become the standard techniques
for monitoring PAHs in foodstuffs and environmental
matrices. However, all techniques have in common a rather
tedious, though crucial, sample preparation (clean-up) and
analyte recovery step. When sample sizes are limited,
analyte enrichment by liquid-phase microextraction
(LPME) might be necessary [14]. To develop and improve
new and existing methods and to support in vitro and in vivo
toxicity evaluation studies, a better understanding of the
relations between molecular structures and chemical and
physical properties is of utmost importance. This can only
be obtained by a combination of complementary analytical
techniques, including thermal analysis.

One of the most popular and important thermal analytical
techniques is differential scanning calorimetry (DSC). Itis a
powerful and well-established technique that finds wide
applications in the pharmaceutical area and polymer
industry [15, 16]. The principle of DSC is based upon
measuring the change of the difference in heat flow rate to a
sample and a reference sample while they are subjected to a
controlled temperature programme [17]. Heat flow changes
are caused by chemical reactions (e.g., oxidation, decom-
position, etc.) and physical changes (e.g., phase transitions
such as melting, crystallisation, glass transitions, etc.).

The aim of this work was to accurately determine the
values of a number of thermodynamic properties such as
melting temperature and enthalpy and entropy of fusion for
a selection of 47 different PAHs by means of DSC tests on
highly purified PAH CRMs. In addition, the purity of the
PAH CRMs was measured by DSC and compared with
their certified purity value in terms of trueness. The purity
of 34 of the PAHs was already assessed in a previous study,
however, in the current study they have been re-analysed
according to ASTM guidelines [18, 19]. All measurement
results were evaluated in a metrologically rigorous manner,
including uncertainty estimation.

Experimental
Differential scanning calorimetry

Experiments were performed using a Q1000 heat-flux
differential scanning calorimeter (TA Instruments-Waters
LLC, New Castle, DE, USA). The instrument was purged
with a constant flow (50 mL min~") of high purity (total
impurities <0.0005% (m/m)) nitrogen gas (Air Liquide
Corp, FR) and cooled by a refrigerated cooling system (TA
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Instruments-Waters LLC, New Castle, DE, USA). To
ensure reliable instrument performance and consistency in
measurement results, monthly operation qualification
checks were performed.

Calibration

The instrument was calibrated for TzeroTM, temperature
and heat (peak transition area). Tzero™ is a calibration
technique patented by TA Instruments-Waters LLC that
consists of subsequently heating the empty instrument cell
in a first run and o-aluminium oxide (synthetic sapphire)
CRM disks, located on both sample and reference position,
in a second run. The Tzero™™ calibration allows detection
and compensation for instrument imbalances and sample-
reference side asymmetry that contribute to instrument
baseline heat flow artefacts. A two-point temperature and
enthalpy calibration was performed simultaneously by
fusion of 2 mg highly pure (>99.999 mol.%) indium (LGC
2601) and tin (LGC 2609) CRM samples in non-hermeti-
cally closed aluminium crucibles and a constant heating
rate of 1 K min~'. The temperature calibration was based
on the determination of the extrapolated peak onset tem-
peratures (7,) for the applied heating rate, followed by a
linear extrapolation to zero heating rate (ff = 0). Sub-
tracting T, (f = 0) from the experimental transition tem-
perature yielded in the temperature calibration factor. The
heat (enthalpy) calibration factor was obtained by the ratio
of the true heat of fusion and the area enclosed by the
transition peak and an interpolated baseline. Both indium
and tin CRMs were supplied by LGC (Teddington, UK).

PAH samples

All PAH samples used in these studies were supplied by the
IRMM. Sample masses between 0.5 and 2 mg were accu-
rately weighed into standard aluminium crucibles using a
microbalance with readability of 0.001 mg. The crucibles
were non-hermetically closed using appropriate aluminium
lids. An empty crucible and lid of the same type were used
as reference. Samples were subsequently equilibrated at a
temperature 50 K below their theoretical melting point,
isothermally kept during 5 min, and heated through their
transition phase with a constant rate of 1 K min~' to
approximately 50 K above their melting point.

Onset melting temperature analysis

For each of the tested PAHs, the onset melting temperature
(T,n) was determined rather than the temperature of the
peak maximum (7,,). The melting endotherm of pure
compounds is very sharp and narrow and therefore, the
onset melting temperature can be taken as the melting
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temperature. In contrast to the peak maximum, the onset
melting temperature is independent of the heating rate and
the sample mass [20]. The onset melting temperature was
determined using the TA Instruments Universal Analysis
2000 software programme.

Purity, enthalpy and entropy of fusion analysis

Purity determination by DSC is based on the fact that
impurities lower the melting point of a eutectic system in a
predictable way as described by the van’t Hoff equation (1).
R}y, 1

TS:TO_ F (1)

AfusH °

where T is a specific sample temperature, T is the melting
temperature of the 100% (mol/mol) pure substance, R is the
molar gas constant, y, is the relative sample impurity (mol/
mol), As,H® is the enthalpy of fusion and F is the melted
fraction.

For purity measurements, the sample was heated through
its melting range (Fig. 1). The area of the resulting melting
endotherm, obtained by integration, corresponds to the
enthalpy of fusion. Subsequently, 25 series of fractional areas
were selected over a range of 10 to 50% of the total peak area.
The fractional areas were then transformed into melted
fractions (ratio fractional area to total area). Each melted
fraction corresponds to a specific sample temperature.

The van’t Hoff linear relationship was graphically pre-
sented by plotting the different sample temperatures
against the reciprocal of each of their melted fractions. Due
to temperature bias between the thermocouple and the true
sample temperature, the T, versus 1/F curve deviated
significantly from the theoretical function. A nonlinear
least-squares technique was used to approximate the area
increment to correct both the total and each of the frac-
tional areas prior to obtain a straight line. The slope and
intercept of the T versus the corrected 1/F curve was
obtained by a least-square fit to a straight line (Fig. 2). The
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Fig. 1 DSC scan of 3-nitrofluoranthene (BCR-310)
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Fig. 2 van’t Hoff plot of 3-nitrofluoranthene (BCR-310) before
(circles) and after (squares) linearisation and least-square fit (dashed
line)

sample impurity, obtained from the slope of the curve, was
converted into sample purity (=l-impurity).

All purity measurements were automatically performed
according to the standard ASTM E 928-03 [19] using the
TA Instruments Universal Analysis 2000 software pro-
gramme. The experimental enthalpy of fusion was
extrapolated to 100% (mol/mol) purity, resulting in the
corrected enthalpy of fusion. Note that only for a minority
of the PAHs the experimental and corrected enthalpy
deviate by a maximum of 0.1 kJ mol™'. The entropy of
fusion was calculated as the ratio of the corrected enthalpy
of fusion and onset melting temperature.

Assessment of trueness

Checking the trueness of an analytical method involves
estimating its bias. Bias is the difference between the mean
value, experimentally determined for the measurand and
the accepted true value, for example, the certified value of
a CRM [21]. In general, two types of bias can be distin-
guished. A constant or method bias, independent from the
sample matrix and a proportional bias, also called recovery,
which is concentration dependent [22]. The latter can only
be assessed by analysing CRMs with different levels of the
measurands or by spiking studies for different types of
matrices. Since only this approach is possible for the
materials in question, only a combination of constant bias
and proportional bias at the current levels of impurities was
determined throughout the study.

To estimate the uncertainty related to the trueness of the
enthalpy of fusion and of the melting temperature results, a
highly pure indium CRM (LGC 2601) was analysed by
DSC under repeatability conditions and compared with its
certified enthalpy and certified melting temperature. An
overview of the certified values and measurement results is
given in Table 1. The certified values were obtained by
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Table 1 Certified and measured melting temperature and enthalpy of
fusion values for the CRM LGC 2601

Melting Enthalpy of

temperature/ °C  fusion/kJ mol ™!
Certified (xcrm £ Ucrm) 156.61 & 0.02 3.296 £+ 0.009
Measured (§p = um) (n =7) 156.7 £ 0.2 3.28 £ 0.13

adiabatic calorimetry under near equilibrium conditions.
All uncertainties shown in Table 1 are expressed as
expanded uncertainties (k = 2) and correspond to a level of
confidence of approximately 95%. The trueness of the DSC
purity determination method was estimated from the PAH
certified purities and uncertainties as given by the certifi-
cates. The PAH certified purity values and associated
uncertainties are additionally listed in Table 2. Note that
PAH certified purities are expressed in g/g (or mass%),
whereas the purities obtained from the DSC method are
given in mol/mol (or mol%). It can be assumed that the
main organic impurity component mainly consists of iso-
mers of the primary component and intermediates and/or
products of side reactions that originate from PAH synthesis
and that the molar masses of these organic impurities are not
very different from the primary component molar mass. By
making this assumption, purities expressed in mass% and
mol% can be regarded as being equivalent. The certified
purity values were assessed by different analytical tech-
niques such as HPLC-UV, HPLC-FID, GC-MS and direct
probe MS, performed during interlaboratory comparison
studies. Specific and detailed information concerning the
PAH CRMs used in this study can be obtained from
the certification reports. These reports can be accessed via
the online catalogue on the IRMM website (http://irmm.jrc.
ec.europa.eu).

A procedure described in ERM Application Note 1 [23]
was used to determine and evaluate the method bias and to
asses the uncertainty of trueness for both the melting
temperature and enthalpy of fusion results. The procedure
consists of different steps. In the first step, the method bias,
being the absolute difference between the mean measured
value and the certified value, is calculated according to (2).

An(y) = [Ym — xcrm ()] (2)

where A, (y) is the method bias, y,, is the mean measured
value and xcry is the certified value.

Throughout this article, the symbol “y” indicates the
measurement result of measurand “Y”, being either 7, and
AfusHo .

In the second step, the standard uncertainty of the
method bias is estimated from the standard measurement
uncertainty and the standard uncertainty of the certified
value. Both uncertainties are combined using the usual
root-sum-of-squares manner, given by (3).

@ Springer

us(y) = \/m )’ + icrm(y)’ (3)

where u(y) is the standard uncertainty of the method bias,
um(y) is the standard measurement uncertainty and ucgrm(y)
is the standard uncertainty of the certified value.

The value of u,(y) is calculated according to (4).

_s0)
”m()’) = \/ﬁ

where s(y) is the standard deviation and 7 is the number of
replicates.

In the third step, the calculated method bias is evaluated
in terms of significance. If one finds |AL(y)| < Ua(y), the
difference between measurement result and certified value
is not significant. The expanded bias uncertainty, Ua(y),
corresponds to a level of confidence of approximately 95%
and is obtained by multiplying ua(y) with a coverage fac-
tor, usually equal to 2.

By applying the above described multi-step trueness
assessment approach, the method bias calculated from the
indium melting temperature and enthalpy of fusion DSC
results (n = 7) were found not to be significant at a sig-
nificance level of 5%. As a consequence, the PAH results
(Table 2) did not need to be corrected.

(4)

Estimation of uncertainty
Repeatability

For each of the PAHs, the DSC method repeatability for
onset melting temperature and enthalpy of fusion deter-
minations was investigated. In general, the standard mea-
surement uncertainty of the repeatability, u,(y), is estimated
from (5).

u(y) = —= (5)

where u.(y) is the standard measurement uncertainty of the
repeatability, s(y) is the standard deviation and n is the
number of replicates.

However, if the number of replicates is insufficient, u,(y)
is not a reliable approximate of s(y). In that case, an
additional error would be introduced. Therefore, for all
PAHs that were measured in less than seven replicates,
u(y) was estimated from the standard deviation as a pro-
portion of the mean.

Coverage factor
To ensure that a certain fraction of the possible measure-

ment results can be expected within a defined interval
Y =y £ U, the estimated standard combined uncertainty
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needs to be expanded by multiplying with a coverage factor
[24]. The expanded uncertainty is then given by (6).

U = kuc(y) (6)

where U is the expanded uncertainty, k is the coverage
factor and u.(y) is the combined uncertainty.

The value of the coverage factor is chosen on the basis
of the desired level of confidence associated with the
interval defined by U. Typically the coverage factor is in
the range 2-3. According to the Central Limit Theorem, a
coverage factor of 2 and 3 can be applied to define an
interval having a level of confidence of approximately 95
and 99%, respectively. However, this approach is only
valid for measurement results that are normally distributed
and when u.(y) is not dominated by a standard uncertainty
component from a type A evaluation based on only a few
measurement replicates [24].

In this study, many of the average onset melting tem-
perature and enthalpy of fusion DSC results originate from
triplicate measurements and thus it can be assumed that,
due to the lack of effective degrees of freedom, vegr, uc(y)
cannot be regarded as an appropriate estimate of the stan-
dard deviation. Therefore, for all PAHs for which their
experimental average melting temperature and enthalpy of
fusion results were based on less than seven measurement
replicates, an individual coverage factor was calculated
based on a r-distribution using a ver obtained from the
Welch—Satterthwaite formula as given by (7).

4
vy = 220 )
Z”f_@)
Vi

i=1

As the calculated v.y values were no integers, the
corresponding coverage factors were obtained by
interpolation. For all other PAHs, a coverage factor of 2,
indicating a level of confidence of approximately 95%, was
used.

Combined and expanded uncertainty

The combined uncertainties for 7T,, and AgH° were
obtained by combining the standard uncertainties from
trueness and repeatability (8).

u:(v)? + ua(y)® (8)

One may suggest including uncertainties arising from
weighing and sample heterogeneity into the overall
uncertainty budget. Indeed, both can be a significant
source of uncertainty. However, it can be assumed that
they are already covered by the repeatability (for sample
heterogeneity) and trueness (for the weighing contribution)
uncertainty.

uc(y) =

@ Springer

Finally, the expanded uncertainties were calculated by
multiplying u.(y) with their coverage factors.

The combined uncertainties for entropy of fusion,
u(ApsS°), were estimated from the standard combined
uncertainties of the onset melting temperature, u.(7,,), and
the enthalpy of fusion, u.(AsH°). Both were obtained by
dividing the expanded uncertainties by their corresponding
coverage factors. The combined standard uncertainties
were then combined using the root-sum-of-squares manner
and again expanded by their coverage factor, resulting into
the expanded uncertainties for entropy of fusion, U(AsS°).

A complete overview of the experimental results and
their uncertainties together with some characteristic infor-
mation such as the molecular weight and Chemical
Abstract Service (CAS) registry number is given in
Table 2.

Conclusions

In this study, the onset melting temperature and enthalpy of
fusion for a selection of 47 different PAHs were measured
by DSC. Subsequently, sample purity and entropy of fusion
were calculated and evaluated. For 6 out of the 47 PAHs,
purity could not be assessed by means of DSC. The main
reasons were decomposition during melting (e.g., chrysene,
picene and coronene) and partially unresolved peaks in the
melting area (e.g., benzo[g,h,i]fluoranthene and 1-nitropy-
rene). 6H-benzo[c,d]pyren-6-one showed to be stable
before and during melting, however, the heat capacity of
the baseline after melting was significantly lower than
before melting. Purity assessment could only be done by
sigmoidal peak integration instead of a normal linear peak
integration. From that point of view, 6H-benzo[c,d]pyren-
6-one was regarded as insufficient stable thus excluded for
DSC purity determination.

All results originate from at least triplicate measure-
ments carried out under repeatability conditions and are
accompanied with an estimated expanded uncertainty. It
has to be noted that 34 of the PAHs have already been
discussed in a previous article [18]. However, the purity
uncertainties were only estimated from the standard devi-
ations from three replicates and the square root of the
number of replicates. In this study, all measurement
uncertainties are combined uncertainties, taking into
account the trueness and repeatability uncertainties. Con-
sequently, the newly estimated measurement uncertainties
are larger. In addition, the calculated purity values obtained
for the 34 PAHs during the previous study were recalcu-
lated according to ASTM E 928-03 guidelines [19].
Recently, the IRMM has reassessed the certified values and
uncertainties of many of the PAH CRMs. Some of the
certified uncertainties that were previously described as
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following a triangular distribution have been recalculated
according to a level of confidence of approximately 95%
(k = 2), taking into account the triangular distribution.

Based on the data from the current study, we can conclude
that DSC is a powerful technique capable to provide accu-
rate values of thermodynamic properties of environmental
contaminants such as PAHs. The bias values obtained during
the trueness evaluation study for onset melting temperature
and enthalpy of fusion were not significant. Therefore, the
DSC methods as described in the current article can be
regarded as being capable to give the correct (true) results
within a calculable uncertainty. For several PAHs, a sig-
nificant bias between the measured and certified purity was
found. This phenomenon was also observed during the
previous study [18]. The purity calculated from DSC results
is only valid for eutectic systems, in which case the content
of impurities in mol.% can be calculated.

Only impurities which form a eutectic system during
melting will be determined. It can be expected that impu-
rities, which form ideal solutions are soluble in the liquid
phase and insoluble in the solid state. The formation of solid
solutions and pure crystals is based upon the molecular
interactions between the impurities and the compound
molecules [25]. The probability of the formation of solid
solutions is greater for disordered crystals. A measure of the
disorder in the solid state is the entropy of fusion. Donnelly
et al. [26] observed that organic compounds with an entropy
of fusion value below 33.5 J mol~' K~' may form more
easily solid solutions with the impurities, resulting into an
experimental eutectic impurity, which is higher than its true
purity. In the case of PAHs, this implies that inorganic
impurities are not detected. From 44 PAH CRMs, which
allowed entropy of fusion determination, only 3 (BCR-50,
ERM-ACS51 and BCR-339) were found to have an entropy
of fusion value below 33.5 J mol~' K~'. Among them,
ERM-ACS51 and BCR-339 have a significant purity bias. As
the impurity substance is often not known, the hypothesis of
dealing with a eutectic system cannot always be easily
checked. In that case, the “DSC purity” shall not be used or
reported as SI traceable purity. Instead, and if the absolute
accuracy of the test results is important, the DSC purity
measurements must be backed up with other analytical
techniques. The validity of the DSC purity determination
method is currently being further investigated.
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