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The hydrogen isotope composition of n-C15 to n-C32 n-alkanes was measured by GC–IRMS to
investigate the behavior of H isotopes during evaporation. The H isotope fractionation of n-C15

to n-C19 ranged from −8.5 to −22.5‰, demonstrating the preferential vaporization of the
isotopically heavier organic compounds. The H isotope fractionation rates of n-C16 to n-C18

showed no obvious fluctuations with time (average rates were 1.1, 0.5 and 0.3‰ per day,
respectively); this indicated that fractionation followed the Rayleigh model. Although less
conclusive, the fractionation of H isotopes in n-C19 also apparently followed the Rayleigh trend.
Information on fractionation rates may be useful for identifying the dominant attenuation and
degradation processes for organic substances in the environment. The results also highlight
potential applications of isotope fractionation factors, which were determined by regression
analysis, for investigations into the behavior of organic substances in the environment.
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1. Introduction

The n-alkanes, a homologous series of non-polar organic
compounds, often show high concentrations in atmospheric
aerosols, including total suspended particulates (TSP), partic-
ulate matter less than 10 μm (PM10), PM2.5 and PM1 (Guo et
al., 2003; Li et al., 2012; Lin, 2004; Young and Wang, 2002).
Primary sources for these compounds include fossil fuel
combustion and biological emissions (Bi et al., 2008;
Ulevicius et al., 2010; Zhou et al., 2009); and the contributions
from these two sources have been evaluated using the carbon
preference index, carbon number maximum, homologue
distributions, and C and H isotope variations (Ladji et al.,
2009; Mansuy et al., 1997; Xie et al., 2009; Yamamoto and
Kawamura, 2011). Although diagnostic parameters such as
these provide important insights into the origins of organic
compounds in the environment, attention still needs to be
focused on how they degrade and how their concentrations
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are attenuated. Here we use the term “attenuation” to describe
in general terms the decreases in the concentrations of the
compounds brought about by evaporation and other loss
processes.

Compound-specific isotope analysis (CSIA) has become a
powerful analytical tool, and it has been used to investigate
how physical processes (vaporization, adsorption) and chem-
ical processes (photo-degradation, biodegradation and chem-
ical oxidation) affect the composition of specific compounds,
including the ways in which these substances are modified in
the natural environment (Fischer et al., 2007; Harrington et al.,
1999; Hunkeler et al., 2003; Ma et al., 2010; Oba and Naraoka,
2008). Isotope fractionation often results from the preferential
evaporation of molecules containing heavier H isotopes
(Kuder et al., 2009a, 2009b; Poulson and Drever, 1999); but
for compounds that have hydrogen bonds, the H isotopes often
show the opposite fractionation tendency (Wang and Huang,
2003). The magnitude of H isotope fractionation for short
chain n-alkanes (n-C7 to n-C14) during evaporation has been
found to range from −7.2‰ to −32.8‰ (Wang and Huang,
2001, 2003). These findings suggest that isotope signatures
can be used to investigate the attenuation of the compounds'
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concentrations in the environment and thus provide informa-
tion on the fates of hydrocarbons in that context (Pond et al.,
2002).

Isotope fractionation during evaporation is driven by the
molecular forces betweenmolecules rather than the breaking
of chemical bonds within a molecule, and this phenomenon
has been explained in terms of binding energies (Grootes et
al., 1969) and molecular structure (Bradley, 1954). Most
studies to date have focused on isotope fractionation in the
context of natural attenuation, and it has become apparent
that the extent of fractionation often increases over time, but
there is little quantitative information on the rates at which
the isotope fractionation proceeds.

In the present study, we conducted experiments to
investigate the H isotope fractionation of n-alkanes; in parti-
cular, we focused on isotope fractionation rates during the
evaporation process because this subject has received relative-
ly little attention to date. The objectives of our studies were
(1) to apply CSIA to investigate the behavior of organics by
measuring the fractionation of H isotopes from n-alkanes and
(2) to develop a diagnostic tool for studying the environmental
attenuation of organic matter.

2. Experimental methods

2.1. Experimental design

All vaporization experiments were conducted in a labora-
tory with environmental controls. Room temperature during
the experiments was 24 °C ± 1 °C, and relative humidity was
34% ± 2%. A mixed standard, composed of n-C15 to n-C32
dissolved in n-hexane, was used for the experiments without
further purification. The purity of the test compounds ranged
from 99.9% to 97.9%, and their initial concentrations were
known to range from 1012 μg/ml to 1088 μg/ml. Two-
milliliter brown glass vials were cleaned with dichloro-
methane in an ultrasonic bath for 20 min, and then the vials
were wrapped with aluminum foil to avoid any potential
influences of ultraviolet light on the isotope composition.

Seven pre-cleaned vials were sequentially capped with
Teflon® (PTFE)-lined caps immediately after 20 μl of
the standard mixture was added into them with a 25 μl
microsyringe. Next, the vials were moved into a fume hood,
and the caps were removed as simultaneously as possible to
allow the n-alkanes to start volatilizing. The fume hood was
kept running so that the evaporation process would start
immediately after opening the vials. Periodically, the vials were
capped and then kept in a freezer (4 °C) prior to the
measurements of hydrogen isotope composition. To account
for the solvent lost to evaporation, the standards were diluted
again to 20 μl with n-hexane before the next aliquots were
taken for hydrogen isotope analysis.

2.2. Gas chromatography (GC)

Quantification of the n-alkanes was performedwith the use
of a Hewlett-Packard 6890 gas chromatograph, equipped with
a 30-m, fused-silica, capillary column (HP-5, 0.32 mm i.d.,
0.25 μm film thickness) and a flame ionization detector.
Ultra-high purity helium was used as the carrier gas, and it
was delivered a constant flow rate of 1.0 ml min−1. The
sample of 1 μl volume was injected in the splitless mode, and
the injection port temperature was 280 °C. The temperature
program for the n-alkane determinations involved three steps
(1) 70 °C for 2 min, (2) heating to 290 °C at 6 °C min−1, and
(3) 290 °C for 30 min. The concentration of each compound
during the vaporization experiments was determined by its
abundance relative to the internal standard n-tetracosane-D.

2.3. Hydrogen isotope analysis

Hydrogen isotope analysis of individual n-alkanes was
performed using a gas chromatography/high-temperature
conversion/isotope ratio mass spectrometry (GC–TC–IRMS)
system. An HP-6890 gas chromatograph, fitted with a 30 m
capillary column (HP-5, 0.32 mm i.d., 0.25 μm film thick-
ness), connected with a high-temperature pyrolysis furnace
through a GC combustion-III interface to a Finnigan MAT
Delta Plus-XL isotope-ratio mass spectrometer was used for
these analyses. Injection was performed in the splitless
mode, and the GC temperature program and the carrier gas
and flow were the same as those described above for the
n-alkane analyses. Individual n-alkanes separated by GCwere
successively pyrolyzed to H2 and C at 1440 °C. The H2 was
then introduced into the mass spectrometer.

Recently, stable hydrogen isotope ratios (calculated as δD
in per mil, ‰) have been used to investigate the sources and
transport of n-alkanes (n-C21 to n-C33) in a polluted urban
atmosphere (Yamamoto and Kawamura, 2010, 2012). Here
δD values were calibrated using a reference H2 gas, and they
were reported relative to Vienna Standard Mean Ocean
Water (VSMOW) as is the convention:

δD ¼ D=1H
� �

sample
= D=1H
� �

VSMOW
–1

� �
� 1000: ð1Þ

The standard deviation for the δD analysis of each
compound was b6‰.

For the correction of D/1H, the H3 factor was determined
daily prior to sample analysis by measuring the (mass-3) /
(mass-2)((HD+ + H3

+) / H2
+) ion current ratio of a sample

over a range of H2 pressures in the ion source. Least-squares
regression was then used to find the value of the H3 factor. The
mass spectrometer was tuned to ensure that the H3 factor was
always ~8 and the daily variability b0.1. A set of laboratory
standards (n-C12, n-C14, n-C16, n-C18, n-C20, n-C22, n-C25, n-C28,
n-C30 and n-C32) with known δD values was injected after
every sixth sample analysis to test the stability of the
instrument. The fluctuation of δD values for the standard
n-alkanes was smaller than 4‰. The δD values reported for the
samples were the average of three repeat analyses.

3. Results and discussion

3.1. Hydrogen isotope fractionation during evaporation

The residual n-C15 to n-C19 n-alkanes in the test solutions
became depleted in D as a result of evaporation; that is, when
2.4, 0.8, 7.1, 36.5 and 50.6% of initial n-C15 to n-C19 n-alkanes
remained, the D depletions were −15.1‰ for n-C15, −22.5‰
for n-C16,−16.0‰ for n-C17,−10.2‰ for n-C18 and−8.0‰ for
n-C19 (Table 1). Larger variations in concentrations clearly



Table 1
Hydrogen isotope composition of residual n-C15–n-C19 alkanes as a function
of evaporation time.

n-Alkane Time (d) F δD ± S.D. (‰) δDF − I

C15 0 1 −101.2 ± 1.6
5 0.228 −111.1 ± 4.5 −10.0
8 0.024 −116.3 ± 5.6 −15.1

C16 0 1 −72.1 ± 1.8
5 0.710 −77.7 ± 1.5 −5.7
8 0.343 −80.2 ± 2.1 −8.2

12 0.159 −85.1 ± 5.0 −13.0
17 0.046 −89.7 ± 3.6 −17.6
23 0.008 −94.6 ± 4.8 −22.5

C17 0 1 −171.2 ± 0.7
5 0.985 −173.4 ± 3.8 −2.2
8 0.657 −175.9 ± 1.3 −4.6

12 0.576 −177.8 ± 2.5 −6.5
17 0.438 −180.3 ± 5.6 −9.1
23 0.295 −184.4 ± 3.3 −13.2
30 0.195 −187.2 ± 0.1 −16.0
38 0.071 −187.2 ± 3.2 −16.0

C18 0 1 −62.7 ± 1.6
5 0.953 −64.1 ± 0.2 −1.5
8 0.764 −63.9 ± 1.6 −1.3

12 0.751 −65.4 ± 1.0 −2.7
17 0.695 −67.3 ± 2.4 −4.6
23 0.596 −68.6 ± 1.3 −5.9
30 0.596 −71.3 ± 0.8 −8.7
38 0.365 −72.8 ± 1.1 −10.2

C19 0 1 −256.5 ± 1.7
5 0.961 −260.3 ± 1.3 −3.8
8 0.795 −260.7 ± 1.1 −4.2

12 0.799 −262.8 ± 2.0 −6.3
17 0.715 −263.9 ± 2.9 −7.4
23 0.682 −263.3 ± 0.9 −6.8
30 0.667 −265.1 ± 0.7 −8.5
38 0.506 −264.5 ± 0.9 −8.0

F and δD are as defined in Fig. 1. δDF−I is the difference between the δD at a
given time and under the initial conditions. S.D. stands for standard deviation.

Table 2
Residual concentrations (mg/ml) of n-C20 to n-C32 n-alkanes during
volatilization.

n-alkane Time in days

0 5 8 12 17 23 30 38

C20 1.087 1.073 1.060 1.044 1.036 1.012 1.008 1.007
C21 1.078 1.065 1.036 1.029 1.030 1.029 1.017 1.003
C22 1.051 1.036 1.033 1.028 1.011 1.006 0.999 0.996
C23 1.041 1.034 1.026 1.021 1.016 1.008 0.999 0.991
C24 1.028 1.022 1.012 1.007 1.000 0.992 0.980 0.976
C25 1.016 1.014 1.009 0.999 0.978 0.973 0.966 0.988
C26 1.018 1.015 1.008 1.000 0.994 0.989 0.975 0.983
C27 1.012 1.007 0.998 0.971 0.985 0.980 0.992 0.974
C28 1.015 1.006 0.992 0.985 1.002 0.982 0.979 0.971
C29 1.059 1.053 1.028 1.048 1.033 1.028 1.027 1.023
C30 1.030 1.026 1.014 1.006 1.001 0.996 0.993 0.993
C31 1.048 1.039 1.035 1.027 1.022 1.020 1.017 1.015
C32 1.085 1.077 1.074 1.069 1.063 1.058 1.055 1.055
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corresponded with greater isotopic fractionation, and so under
the same experimental conditions, the shorter chain n-alkanes
always were more depleted D than the longer-chain homo-
logues. The negative values for δDF − I (=δDFinal − δDInitial)
show that organic molecules containing heavier isotopes
volatilized preferentially which is in contrast to the normal
isotope fractionation pattern associated with the aqueous-
phase attenuation or biodegradation of organic compounds
(where there is enrichment of the heavy isotopes in residual
materials) (Kuder et al., 2009a, 2009b). In other words, the
evaporation of n-alkanes induced an inverse H isotope effect
(IE) in our experimental conditions (Braeckevelt et al., 2012),
and this result is consistentwith the findings reported byWang
andHuang (2003). The larger isotopic fractionation of the short
chain n-alkanes raises the potential for estimating the amount
of attenuation that has occurred. In particular, the relationships
between isotope variations and the corresponding fractions of
residuals for strong IEs have been inferred (Mariotti et al.,
1981; Rayleigh, 1902).

Inverse C and H IE phenomena (Braeckevelt et al., 2012;
Kuder et al., 2009a, 2009b) have been explained by the
higher vapor pressures of the isotopically heavier species in
the non-aqueous phase compared with the ones of lighter
isotopes (Grootes et al., 1969); note however that this
explanation is not applicable to the IE for Cl (Poulson and
Drever, 1999). These higher vapor pressures, in turn, have been
attributed to the smaller intermolecular binding energies of
the heavier isotopes; that is, smaller intermolecular binding
energies induce the preferential volatilization of molecules
bearing the heavier isotopes.

At the conditions used in our studies, ~90% of the longer
chain n-alkanes (n-C20 to n-C32) remained in the test solutions
(Table 2), and the H isotope fractionations of these organics
ranged from −1.2‰ to −5.6‰ (Table 3). These values are
well within normal analytical uncertainty (6‰) of the
hydrogen isotope ratio analysis. Nonetheless, the n-alkane
concentrations and their isotopic compositions all gradually
decreased over the time course of the study (Fig. 1), and
the level of reduction was moderate relative to the ones of
n-C15 to n-C19 homologues. That is, a smaller decrease in
concentration corresponded with a lower level of isotopic
fractionation; this is consistent with the pattern observed
during bioremediation of petroleum contaminants (Pond et
al., 2002).

Furthermore, it is possible that the H IE for n-C20 to n-C32

would have been more conspicuous if the incubation
temperature were higher. That is, the overall extent of
isotope fractionation depends not only on the compounds
and particular isotope(s) of interest but also on the
evaporation conditions (Kuder et al., 2009a, 2009b). Indeed,
the results of all the studies of n-alkanes indicate that isotopic
fractionation is strongly dependent on experimental residual
concentrations. In this regard, the apparent lack of H isotope
effects for n-C20 to n-C32 can be regarded as evidence that the
H isotopic composition of specific n-alkanes may be useful for
evaluating the contributions of fossil fuel and higher plant
sources for atmospheric samples (Yamamoto and Kawamura,
2010, 2012). Given the effects of temperature on the C
isotopic fractionation (Poulson and Drever, 1999), there
should also require a further research on the relationship
between the temperatures and H isotopic fractionation for
the accurate application in the environmental analysis when
the evaporation was the dominant attenuation process.

The δDF − I values were comparatively small during the
initial stages of our experiment, with values of −10.0, −5.7,
−2.2, −1.5 and −3.8‰ for the n-C15 to n-C19 compounds,
respectively (Table 1). As the evaporation experiments
proceeded and the residual concentrations decreased, the



Table 3
Hydrogen isotope composition (δD in ‰) of residual n-C20 to n-C32 n-alkanes during evaporation.

n-Alkane Time in days δDF-I(‰)

0 5 8 12 17 23 30 38

C20 −57.4 ± 2.7a −57.9 ± 0.2 −59.8 ± 2.1 −59.3 ± 2.0 −61.4 ± 2.6 −60.9 ± 2.7 −59.6 ± 1.2 −63.0 ± 3.8 −5.6
C21 −174.1 ± 1.5 −178.0 ± 0.2 −176.2 ± 1.9 −177.3 ± 1.5 −177.5 ± 1.6 −178.8 ± 1.9 −179.7 ± 0.9 −179.7 ± 0.9 −5.6
C22 −63.0 ± 4.2 −63.4 ± 1.1 −63.6 ± 1.9 −64.4 ± 2.0 −66.8 ± 2.3 −65.3 ± 1.8 −66.4 ± 1.3 −66.9 ± 2.6 −3.9
C23 −62.1 ± 2.5 −63.2 ± 0.3 −64.0 ± 2.3 −62.9 ± 2.1 −64.7 ± 1.6 −66.3 ± 1.1 −65.4 ± 1.5 −66.2 ± 2.7 −4.1
C24 −28.5 ± 4.2 −28.6 ± 1.0 −28.0 ± 0.6 −28.5 ± 3.6 −30.6 ± 1.8 −30.4 ± 2.0 −31.4 ± 1.2 −33.2 ± 3.6 −4.7
C25 −119.7 ± 2.4 −120.2 ± 2.6 −120.5 ± 1.4 −120.3 ± 2.6 −122.1 ± 1.2 −122.6 ± 0.4 −122.9 ± 0.6 −124.0 ± 0.8 −4.3
C26 −45.3 ± 0.9 −45.8 ± 1.8 −45.5 ± 1.1 −46.5 ± 2.1 −46.1 ± 1.3 −47.6 ± 0.2 −47.3 ± 0.9 −49.2 ± 3.0 −3.9
C27 −169.0 ± 0.7 −170.8 ± 1.2 −170.5 ± 0.8 −170.2 ± 2.4 −171.2 ± 2.5 −171.4 ± 0.7 −171.7 ± 1.2 −172.6 ± 0.9 −3.6
C28 −264.6 ± 3.4 −267.8 ± 0.5 −268.1 ± 0.3 −268.5 ± 2.2 −269.3 ± 2.0 −269.5 ± 0.7 −269.3 ± 1.3 −269.6 ± 0.4 −5.0
C29 −175.9 ± 0.8 −174.8 ± 0.4 −176.6 ± 0.9 −176.9 ± 1.6 −177.6 ± 0.8 −178.1 ± 1.2 −178.6 ± 0.5 −178.0 ± 1.0 −2.2
C30 −31.5 ± 1.3 −31.8 ± 2.5 −31.4 ± 0.9 −29.6 ± 0.5 −31.6 ± 1.3 −31.9 ± 2.2 −31.8 ± 0.6 −32.7 ± 1.5 −1.2
C31 −172.5 ± 1.8 −173.7 ± 2.5 −173.7 ± 0.5 −174.0 ± 0.9 −175.3 ± 1.1 −175.2 ± 1.8 −175.6 ± 1.1 −174.5 ± 0.1 −2.1
C32 −223.5 ± 2.1 −224.3 ± 1.3 −224.5 ± 0.4 −224.5 ± 1.2 −225.0 ± 1.5 −225.4 ± 0.7 −225.7 ± 0.6 −225.7 ± 1.8 −2.2

a Arithmetic mean ± standard deviation.
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magnitude of the isotope fractionation increased. This
phenomenon may be explained by the notion that the pool
of n-alkanes initially is large enough to buffer the variations
in isotope composition, but this buffering effect gradually
diminishes as the residual pool decreases (Pond et al., 2002).
A comparison of the data for the n-alkane homologues shows
that the isotope fractionation generally increases with the
Fig. 1. Hydrogen isotope composition (δD) and remaining fractions (F) of n-C20–n-C3

the residual reported in the conventional delta (δ) notation relative to Vienna stand
concentration at specific evaporation time compared with its initial concentration.
evaporation time, for example, n-C19 had the maximum
fractionation of−8.5‰ occurred from day 30 on, and−7.4‰
of this occurred from day 17 on. n-C17 had a fractionation
of −16.0‰ from day 38 on, and −13.2‰ of this occurred
from day 23 on.

We note that measurements of δD for the products were
beyond the scope of our study, but the integrated δD of the
2 alkanes versus time during volatilization. δD is the hydrogen isotope ratio of
ard mean ocean water (see Eq. (1)). F (unitless) is the ratio of an n-alkane's
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gas-phase products after complete evaporation of the test
substances should have matched their initial δD (Hunkeler et
al., 2001). In other words, the isotopic ratio should have been
conserved. This means that the isotope composition of each
gas phase n-alkane should be the most positive at the
beginning of the experiment and become increasingly more
negative until the initial isotope composition of liquid phase
is reached, assuming none of the compounds are destroyed
or lost by some other means. This contention could be and
should be tested by comparing the isotope compositions of
the initial reactants, the residual reactants, and the gas-phase
products.

3.2. Features of hydrogen isotope fractionation during evaporation

Isotope fractionation can be very different in closed versus
open systems. A Rayleigh process occurs in an open system
when one phase is removed continually and the equilibrium
that would occur in a close system does not develop. In the
experiments we conducted, the removal of the vapor
produced from the liquid phase in the vials began immedi-
ately, and so the course of vaporization should approximate a
Rayleigh process. Thus

δD ¼ δDi þ 1000ð ÞF α−1ð Þ−1000: ð2Þ

Here, δDi denotes the hydrogen isotope ratios for each of
the n-alkanes in the initial solution, δD stands for the ratios
Fig. 2. Relationships between ln[(δD + 1000) / (δDi + 1000)] and lnF for n-C16–n-
when a specific fraction (F) of the reactants remained, and α
is the fractionation factor. Rearrangement of Eq. (2) yields:

ln δDþ 1000ð Þ= δDi þ 1000ð Þð Þ ¼ α−1ð Þ lnF: ð3Þ

If evaporation follows the Rayleigh model, a plot of ln
[(δD + 1000) / (δDi + 1000)] vs. lnF should result in a
straight line with a slope of (α − 1), and linearity would
indicate that the fractionation factor remained constant during
the experiment.

Regression analyses of this type were run for n-C16 to n-C19
but not for n-C15 because the data for that homologue were
insufficient for that type of analysis (Fig. 2). Significant linear
least-squares fits between ln[(δD + 1000) / (δDi + 1000)]
and lnF were found for n-C16, n-C17 and n-C18 (R2 values
were 0.975, 0.815 and 0.779, respectively), and this suggests
that the hydrogen isotope fractionation due to evaporation
followed the Rayleigh model. The lower R2 of 0.567 for n-C19
indicates that the fractionation of H isotopes from that
compound did not follow the Rayleigh fractionation as closely;
this could be a result of the volatilization conditions as well as
the difference in extent of fractionation. That is, the relatively
high fraction of residual n-C19 and the low isotopic variation,
which were 50.6% and −8.0‰ respectively, may have masked
the inherent isotopic fractionation tendency over the time
course considered. Further evaporation studies may be needed
to reveal the real fractionation trends for this compound.

The isotope fractionation factor (α) represents the relative
difference in isotope composition between the two substances
C19 during evaporation. The subscript i denotes the initial normalized ratio.

image of Fig.�2


Fig. 3. The absolute values of hydrogen isotope fractionation of n-C16–n-C19
n-alkanes as a function of evaporation time.
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(Heraty et al., 1999). Here the two substances of interest were
(1) the initial mixed n-alkanes and (2) their liquid residues in
the evaporation studies. Note that α has also been used in
reference to the ratios of specific reaction rates between the
heavy and light isotopes (Elsner et al., 2005). The slopes of the
ln[(δD + 1000) / (δDi + 1000)] versus lnF regressions give
fractionation factors for the n-C16 to n-C19 n-alkanes of 1.0042,
1.0070, 1.0112 and 1.0100, respectively. As the fractionation
factors were all greater than unity, one would predict that the
gas-phase products would be enriched in heavy isotopes
because the volatilization rates of molecules bearing the
heavier isotope were faster than the ones of molecules
containing the lighter isotope, but as noted above those
measurements were beyond the scope of this study.

More generally, fractionation factors for evaporation
can be considered indicative of the phase-distribution of
semi-volatile organic compounds. The corresponding enrich-
ment factors (ε), equal to (α − 1) × 1000, were 4.2, 7.0, 11.2
and 10.0‰ for n-C16 to n-C19, respectively, meaning that the
isotope ratios of the formed products were always isotopi-
cally heavier (by a factor ε) than the ratios of the substrates
for the specific residual fraction during the evaporation
study. It is obvious that the enrichment factors increased
with n-alkane chain length, and this supports a conclusion
drawn from previous research (Wang and Huang, 2003). It is
worth noting that the magnitudes of the enrichment factors
in the Wang and Huang (2003) study differed from ours.
These differences may have been caused by the larger
evaporation extent (F values) for C16 and C17 n-alkanes and
the weaker regression analyses for n-C18 and n-C19 in our
experiment than that in the research of Wang and Huang
(2003).

In addition to the determination of α, the value of F, that
is, the ratio of the n-alkane's concentration at specific
evaporation time (shown as the subscript t) compared with
its initial concentration, denoted by the subscript i, is a
matter interest in this field of research. For n-alkanes, F is
thus defined as follows:

F ¼ n� alkanes½ �t= n� alkanes½ �i ð4Þ

where the brackets denote concentrations. Solving Eq. (2) for
F yields:

F ¼ δDþ 1000ð Þ= δDi þ 1000ð Þ½ �1= α−1ð Þ
: ð5Þ

If one assumes that the variation in the concentrations is
due only to a reaction with a fixed value of α, Eq. (5) allows
us to calculate expected concentration ratios based on the
observed isotopic signatures. Using this ratio, the extent of
degradation (B) can be estimated as follows (Meckenstock et
al., 1999; Richnow et al., 1999):

B %ð Þ ¼ 1−Fð Þ � 100: ð6Þ

Eqs. (5) and (6) show that when the isotopic ratios of the
reactants and the residues are both known, fractionation
factors can be used to estimate the extent to which the
concentrations of specific n-alkanes have been attenuated: this
concept has been verified in previous studies of biodegradation
(Gray et al., 2002; Mancini et al., 2002). Even though the
conditions under which evaporation occurs in the natural
environment and laboratory studies can be extremely different,
fractionation factors should remain constant because of the
fixed relationship between the concentrations and isotopic
composition (namely the Rayleigh model). Therefore, at least
in theory, empirically-determined fractionation factors could
be used to calculate the volatility and extent of volatilization of
n-alkanes under ambient environmental conditions. Our study
thus highlights the value of the information on H isotope
fractionation in this environmental context, and further
research on isotope fractionation factors for various organic
substances should provide additional insights into the
phase distribution and environmental attenuation of these
compounds.

3.3. Average rate of hydrogen isotope fractionation

The sign of δDF − I indicates whether enrichment or
depletion of the hydrogen isotopes has occurred, and its
magnitude reflects the variations in the isotopic composition
during the study period. Therefore, plots of the absolute
values of δDF − I versus time can be used to compare the
extent of isotope fractionation for volatilization, photo- and
bio-degradation processes. The relationships between the
absolute values of δDF − I for n-C16 to n-C19 and evaporation
times are plotted in Fig. 3. It is apparent that the absolute
values of δDF − I increased with time for these n-alkanes. Also
evident in the plot is the fact that the extent of isotope
fractionation decreased with carbon chain length. These
findings provide the basis for a comparative approach that
can be used to evaluate the resistance of organic substances
to degradation and to determine the primary degradation
process for specific compounds.

Isotope fractionation rates provide further information on
the dominant processes responsible for the attenuation of
organic compounds and also reveal the fundamentals of the
fractionation process. Our data suggest that the hydrogen
isotope fractionation rates were constant throughout the
evaporation study. Therefore, the average fractionation rate
can be expressed as follows:

HFR ¼ δDF−Ij j=T ð7Þ

image of Fig.�3
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where HFR is the average hydrogen isotope fractionation rate
expressed in ‰ per day, and T is the evaporation time with
the unit of day. The average HFR values for n-C16 to n-C19 are
plotted in Fig. 4, and even though the calculated HFR's were
smaller than the standard deviations, there are still signifi-
cant implications for these results. That is, there were no
obvious fluctuations in the fractionation rates except for
n-C19, and for that homologue, the fluctuation in the rate was
up to 0.6‰. In other words, the fractionation rates for n-C16 to
n-C18 were as essentially constant throughout the evapora-
tion study, with HFR values of 1.1, 0.5 and 0.3‰ per day
respectively. The small variations in the fractionation rates
over time are consistent with the significant correlations
between ln[(δD + 1000) / (δDi + 1000)] and lnF for n-C16

to n-C18; that is, both sets of results support the conclusion
that the H isotope fractionation rates were stable over time.

3.4. Applications of isotope fractionation to field studies

Studies of isotope composition have become of increasing
interest to environmental scientists because CSIA can provide
independent constraints useful for evaluating the origins of
chemicals in the environment. For example, O'Malley et al.
(1994) suggested that carbon isotopic ratios could be applied
to source apportionment studies for polycyclic aromatic
hydrocarbons (PAHs). That suggestion was based on the
observation that carbon isotope ratios of PAHs isolated from
environmental samples were maintained after vaporization,
photo- and bio-degradation, and this forms the theoretical
basis for PAH source apportionments based on carbon
isotopes. Similarly, research on the relationships between
weathered crude oil and suspected sources have been under-
taken using the carbon isotopic composition of n-alkanes
(Mansuy et al., 1997); the authors of that study and others
(Pond et al., 2002; Sun et al., 2005) have argued persuasively
that information on hydrogen and carbon isotopes can be
useful markers for source apportionments of petroleum
hydrocarbons. On the other hand, the comparatively stable
isotopic composition of some specific organics relative to
degradation or attenuation processes may make these com-
pounds more useful for tracing primary emission sources.
Fig. 4. Hydrogen isotope fractionation rates of n-C16 to n-C19 n-alkanes
during the evaporation process.
H isotopic fractionation effects can provide unique in-
sights into the behavior of various organic compounds
because the H isotopes typically exhibit far greater fraction-
ation than the C isotopes. Moreover, the behavior of isotopes
in organic compounds can shed light on the transformation
processes through consideration of isotope fractionation
factors and fractionation rates. Indeed, this concept has
been extended to include studies of the bioremediation of
petroleum contamination by measuring the H isotope ratios
of n-alkanes (Pond et al., 2002). Unfortunately, environmen-
tal processes other than evaporation, including adsorption,
photo-degradation and biodegradation, also can induce H
isotope fractionation and in so doing confound the interpre-
tation of H isotope data from field studies.

In this regard, the isotope fractionation factors obtained
from laboratory experiments could be used to evaluate the
attenuation of individual organic compounds in situ (Richnow
et al., 2003). Taking volatilization as an example, soil vapor
extraction and air sparging may be responsible for much of the
removal of organics in the subsurface, and these processes
could cause potentially significant isotope fractionation. In that
case, fractionation factors can provide useful qualitative and
possible quantitative information as to the remediation
efficiency. In view of the potential field applications in the
atmospheric environment, the H isotope fractionation factor
could serve as an auxiliary tool for distinguishing evapora-
tion from other transformation (sorption, photo- and bio-
degradation) processes for semi-volatile organic compounds.
These processes are important because they act on atmo-
spheric PM both during production and transport. The
application of this tool is based on the fact that sorption does
not cause significant H isotope fractionation while both photo-
and bio-degradation induce the opposite H isotopic fraction-
ation effect compared with evaporation (Fischer et al., 2008;
Harrington et al., 1999; Oba and Naraoka, 2007). In this way,
fractionation factors may provide qualitative information on
the relative contributions of particulate and gas-phase sources
to semi-volatile organic compounds found in the atmosphere.
Fractionation rates could be used as fingerprints of degrada-
tion pathways for organic matter when a single attenuation
process is the primary means by which specific organic
compounds are removed from the atmosphere.

Of course, multiple degradation processes normally occur
simultaneously, and these may pose difficulties for the
interpretation of isotope fractionation in field studies. Never-
theless, isotope fractionation factors for two or more elements
in specific compounds, a multi-dimensional isotope analysis,
may enable researchers to unravel the competing effects. For
example, two-dimensional isotope fractionation (2D-CSIA)
procedure involving both C and H isotopic compositions was
used by Zwank et al. (2005) to determine whether the
observed fractionation of the two isotopic elements was
governed by a single process or multiple ones. Fischer et al.
(2007) compared the biodegradation of benzene under anoxic
versus oxic conditions through the use of 2D carbon- and
hydrogen-CSIA. The 2D approach also has been used to
separate the IEs of volatilization from those of biodegradation
for methyl tertiary butyl ether (Kuder et al., 2005). Some
studies have used 2D-CSIA to investigate IEs during evapora-
tion. For example, a negative correlation between δ13C and
δ37Cl of chlorinated aliphatic hydrocarbons has been observed,
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and this relationship theoretically could be used to distinguish
evaporation from biodegradation in contaminated systems
(Huang et al., 1999; Jeannottat and Hunkeler, 2012).

4. Conclusions

Measurements of H isotopes by GC–TC–IRMS showed
that the fractionation of stable hydrogen isotopes from a
subset of n-alkanes during evaporation is consistent with the
Rayleigh model. That is, the H isotope fractionation for n-C15

to n-C19 n-alkanes during evaporation ranged from −8.5‰
to −22.5‰, while those for n-C20 to n-C32 were ranging from
−1.2‰ to −5.6‰. Furthermore, the hydrogen isotope frac-
tionation rates for n-C16 to n-C18 were nearly stable over the
course of the evaporation study, with observed HFR values of
1.1, 0.5 and 0.3‰ per day respectively; in comparison, the
fluctuations in HFR for n-C19 were larger, up to 0.6‰.

The information on H isotope fractionation of the lower
molecule-weight homologues (n-C15–n-C19) investigated in
our study is useful not only for understanding the behavior of
the H isotopes but also for evaluating the attenuation of
organic compound concentrations in the environment. On
the other hand, the nearly unaltered isotope composition of
longer chain n-alkanes (n-C20–n-C32) we observed indicates
that these homologues are better suited as tracers for the
relevant emission sources when the environmental temper-
ature is ~24 °C and volatilization is the primary attenuation
process. Strong correlations between ln[(δD + 1000) /
(δDi + 1000)] and lnF for n-C16 to n-C18 showed that the H
isotope fractionation rates were stable throughout the study.
As more information becomes available on the behavior of
isotopes during photo- and bio-degradation, it eventually
may be possible to model the attenuation pathways for
specific organic compounds.

Along these lines, the establishment of data base for
isotope fractionation factors and rates would facilitate in-
vestigations into the extent and relative importance of
specific degradation processes for environmental organic
matter in field studies. Moreover, the 2D-CSIA approach, in
combination with information on isotope kinetics, may shed
additional light on the degradation and attenuation process-
es. Finally, further research on the isotope fractionation rates
of organic compounds under natural conditions is needed for
comparison with laboratory investigations; such measure-
ments will provide for a more comprehensive understanding
the behavior of organic compounds in the environment.
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