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ABSTRACT: Volatilization causes changes in the isotopic
composition of organic compounds as a result of diﬀerent
vapor pressures of molecules containing heavy and light
isotopes. Both normal and inverse vapor pressure isotope
eﬀects (VPIE) have been observed, depending on molecular
interactions in the liquid phase and the investigated element.
Previous studies have focused mostly on pure compound
volatilization or on compounds dissolved in organic liquids.
Environmentally relevant scenarios, such as isotope fractionation during volatilization of organics from open water surfaces,
have largely been neglected. In the current study, open-system
volatilization experiments (focusing thereby on kinetic/nonequilibrium eﬀects) were carried out at ambient temperatures for trichloromethane, trichloroethene, trichloroﬂuoromethane, trichlorotriﬂuoroethane, methanol, and ethanol dissolved in
water and, if not previously reported in the literature for these compounds, for volatilization from pure liquids. Stable carbon
isotopic signatures were measured using continuous ﬂow isotope ratio mass spectrometry. The results demonstrate that
volatilization of the four halogenated compounds from water does not cause a measurable change in the carbon isotopic
composition, whereas for pure-phase evaporation, signiﬁcant inverse isotope eﬀects are consistently observed (+0.3 ‰< ε < +
1.7 ‰). In contrast, methanol and ethanol showed normal isotope eﬀects for evaporation of pure organic liquids (−3.9 ‰ and
−1.9 ‰) and for volatilization of compounds dissolved in water (−4.4 ‰ and −2.9 ‰), respectively. This absence of
measurable carbon isotope fractionation considerably facilitates the application of isotopic techniques for extraction of ﬁeld
samples and preconcentration of organohalogensknown to be important pollutants in groundwater and in the atmosphere.
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which leads to a higher vapor pressure for the heavier
isotopologues. It was suggested that during condensation, the
intramolecular vibrational frequencies of bonds that involve
elements such as H and C shift toward longer wavelengths. Due
to van der Waals interactions, this red shift is slightly larger for
the light isotopologue, resulting in a lower zero-point energy in
the condensed phase.9 The heavy isotopologue maintains a
higher energy level, resulting in lower binding forces between
molecules and consequently a higher vapor pressure. Hence,
these isotope eﬀects were named vapor pressure isotope eﬀects
(VPIE).
Binding energies in nonpolar organics are dominated by van
der Waals interactions, and therefore, inverse carbon or
hydrogen isotope eﬀects are found.10 In contrast, polar organics
may show both normal and inverse isotope eﬀects, with the
former being strongly temperature-dependent.11,12 At low
temperatures, intramolecular vibrations (internal modes) aﬀect
the vapor pressure of polar compounds, but so too do the socalled external modes when rotational and translational
motions of the entire molecule are hindered in the condensed
phase. Hydrogen bonding inﬂuences these external modes to

he investigation of isotope eﬀects associated with
volatilization and condensation is the oldest subject of
interest in stable isotope chemistry.1 It was recognized as early
as 1919 by Lindemann that isotopic substitution causes
diﬀerent zero-point vibrational energies resulting in diﬀerent
heats of vaporization and consequently diﬀerent vapor
pressures.2 For mono- and diatomic compounds, volatilization
is typically thought to cause normal mass-dependent isotope
eﬀects; that is, the heavier isotope evaporates at a slower rate,
and the remaining liquid becomes enriched in the heavier
isotope.3 For compounds forming polyatomic molecules,
however, the vapor pressures of the diﬀerent isotopologues
depend not only on the molecular weight but also on the
structure of the molecules and their interactions with other
molecules in the condensed phase.4 As a result, many volatile
organic compounds, such as aliphatic and cyclic hydrocarbons,
show inverse isotope eﬀects for elements such as hydrogen and
carbon; that is, the liquid phase becomes more depleted in the
heavier isotopes during volatilization. This inverse eﬀect was
recognized ﬁrst for hydrogen isotopes in compounds such as
acetic acid and benzene.5,6 Approaches to explain and calculate
these inverse eﬀects were presented by, for example, Baertschi
et al., Bigeleisen et al., and Wolfsberg.4,7,8 According to classic
isotope theory, van der Waals interactions induce weaker
binding energies for molecules containing the heavier isotopes,
© 2016 American Chemical Society

Received: July 8, 2016
Accepted: November 25, 2016
Published: November 25, 2016
12066

DOI: 10.1021/acs.analchem.6b02597
Anal. Chem. 2016, 88, 12066−12071

Article

Analytical Chemistry

Figure 1. Carbon isotopic signatures determined for open-system volatilization of pure-phase liquids (black diamond symbols) are compared to
isotopic signatures of compounds volatilizing from water (gray-shaded circles). For scaling reasons, isotopic values are expressed as Δ13C; the
diﬀerence between the starting δ13C0 and the δ13C after partial evaporation (expressed in ‰), plotted versus the fraction of compound remaining
(pure liquid or dissolved in water). All experiments were carried out at 24 ± 1 °C and atmospheric pressure. For pure-phase evaporation, the
enrichment factors shown are the result of three separate experiments (two in the case of methanol) sampled ﬁve to eight times during the course of
each experiment (Table 1). Enrichment factors for pure-phase evaporation of TCE23,24 and CFCs18 were published previously (Table 1). Error bars
for δ13C are ±0.5 ‰ and represent total analytical uncertainty incorporating both reproducibility and accuracy.21

produce a normal isotope eﬀect, which is related to a blue shift
in the vibrational frequencies during condensation. If hydrogen
bonding dominates binding forces, resulting vapor pressure
isotope eﬀects are normal.13 At higher temperatures, hydrogen
bonding becomes weaker, resulting in a so-called crossover of
VPIE; that is, isotope fractionation shifts toward an inverse
eﬀect with increasing temperature.12,14
Despite the large body of literature, the vast majority of
studies reported to date have focused only on vapor pressure
isotope eﬀects of pure organic compounds. Some studies
reported isotope eﬀects for organics dissolved in water and
under equilibrium conditions.15−17 In the environment,
however, organic compounds are often dissolved in water and
phase transfer may occur under nonequilibrium or kinetic
conditions. This creates a knowledge gap relevant to
contaminant science and ﬁeld studies under natural conditions,
and for isotope studies investigating natural formation of
organics in water such as methyl halides and haloforms

produced in oceans. Hence, the primary objective of this study
was to investigate isotope eﬀects associated with nonequilibrium volatilization of organics dissolved in water.
Experiments were carried out for four environmentally relevant
hydrophobic chlorinated compounds and two alcohols. Results
are compared to volatilization isotope eﬀects of the pure
liquids. Based on the new experimental evidence provided here,
implications for analytical techniques and environmental
studies are discussed.

■

EXPERIMENTAL SECTION
Volatilization Experiments. Trichloroﬂuoromethane
(CFC-11), trichlorotriﬂuoroethane (CFC-113, SynquestLab,
U.S.A.), trichloromethane (Chloroform), trichloroethene
(TCE), methanol (Fisher Scientiﬁc, Fair Lawn, NJ, U.S.A.),
and ethanol (Commercial Alcohols Inc., Brampton, ON, CA)
were used for preparation of stock solutions of dissolved
organics and as a pure liquid for open-system volatilization.
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Table 1. Enrichment Factors (εC) for Volatilization of the Six Investigated Compounds from Water and as Pure-Phase Liquidsa
pure-phase liquid
CFC-11
CFC-113
TCE

chloroform
methanol
ethanol

organic dissolved in water

εC (in ‰)

C.I (in ‰)

n

R2

εC (in ‰)

C.I. (in ‰)

n

R2

+1.718
+1.118
+0.3123
+0.2424b
+0.3524b
+1.2
−3.9
−4.225
−1.9
−2.525

0.10
0.10
0.04
0.06
0.02
0.1
0.2
0.2
0.1
0.2

15
21
4
6
11
26
17
2
19
2

0.99
0.98
0.98
0.90
0.97
0.93
0.99
1.00
0.99
1.00

(+0.01)
(−0.02)
(+0.1)

(0.2)
(0.2)
(0.2)

9
8
8

0.01
0.01
0.31

+0.1
−4.4

0.1
0.5

7
11

0.71
0.97

−2.9

0.5

11

0.95

a

Volatilization experiments for pure-phase chloroform, methanol, and ethanol were performed during the current study. Results for CFC-11, CFC113, TCE were reported previously.18,23,24 C.I. is the 95% conﬁdence interval of the regression analysis, and n the number of measurements. Values
in parentheses are those for which the poor R2 values indicate these data are not a reliable ﬁt to the Rayleigh Model (see text). bε-values are reported
from two diﬀerent experiments.

dissolved in water was carried out via headspace analysis by gas
chromatography (GC) with ﬂame ionization detection (FID).
Details and speciﬁcs are published elsewhere.18 Overall
precision of this method was better than 5% (1σ).
Stable Carbon Isotope Analysis and Enrichment
Factors. Compound speciﬁc stable carbon isotope analysis
was performed following the method of Horst et al.18 Brieﬂy,
for headspace analysis, gas samples were injected directly into
the GC using a gastight syringe. After separation on a GSQ
column (60 m × 0.32 mm ID), compounds were transformed
to CO2 in a ﬂow-through combustion furnace, before transfer
to the continuous ﬂow isotope ratio mass spectrometer
(Finnigan MAT 252). Isotope ratios of the samples and of an
external in-house working standard were measured, and δ13C
values referenced against V-PDB (Vienna Pee Dee Belemnite)
were calculated according to the following equation:20

During these experiments, organics are continuously removed
from the vapor phase in open vessels, and condensation is
negligible. There is no potential for re-equilibration between
the vapor and liquid phase, and hence, experiments solely
reﬂect isotope eﬀects due to volatilization. Pure-phase
volatilization experiments were carried out for methanol,
ethanol, and chloroform by placing 1 g of compound in 1
mL open vials and allowing evaporation to 10% of the initial
amount at 24 ± 1 °C, which was achieved after 4 to 6 h. After
partial evaporation, vials were closed, and the remaining liquid
was determined by weight. Stable carbon isotope analysis was
carried out at each of these steps following the methods and
procedures published previously for chloroﬂuorocarbons
(CFCs).18
Volatilization of compounds dissolved in water was
investigated for all six organics. Stock solutions with a
concentration of 100 mg/L (chloroform, TCE, CFC-11,
CFC-113) and 100 g/L (methanol, ethanol) were prepared
for volatilization experiments for compounds dissolved in
water. Open-system volatilization was carried out at 24 ± 1 °C
in 50 mL glass beakers containing 30 mL of stirred stock
solution. Each solution was allowed to partially volatilize for a
determined time. Time steps of 10 min were used for
chlorinated compounds and usually more than 90% of the
dissolved organics had evaporated after 90 min. For methanol
and ethanol, 4-h time steps were used, and experiments were
completed after 38 h. Each beaker was sampled sacriﬁcially; that
is, the water was transferred into a 60 mL septum bottle, crimp
sealed, shaken overnight, and allowed to equilibrate for 2 days.
The amount of organic compound remaining in the water and
the isotopic composition was determined via headspace
analysis. While some studies have demonstrated a small
equilibrium eﬀect associated with headspace partitioning,
these are typically smaller than analytical uncertainty.19
Nonetheless, all samples were treated identically with respect
to temperature, storage time, headspace volume, and so on, to
ensure any eﬀects of headspace partitioning will not aﬀect the
results of this study.
Quantiﬁcation. Volatilization progress was determined in
two diﬀerent ways. For volatilization of the pure liquid, the
weight of the remaining compound was determined after each
evaporation step. The precision of this procedure (1σ) was
better than 0.1% determined for 10 measurements of the same
vial carried out on two diﬀerent days. Quantiﬁcation of organics

13

δ

( )sample − 1
C(‰) =
( )standard

13

C
C

12

13

C
C

12

(1)

Total uncertainty incorporating both accuracy and analytical
precision of this method is ±0.5 ‰ after the method of
Sherwood Lollar et al.21 The δ13C values are normalized and
expressed as the Δ13C (Figure 1), which is the relative
diﬀerence of the measured δ13C and the initial δ13C.20 Isotopic
enrichment factors for stable carbon isotopes (εC) were
determined by the Rayleigh equation where the data ﬁt the
model-based R2 values (Table 1):22
⎛ δ13C + 1000 ⎞
⎟ ≈ ln(f )εC
ln⎜ 13
⎝ δ C0 + 1000 ⎠

(2)

The δ13C is the isotopic signature of the liquid or dissolved
organic after partial volatilization, δ13C0 indicates the initial
delta value, and f is the fraction of liquid or dissolved organic
remaining. The enrichment factor εC expresses the isotopic
enrichment due to volatilization (i.e., the change in δ13C during
partitioning into the gas phase). A negative value indicates
preferential volatilization of molecules containing the lighter
isotopes and thereby a normal isotope eﬀect. Positive values
indicate inverse VPIE due to preferential volatilization of
heavier isotopes.
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enrichment factor εC can be theoretically calculated for the data
for CFC11, CFC-113, and TCE in Figure 1, the R2 values for all
these data for compounds volatilizing from water are poor.
Regression analyses did not yield statistically signiﬁcant linear
ﬁts for the data for CFCs and TCE (p > 0.15) with R2 < 0.31.
Hence, these calculated values cannot be considered reliable
and are indicated in Table 1 in parentheses. Chloroform data
may theoretically ﬁt a regression line (εC = −0.1 ‰, p = 0.02,
R2 = 0.71); however, signiﬁcant changes in δ13C (i.e., more than
0.5 ‰) would not be observed before 98.2% of all compound
had been volatilized from the water. Hence, even if there were a
very small VPIE associated with volatilization from water, it
would not signiﬁcantly change the isotopic composition of
dissolved organics in most cases.
The reason for the absence of fractionation of nonpolar
compounds remains to be explained in detail, but very likely it
is related to the solvent properties of water. Due to the absence
of functional groups in CFCs, TCE, and chloroform, these
organic compounds are only able to form very weak bonds with
hydrogen, and van der Waals interactions dominate the binding
forces even if these organics are dissolved in polar compounds
such as water.27 According to existing VPIE models, an inverse
carbon isotope eﬀect should be observed.10 Most VPIE models,
however, are based on assumptions which have been developed
for pure compounds, and using water as a solvent might
considerably complicate the prediction of isotope eﬀects. For
instance, the Born−Oppenheimer approximation considers
electronic and nuclear degrees of freedom to be decoupled.10
This means that any possible isotope dependence of parameters
such as the polarizability or dipole moments is not included,
which might play a role in these experiments in water.10
Likewise, any eﬀect of halogen bonding on VPIE is still
unknown. It was recently recognized that halogen atoms in
covalent bonds may possess an electron-rich region orthogonal
to the covalent bond and a cap depleted in electrons on the
opposite side of the bond.28 This so-called σ-hole is able to
interact with electron-rich sites of other nucleophiles and this
eﬀect has been reported, for instance, for halogens in
chlorotriﬂuoromethane (CFC-13) binding to the oxygen of
water.29 At this point, however, the eﬀect of these halogen
bonds, polarizability, dipole moments, or other unrecognized
mechanisms on the magnitude or direction of vapor pressures
isotope eﬀects remains sparsely investigated.
Another complicating scenario may be a rate-determining
step during phase transfer which, despite existing vapor
pressure diﬀerences, would override preferential volatilization
of the heavier isotopologue. Dissolution of hydrophobic organic
molecules, such as the studied halogenated compounds,
requires relatively large amounts of energy. Polar water
molecules are forced to arrange around the larger nonpolar
molecule to form a hydration shell. Many polar bonds between
water molecules have to be broken for this cavity, increasing the
free energy.27 Consequently, the energy gained from releasing a
hydrophobic molecule from water may far outweigh the
relatively small diﬀerence in zero-point energies caused by
van der Waals interactions. Therefore, the diﬀerent isotopologues may leave the water surface at the same rate, and isotope
fractionation would be inhibited.
One possible way to investigate further this lack of isotope
fractionation is the study of other isotope systems in these
compounds. Especially, chlorine isotope analysis may give
valuable insights on possible mechanisms during volatilization
of organohalogens from water. Previous studies of TCE and

RESULTS AND DISCUSSION
Volatilization experiments were carried out for four nonpolar
compounds (chloroform, TCE, CFC-11, CFC-113) and two
polar compounds (methanol, ethanol). Stable carbon isotope
eﬀects associated with nonequilibrium volatile loss of the pure
phase and compounds dissolved in water were determined.
Previous studies (Table 1) reported inverse VPIE for purephase evaporation of TCE (ε = +0.24 to +0.35 ‰),23,24 CFC11 (ε = +1.7 ± 0.1 ‰), and CFC-113 (ε = +1.1 ± 0.1 ‰).18
In the current study, pure-phase evaporation of chloroform
resulted in an enrichment factor of +1.2 ± 0.1‰. During these
open-system experiments, the organic volatile phase is vented
from the system before recondensation can occur. The amount
of remaining pure liquid or the concentration of the organic
compound in water is monitored as it decreases successively. If
any isotope fractionation is associated with this process and the
δ13C in the liquid changes according to the Rayleigh model,
enrichment factors (ε) reﬂect the diﬀerence in δ13C between
the organic in the liquid phase and the instantaneously
volatilized organic in the gas phase.22 Overall, pure-phase
epsilons agree with isotope theory predicting small inverse
carbon VPIE for pure liquids of nonpolar aliphatic compounds13 and can lead to a signiﬁcant change in the isotopic
composition of a substrate pool, depending on the amount of
organic evaporated.
The two tested alcohols, methanol and ethanol, showed
normal isotope eﬀects during both pure-phase evaporations and
volatilization of these compounds dissolved in water with
enrichment factors of −3.9 ± 0.2 ‰ and −1.9 ± 0.1 ‰ for
pure phases and −4.4 ± 0.5 ‰ and −2.9 ± 0.5 ‰ for dissolved
methanol and ethanol, respectively. The normal VPIE of these
pure organics agree with results from a former study,25 which
was also carried out at ambient temperatures (Table 1).
Previous articles also published inverse isotope eﬀects for purephase volatilization of methanol and ethanol.25,26 These studies
performed distillation experiments, and the reported inverse
VPIE reﬂect the aforementioned crossover. At higher temperatures, polar bonds become weaker, and van der Waals
interactions dominate, which produce an inverse isotope eﬀect.
However, in the current study experiments were carried out at
ambient temperatures (24 ± 1 °C), and as expected for
hydrogen bonding liquids, resulting VPIE are normal,13 which
is conﬁrmed by both experiments, pure-phase evaporation and
volatilization of alcohols from water.
For halogenated nonpolar organics dissolved in water, no
signiﬁcant carbon isotope fractionation outside of analytical
uncertainty was observed (Figure 1). In contrast, evaporation
from diﬀerent pure-phase compounds resulted in epsilon values
from +0.3 ‰ for TCE23,24 up to +1.7 ‰ for CFC-1118 (Table
1). It is interesting to compare these results with available
enrichment factors obtained for experiments carried out under
equilibrium conditions. For pure-phase TCE volatilized under
equilibrium conditions, values of +0.3 to +0.8‰ were
reported,16 similar to but slightly larger than the εC of
nonequilibrium experiments carried out with the free product
measured in previous studies.23,24 In equilibrium volatilization
experiments, TCE and chloroform dissolved in water also
showed a signiﬁcant inverse isotope eﬀect with values of +0.6
‰ and +1.5 ‰ respectively.15
In contrast, for nonequilibrium volatilization of compounds
dissolved in water, all halogenated organics showed no carbon
isotope fractionation outside of analytical uncertainty. While an
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chloroform demonstrated that chlorine shows a small normal
isotope eﬀect during pure compound volatilization despite
inverse carbon isotope eﬀects in the same compounds.23,24,26 It
was suggested that isotopic substitution of heavier atoms such
as Cl causes a much smaller red shift in intramolecular
frequencies and therefore VPIE are overall normal for these
isotopes. Hence, a rate-limiting step would probably also
eliminate chlorine isotope fractionation, whereas unconsidered
molecular interactions of these organics in water are also likely
to increase the magnitude of VPIEs for Cl.
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CONCLUSIONS
The current study presents experimental evidence for a
previously unreported absence of carbon VPIEs for organic
compounds dissolved in water. The reason for the negligible
carbon isotope fractionation during open-system volatilization
of these hydrophobic organics from water has yet to be
explained in detail. However, because experiments have been
carried out for four diﬀerent compounds, it is conceivable that
this absence of signiﬁcant δ13C fractionation may also be
observed for other hydrophobic aliphatic VOCs, especially
halogenated methanes, ethanes, and ethenes, a group of priority
pollutants both in groundwater and the atmosphere.19,30
The current study has implications for both analytical
techniques and environmental studies of these compounds.
Sampling and preconcentration methods for isotope analyses
involving volatilization, such as dynamic headspace and purge
and trap, are usually considered to be reliable only if nearquantitative. Our results, however, suggest that no signiﬁcant
isotope fractionation may occur for even very low extraction
eﬃciencies, which simpliﬁes the application of these methods
considerably.
The results presented in this study are especially important
for environmental isotope studies of these contaminants.
Halogenated methanes, ethanes, and ethenes, including the
four tested hydrophobic compounds, are not only of great
interest as groundwater contaminants but some of them are
also contributing to ozone depletion and are strong climate
forcers.30 Studying transformation mechanisms and delineating
sources and sinks of compounds such as haloforms and methyl
halides to the atmosphere is complicated by the fact that both
natural production and degradation occurs in the oceans.31−33
Isotopic techniques are applied to better understand the fate of
these compounds. Our results suggest that no measurable
carbon isotope fractionation is associated with nonequilibrium
volatilization from open water surfaces, for instance during
emission of these compounds produced in oceans by
macroalgae. In contrast, organic contaminants in groundwater
are likely more aﬀected by equilibrium isotope eﬀects due to
suﬃcient time to establish an equilibrium between groundwater
and the vadose zone. Previous studies showed that a small
inverse equilibrium isotope eﬀect occurs for TCE and
chloroform dissolved in water.15,16 However, our study
demonstrates that extraction of groundwater from wells and
preconcentration techniques such as purge and trap are not
likely to cause additional nonequilibrium or kinetic VPIE.
Future studies may show if isotope fractionation of other
elements such as halogens and hydrogen are aﬀected in a
similar way (i.e., they become negligible) or whether
volatilization of organics from water rather increases enrichment factors compared to pure-phase evaporation.
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