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ABSTRACT: Position-speciﬁc isotope eﬀects (PSIEs) have
been measured by isotope ratio monitoring 13C nuclear
magnetic resonance spectrometry during the evaporation of
10 liquids of diﬀerent polarities under 4 evaporation modes
(passive evaporation, air-vented evaporation, low pressure
evaporation, distillation). The observed eﬀects are used to
assess the validity of the Craig−Gordon isotope model for
organic liquids. For seven liquids the overall isotope eﬀect (IE)
includes a vapor−liquid contribution that is strongly positionspeciﬁc in polar compounds but less so in apolar compounds
and a diﬀusive IE that is not position-speciﬁc, except in the
alcohols, ethanol and propan-1-ol. The diﬀusive IE is
diminished under forced evaporation. The position-speciﬁc
isotope pattern created by liquid−vapor IEs is manifest in ﬁve
liquids, which have an air-side limitation for volatilization. For the alcohols, undeﬁned processes in the liquid phase create
additional PSIEs. Three other liquids with limitations on the liquid side have a lower, highly position-speciﬁc, bulk diﬀusive IE. It
is concluded that evaporation of organic pollutants creates unique position-speciﬁc isotope patterns that may be used to assess
the progress of remediation or natural attenuation of pollution and that the Craig−Gordon isotope model is valid for the
volatilization of nonpolar organic liquids with air-side limitation of the volatilization rate.

■

distillation and manometric methods5 and, mostly, inverse
carbon IEs were found for hydrocarbons (i.e., the vapors were
enriched in 13C compared to the liquids).6−9 Harrington and
co-workers,10 who observed inverse IEs in aromatic hydrocarbons over a temperature range of 5−70 °C, suggested that
the remaining contaminants would therefore become depleted
in 13C during volatilization. Bouchard and co-workers11 found
that the opposite is true for hydrocarbons evaporating from a
mass of hydrocarbons buried in soil. This was interpreted as
being the result of two IEs, of which the normal diﬀusive IE
dominates over the inverse vapor−liquid IE for 13C.12 Kuder et
al.13 were the ﬁrst to apply the CG-model to 2H and 13C IEs of
passive and vented evaporation of an organic liquid pollutant,
methyl tert-butyl ether (MTBE) . In contrast, Jeannottat and
Hunkeler14 used another model derived from the water
evaporation model from He and Smith3 to interpret results
of 13C and 37Cl isotope measurements in TCE during

INTRODUCTION
Organic liquids such as solvents, fuels, and fuel additives are
among the most problematic groundwater contaminants
because they migrate actively to groundwater and form longlasting sources. At many contaminated sites, extraction of
compounds based on soil vapor, dual-phase extraction, or airsparging is the chosen remediation strategy. Compoundspeciﬁc isotope analysis (CSIA) can be a tool for the
assessment of remediation success and is applied frequently
for degradation processes involving strongly isotope-fractionating bond-breaking reactions.1 However, diﬀusive isotope
fractionation during volatilization can also create isotope
fractionation, thus CSIA for remediation assessment is only
possible when the mechanisms of volatilization are well
understood and the pertinent isotope fractionation factors are
quantiﬁed.1 The earliest and most complete understanding of
isotope fractionation during evaporation of a liquid is that for
water and its isotopes 2H and 18O.2−4 The well-accepted model
of Craig and Gordon (CG-model) states that two isotope
eﬀects (IE)the vapor−liquid IE and the diﬀusive IEare
implied in water evaporation and that the eﬀects are additive.
Vapor−liquid IEs for organic liquids were studied in the past by
© 2015 American Chemical Society
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evaporation through soil or in a fume hood. They found that
the vapor−liquid IE and the diﬀusion IE for 13C are of the same
magnitude, but are of opposite direction, and thus, the overall
eﬀect is nil. Only for chlorine could an isotope fractionation be
evaluated.14
A number of other studies measured carbon isotope
fractionation of organic liquids during volatilization in fume
hoods,15−17 and fractionation was often quite diﬀerent from
what has been measured and predicted during volatilization
from soil. The magnitude of airﬂow and the way by which the
vapor is carried away seem to play a role, but no quantitative
understanding for this is available.
Position-speciﬁc isotope analysis (PSIA) using isotope ratio
monitoring by 13C NMR (irm-13C NMR) spectrometry is a
powerful new tool to look at processes where CSIA by isotope
ratio monitoring mass spectrometry (irm-MS) may not detect
any eﬀect on the whole molecule. In the current case, in which
there are two additive processes, it can be anticipated that the
vapor−liquid IE might be fairly position-speciﬁc, especially in
liquids with polar interactions (e.g., where hydrogen bonding is
occurring). In contrast, the IE for diﬀusion in gas phase should,
a priori, not be position-speciﬁc. Thus, our working hypothesis
is that by using PSIA, it is possible to assess progressive
evaporation even for compounds where the bulk (or overall
average for the compound) IE is nil, and gain new insights in
the molecular understanding of the evaporation process. In a
previous study,18 we showed how irm-13C NMR gives access to
the position-speciﬁc isotope fractionation (PSIF), expressed as
δ13Ci and that the PSIF values may vary more signiﬁcantly than
the bulk δ13Cb obtained by irm-MS.
In that former study, evaporation conditions on model
molecules known as important pollutants (TCE, MTBE,
toluene), and ethanol covered four processes: passive
evaporation (PE), air-ﬂux assisted evaporation (AFE), low
pressure evaporation (LPE) and distillation (DE), and the δ13Ci
values were determined by irm-13C NMR, with the objective to
give a proof-of-concept for the use of PSIA in pollution
studies.18
The objective of the present work is to probe the
mechanisms underlying the changes in PSIEs during volatilization. For this, we have added 6 more compounds with
signiﬁcantly diﬀerent chemical properties in terms of their
polarity, volatility and liquid density: acetone, bromoethane,
propan-1-ol, methanol, n-heptane, and tert-amyl methyl ether
(TAME). These compounds were evaporated under the same
evaporation modes as the four previous compounds.18

Figure 1. Schematic representation of the two-ﬁlm model for isotope
eﬀects of a liquid undergoing volatilization with rate limitation on the
air-side boundary.

(Δliquid−vap.), and the diﬀusion eﬀect in the air ﬁlm εdiff‑air.
These eﬀects are additive (eq 1):13
IE = Δliquid − vap +εdiff − air for air − film limited evaporation
(1)

Liquid−vapor IEs (Δliquid−vap) have been quite extensively
studied in the classical isotope literature by distillation or
manometric methods at diﬀerent temperatures. Most organic
liquids have inverse liquid−vapor carbon IE.6 These IE are a
result of higher dispersion (London) forces and hence higher
densities and higher collision probability of compounds with a
heavy isotope in the condensed phase. The IE is highly
dependent on the position of the isotopic substitution: the
liquid−vapor IE of n-octanols deuteriated on the OH group
was strongest when the group was at the terminal position, and
weakest when it was at one of the inner positions.20 Further
position-speciﬁc IEs were documented for other deuterated
alcohols, acetic acid and toluene.5 PSIEs were also observed for
13
C in ethanol in experiments based on distillation.21
The second process creating IEs in passive volatilization is
the diﬀusion eﬀect in the air ﬁlm. This process is also wellknown and is determined by mass diﬀerence between the
isotopomers or isotopologues. Craig derived the fractionation
factor for the diﬀusion eﬀect in the air ﬁlm αdiff‑air (eq 2):22

■

THEORY
Volatilization of liquids to the open air is best represented by a
conceptual model based on two stagnant ﬁlms, a liquid ﬁlm on
the liquid side and a gas ﬁlm on the air side of the interface
(Figure 1).19 According to the physical conditions, either one
of these ﬁlms is the bottleneck for deﬁning the overall ﬂux rate,
or both ﬁlms may contribute to limit the speed of volatilization.
The outcome of the overall limitation depends on in which
ﬁlm the transfer velocity is smaller. Discussing IEs during
volatilization thus requires the analysis of the transfer velocities
in these ﬁlms. For the evaporation of water, it is the air ﬁlm
which controls the overall ﬂux rate.2 For this situation, the CGmodel was developed for 2H and 18O. It was later adopted by
Kuder et al.13 for describing the volatilization of MTBE from
water when the ﬂux limitation is also on the air side. The IE is
composite, including two processes: the liquid−vapor IE

αdiff ‐ air =

Ml(Mh + Mav )
Mh(Ml + Mav )

(2)

where M is molecular mass, and subscripts l, h, and av denote
light or heavy isotopomers and air with compound vapor,
respectively. The diﬀusion eﬀect is not supposed to be positionspeciﬁc and is always normal. For the molecular mass of air,
28.8 g mol−1 is often adopted, accounting for 20% O2 and 80%
N2 in air. In the case of very volatile organic liquids, this value
needs to be adjusted because the compound vapor can also
account for some percentage of total air molecules. This is
explained in more detail in the Supporting Information. The
Mav values for the compounds in this study were calculated and
are given in Table S3. Using this fractionation factor, and
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Table 1. Bulk and Position-Speciﬁc Enrichment Factors Obtained for the Four Evaporation Modes and for the 10 Compounds
Investigateda
bulk
compound
methanol

ethanol

acetone

propan-1-ol

MTBE

toluene

n-heptane

TAME

bromoethane

TCE

a

C-1

C-2

C-3

C-4

C-5

evaporation
mode

f
(%)

Δδ13Cb
(‰)

εb
(‰)

Δδ13Ci
(‰)

εi
(‰)

Δδ13Ci
(‰)

εi
(‰)

Δδ13Ci
(‰)

εi
(‰)

Δδ13Ci
(‰)

εi
(‰)

Δδ13Ci
(‰)

εi
(‰)

PE
AFE
LPE
DE
PE
AFE
LPE
DE
PE
AFE
LPE
DE
PE
AFE
LPE
DE
PE
AFE
LPE
DE
PE
AFE
LPE
DE
PE
AFE
LPE
DE
PE
AFE
LPE
DE
PE
AFE
LPE
DE
PE
AFE
LPE
DE

4.8
7.3
4.0
1.6
7.3
7.3
4.0
6.7
5.0
4.7
3.3
3.0
6.4
5.2
7.0
3.1
6.0
5.0
4.3
1.8
4.9
3.1
5.3
4.9
6.1
5.1
3.7
6.0
7.0
6.2
5.0
5.5
6.4
5.2
5.6
1.9
6.5
7.1
7.2
4.7

+19.0
+10.8
−1.0
−2.1
+11.4
+6.7
−1.0
−1.8
+7.3
+7.0
+1.0
+1.2
+6.0
+2.2
−2.0
−3.1
+2.8
+2.1
+0.1
−1.3
+2.8
+2.2
−0.8
−1.4
+1.5
+2.1
−1.2
−1.9
−0.1
+0.8
−0.6
−1.7
−0.4
+0.7
−2.2
−2.8
−1.1
−0.6
−1.4
−2.4

−6.5
−4.2
+0.3
+0.5
−4.3
−2.5
+0.4
+0.7
−2.5
−2.3
−0.3
−0.3
−2.3
−0.8
+0.8
+0.9
−1.0
−0.7
−0.0
+0.3
−0.9
−0.6
+0.3
+0.4
−0.5
−0.7
+0.4
+0.7
+0.0
−0.3
+0.2
+0.6
+0.2
−0.2
+0.8
+0.7
+0.4
+0.2
+0.5
+0.8

+6.8
+4.4
−2.0
−2.9
+4.0
+3.8
−1.1
−1.5
+2.7
+0.9
−2.7
−3.6
+1.0
+0.7
−0.7
−4.1
+0.9
+0.9
−2.1
−0.8
+0.6
+1.6
−1.4
−2.2
−2.1
−0.9
−1.6
−3.2
−2.7
−0.2
−4.7
−4.3
−2.1
−1.3
−1.5
−3.0

−2.6
−1.7
+0.7
+1.1
−1.3
−1.2
+0.3
+0.4
−1.0
−0.3
+1.1
+1.1
−0.4
−0.2
+0.2
+1.0
−0.3
−0.2
+0.7
+0.3
−0.2
−0.5
+0.4
+0.8
+0.8
+0.3
+0.6
+1.1
+1.0
+0.1
+1.7
+1.1
+0.8
+0.5
+0.6
+1.0

+16.1
+8.9
+0.0
−0.7
+8.9
+8.5
+2.0
+2.5
+5.9
+2.0
−1.7
−3.1
+3.2
+1.5
+0.1
−0.8
+2.5
+2.3
−0.9
−1.4
+1.0
+1.3
−1.1
−1.2
+1.0
+1.2
−0.3
−0.6
+1.9
+1.6
+0.6
−1.4
−0.1
+0.0
−1.3
−1.8

−6.1
−3.3
−0.0
+0.3
−3.1
−2.9
−0.6
−0.7
−2.2
−0.7
+0.7
+0.9
−1.2
−0.5
−0.0
+0.2
−0.8
−0.7
+0.3
+0.5
−0.4
−0.5
+0.4
+0.4
−0.4
−0.5
+0.1
+0.2
−0.7
−0.6
−0.2
+0.4
+0.0
−0.0
+0.5
+0.6

+9.4
+3.6
−1.6
−2.5
+3.3
+2.8
+0.4
−0.6
+2.6
+2.2
−0.7
−1.5
+1.3
+2.2
−1.4
−2.0
−0.2
+1.0
−0.7
−1.9

−3.5
−1.2
+0.6
+0.7
−1.2
−1.0
−0.1
+0.1
−0.9
−0.6
+0.2
+0.5
−0.5
−0.8
+0.4
+0.7
+0.1
−0.4
+0.2
+0.7

+2.8
+2.4
−0.4
−2.3
+2.8
+3.0
−0.9
−1.8
+0.5
+1.6
−0.2
−1.4

−1.0
−0.7
+0.1
+0.7
−1.0
−1.0
+0.3
+0.7
−0.2
−0.6
+0.1
+0.5

+5.4
+3.2
−0.1
−0.8

−1.8
−0.9
+0.0
+0.3

−0.5
+0.4
−0.8
−1.9

+0.2
−0.2
+0.3
+0.7

Example calculation for isotope mass balance in compound MTBE: εbulk = (εC‑1 + εC‑2 + 3x εC‑3)/5

answer this question is to calculate the air-organic liquid
partitioning coeﬃcient Kial (Table S4). If this coeﬃcient is
≪10−3 (Figure S2), then the limitation is on the air side.19The
calculations suggest that for methanol, ethanol, propan-1-ol,
toluene, n-heptane, TAME and TCE, the limitation is at the air
side boundary, whereas for the 3 other compounds, either both
boundaries or only the liquid side might limit the diﬀusive ﬂux
since Kial is 10−3 or larger. By calculation, Kuder et al.13
deduced air-side limitation for benzene, phenol, p-xylene, TCE
and naphthalene, and about equal ﬁlm limitation for MTBE,
although it must be noted here that the method of calculation
used by Kuder et al.13 was speciﬁcally chosen for volatilization
from gasoline and it involved n-octanol−water and air−water
partitioning. The IE for volatilization in liquids limited on the
liquid side would be according to (eq 4)13

correcting for humidity and strength of airﬂow, the enrichment
factor for diﬀusion in the air ﬁlm is obtained (eq 3)4
εdiff ‐ air = n(1 − h)(αdiff ‐ air − 1) × 1000

(3)

where n is a factor used in the CG-model correcting for airﬂow
(ranging from 1 in the absence of airﬂow to 0.5 in very
turbulent airﬂow), and h is humidity in the case of water, or
relative vapor saturation for organic compounds. eq 3 states
that the diﬀusive IE disappears under very strong airﬂows or at
100% vapor saturation. Note that eq 3 is valid only for wellmixed liquids (i.e., for shallow pools).2
Kuder et al.13 worked on the volatilization of pollutants from
gasoline and calculated for a number of nonaqueous liquids
whether the bottleneck for volatilization is in the air phase or
on the liquid side. For pure organic liquids, a simpliﬁed way to
12784
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IE = εdiff − liquid for liquid film − limited evaporation

expressed relative to the international reference (Vienna-Pee
Dee Belemnite, V-PDB) using the relation:

(4)

with εdiff‑liquid being the isotope enrichment due to diﬀusion in
the liquid phase. Note that here no liquid−vapor IE applies,
and neither airﬂow nor vapor saturation should have any
inﬂuence on the IE. It is clearly smaller in magnitude than the
diﬀusion eﬀect in air.
The fractionation by diﬀusion in liquid phase was assumed to
be approximately equal to the square root of the inverse ratio of
the molar masses based on the Stokes−Einstein equation.23,24
Recent work of diﬀusion of TCE25 or noble gases26 in water
revealed that this method overestimates diﬀusive fractionation,
and that molecular dynamics simulations24 give a better insight
into the magnitude of fractionation.

⎛ R sample
⎞
δ13C (‰) = ⎜
− 1⎟ × 1000
⎝ R reference
⎠

(5)

Calibrated of δ C was via a laboratory standard of glutamic
acid standardized against calibrated international reference
materials (NBS-22, IAEA-CH-6, IAEA-CH-7).
13

■

RESULTS
Bulk 13C Fractionation upon Evaporation Simulations.
Table 1 shows bulk enrichment factors obtained in this study
for the four evaporation modes and for the 10 compounds
investigated. The compounds are ordered with respect to
increasing molar mass and the numbering of the carbon atoms,
as depicted in Figure 2, is from the low ﬁeld to the high ﬁeld in

■

EXPERIMENTAL SECTION
Chemicals and Evaporation Experiments. The sources
and quality of the evaporated chemicals and their physicochemical characteristics are given in the Supporting
Information. The evaporation simulation was performed from
four diﬀerent experiments using 20 or 100 mL of pure
compound: the remaining substrate (2−7%) was submitted to
isotope analysis. The “passive” evaporation (PE) was carried
out with 20 mL of compound in a 30 mL vial under fume-hood
at constant airﬂow of 2 × 105 L h−1 at an ambient temperature
of approximately 22 °C. The “air ﬂux” evaporation (AFE) was
performed with 20 mL of pure chemicals in a 250 mL threenecked round-bottom ﬂask with two open necks and the third
connected to an inlet blowing air at 500 L h−1. Evaporation at
“low-pressure” (LPE) was done on 20 mL compound, using a
Rotavapor with a 30 °C water bath and a vacuum of about 10
mbar. Evaporation upon distillation (DE) was carried out using
a spinning band (Cadiot) distillation column8 on 100 mL of
each compound.
Isotope Ratio Monitoring 13C NMR Spectrometry
(irm-13C NMR). The protocols for sample analysis were
described previously.18 Only a brief summary is given here, and
more details are supplied in the Supporting Information
(Tables S1 + 2). Quantitative 13C NMR spectra were recorded
using a Bruker AVANCE I 400, ﬁtted with a 5 mm i.d. 1H/13C
dual+ probe, carefully tuned at the recording frequency of
100.61 MHz, or a Bruker AVANCE III ﬁtted with a 5 mm i.d.
BBFO probe tuned at the recording frequency of 100.62 MHz.
In all cases the temperature of the probe was set to 303 K. The
oﬀset for 13C frequencies was set at the middle of the frequency
range observed for each studied compound. An inverse-gated
decoupling technique has been used to avoid Nuclear
Overhauser Eﬀect (NOE).
Isotope 13C/12C ratios were calculated from processed
spectra essentially as described previously.27,28 The isotope
enrichment fractionation factor ε was calculated according to
the common Rayleigh approach (equation S2, Supporting
Information).
Isotope Ratio Monitoring MS (irm-MS). Bulk 13C
abundance (δ13Cb) was determined by isotope ratio monitoring
mass spectrometry (irm-MS) using an Integra2 spectrometer
(Sercon Instruments, Crewe, UK) linked to an elemental
analyzer (irm-EA/MS) (Sercon Instruments, Crewe, UK). A
precise mass of compound was weighted into tin capsules (2 ×
5 mm, Thermo Fisher Scientiﬁc) using a 10−6 g precision
balance (Ohaus Discovery DV215CD) to have ∼0.4 mg of
carbon/capsule. Precautions were taken to ensure the quality of
sealing of the capsules to avoid leakage. δ13C (‰) values are

Figure 2. Numbering of positions according to the shielding order of
the peak appearance on the 13C NMR spectra.

the 13C NMR spectra. For DE, all enrichment factors except for
acetone are positive, meaning that the IEs are inverse except for
acetone. In contrast, for PE and AFE, IEs are inverse only for
the two halogenated compounds, whereas all eight other
compounds exert signiﬁcant normal IEs. When the calculated
bulk IEs are compared to values published in the literature, a
good agreement is generally found for all DE values, and a
poorer agreement for passive volatilization (Supporting
Information, Table S6).
Position-Speciﬁc13C Fractionation upon Evaporation
Simulations. Figure 2 shows the numbering of positions
according to the shielding order of the peak appearance on the
13
C NMR spectra.
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From the δ13Ci values determined by irm-13C NMR, the
enrichment factor εi was calculated as shown in the Supporting
Information. As discussed previously,12 the uncertainty of εi is
±0.2‰, as calculated from the GUM guide.29 The results
reveal that PSIEs are occurring in all compounds that have
more than one isotopomer, and that most frequently the
carbon at position 1 is subject to the largest inverse IE (or the
lowest normal IE). Intramolecular variation of enrichment is
sometimes not very large and may be smaller than analytical
uncertainty, as in the apolar compound n-heptane, the weakly
monopolar compound toluene, and even in the monopolar
compounds, TAME and TCE, but remains signiﬁcant. Stronger
intramolecular variations are demonstrated in the polar
compounds, ethanol, propan-1-ol, MTBE, bromoethane, and
acetone. Strong intramolecular variations are manifested in all
evaporation modes except LPE. This latter mode produces in
general the smallest bulk IE and PSIE. It is noteworthy here
that the pattern of intramolecular variation is equal in the three
strongly diﬀerentiating modes. For example, in the case of
MTBE, the enrichment factor at C-1 is always larger than those
for C-2 and C-3. The PE and the DE εi values show similar
distribution of the IE in the molecule at diﬀerent absolute
magnitude.

(weakly monopolar) did not reveal large PSIEs (Table 1). In
contrast, for polar compounds, PSIEs are observed in DE and
also in LPE experiments, probably due to the presence of
stronger intermolecular interactions. In acetone, these bindings
result in a lower volatility of 13C isotopomers, thus in an overall
normal IE in distillation, similar to the normal IE for 2H and
18
O in water.
In our low-pressure evaporation experiments, IEs were small,
but PSIEs were observable. This is a result of the liquid−vapor
IE and a diminished diﬀusive IE. Boiling in the low-pressure
evaporation leads to h = 1 conditions (eq 3), with suppressed
diﬀusive IE.
In order to discuss the passive volatilization experiments, it
must ﬁrst be ascertained for which of these liquids the
evaporation limitation lies on the air-side boundary. This was
done using general concepts of mass transfer theory on liquid−
gas boundaries (Supporting Information, Figure S2). The main
criterion for separating liquids into either air-side limited,
liquid-side limited or both-side limited liquids is the air−
organic liquid partitioning coeﬃcient Kial. It is shown in Figure
S2 that the transition from air-side limited to liquid-side limited
evaporation is not sharp, and that there is a zone where both
ﬁlms may limit evaporation. Seven compounds in this study
have, like water, a Kial lower than 10−3: methanol, ethanol,
propan-1-ol, toluene, heptane, TAME and TCE. This means
that for these only moderately volatile compounds, the air-side
boundary limits passive evaporation, and eq 3 applies for
explaining associated IEs. The evaporation of acetone seems to
be limited equally by both sides (Figure S2). MTBE and
bromoethane, the two most volatile compounds in this study,
are limited rather more on the liquid side (Figure S2 and Table
S4), and eq 4 applies for explaining the observed IEs.
In our passive evaporation experiments, bulk enrichments
were reasonably well correlated with results from the literature
(Table S6). For air-side limited liquids, passive evaporation is
subject to two additive IE: the diﬀusive IE and the liquid−vapor
IE (eq 1). Because our distillation experiments yielded
enrichment factors for the vapor−liquid IE (h = 1 in eq 3),
we can make use of eq 1 to obtain experimental diﬀusive IE via
(eq 6)

■

DISCUSSION
Following the theory developed in the Theory section and the
evaporation modes applied in this study, it is assumed that the
following IEs will be active. (1) In passive evaporation, the
observed enrichment is the result of the addition of the liquid−
vapor IE and the fully expressed diﬀusive IE for compounds
limited at the air-side boundary, or by the diﬀusive IE in the
liquid phase in the case of liquid-limited compounds. (2) In airﬂux evaporation, the same holds, but here, the air-side limited
diﬀusive IE is reduced by airﬂow. (3) In low-pressure
evaporation, the diﬀusive IE is reduced by the absence of air.
In addition, low-pressure evaporation is very fast, which causes
a fast advective downward movement of the liquid surface,
which counteracts the creation of diﬀusion gradients in the
liquid, and therefore only little diﬀusive fractionation occurs.
(4) Distillation presents a more complex situation. In a
distillation column, a liquid ﬂows downward and a gas stream
ﬂows upward, creating a series of equilibrations in which
isotopomer exchange between the liquid and the gas occur. The
diﬀusive IE is fully suppressed since the liquid is in contact with
saturated vapor. The temperature is usually near the boiling
point of the distilled compound for practical purposes.
Therefore, although the liquid−vapor IE is active, it is the IE
for the boiling temperature, and not for ambient temperature.
When the IE is normal, the liquid is enriched in the heavier
isotope, and the bulk liquid in the ﬂask becomes isotopically
relatively enriched also. Condensed vapor taken at the top is
therefore relatively depleted. Distillation has been used for
measuring the liquid−vapor IE. As discussed before, the IE is
highly dependent on the position of the isotope substitution,
and it can therefore be expected that isotope enrichments
during distillation are position-speciﬁc.
Bulk enrichment factors for distillation compared well with
literature values (Supporting Information, Table S6), and were
positive except for acetone, leading to vapors enriched in 13C.
This phenomenon was well recognized already in the classic
literature and was explained based on the higher molar volume
of compounds containing a 13C, leading to higher vapor
pressure.30 Distillation of n-heptane (apolar) and toluene

IEεdiff − air = IE PE − Δliquid − vap

(6)

According to our hypothesis, the experimental diﬀusive IE
εdiff‑air should not be position-speciﬁc. In Figure 3 we show the
experimental diﬀusive IE εdiff‑air for all compounds and all
positions, obtained as (ε PE − ε DE) versus the bulk
theoretically obtained εdiff‑air from eq 3 with n = 1 (no airﬂow)
and h = 0.
Figure 3 shows that for the liquids where passive evaporation
is controlled on the air side, the observed eﬀects are scattered
but lie in the average near the prediction line, which represents
no diﬀerence between the experimental and the theoretical
diﬀusive IE values. The values for the two liquid-limited
compounds and for acetone all lay above the prediction line.
This means that experimental diﬀusive IEs are smaller than
theoretical IEs in air, which comes from the fact that they are
occurring in the liquid phase for these compounds. Acetone is
the most illustrative in this context: for this small compound, a
theoretical diﬀusive IE in air of −3.1‰ would be expected, but
in our study, the eﬀects were only −1.8‰ at C-1 or −2.3‰ at
C-2. Bromoethane similarly showed a lower experimental IE
than the predicted diﬀusive IE of −1.5‰, and, in addition, a
very signiﬁcant position-speciﬁc contribution: no IE at C-1 and
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we show that under both potential limiting regimes PSIEs are
evidenced and that these can be in opposed directions, leading
to bulk values that do not reﬂect the real fractionation
occurring. Hence, we show that it is possible to create traceable
changes in intramolecular isotope distributions in the remaining
liquid.
Furthermore, we provide evidence that several other models
for interpreting IEs during evaporation of liquids are not
adequate for the interpretation of our data. For example, the
model put forward in Figure 6 in the work of Harrington et
al.10 predicting depletion of C-isotopes in organic liquids during
evaporation is not supported because we ﬁnd enrichment of
remaining liquids in all cases except TCE. Also, the equation for
theoretical isotope fractionation given by Xiao et al.17 (eq 6 in
their work) does not give any quantitative explanation of the
evaporation phenomenon; indeed, it overestimates the diﬀusive
fractionation by a factor of 2−3. The model given by Jeannottat
and Hunkeler,14 derived from the He and Smith3 model, is
closest to our experimental observations. That model, which
takes into account fractionation as a function of the rate of
volatilization for TCE, introduces two end points: at an
inﬁnitely low rate of volatilization, it predicts that the IE is fully
developed as a sum of liquid−vapor IE plus diﬀusive IE,
whereas at a high rate of volatilization the eﬀects would tend to
disappear and no isotope fractionation would occur. However,
for a quantitative application of that model, the thickness of the
liquid diﬀusive boundary layer has to be known, which is in
practice very diﬃcult. Further work should look also at the
inﬂuence of stirring the liquid phase and better explain why
alcohols in passive evaporation undergo an unexpectedly high
normal isotope eﬀect at the C-1 position, that bearing the
hydroxyl group.

Figure 3. Calculated experimental diﬀusive IE values for bulk
compound (large symbols) and each position (calculated as ε PE −
ε DE, small symbols) versus theoretically predicted diﬀusive IE (Table
S5, second column). Spheres represent liquids with air-side limitation,
squares are liquid-side limited liquids. Black line is 1:1 slope.

−1.0‰ at C-2. This suggests that diﬀusive IEs created by liquid
diﬀusion are position-speciﬁc because of interactions of the
halogen in the liquid phase. MTBE was the only compound
without any position-speciﬁc diﬀusive IE, but its bulk IE was
also somewhat smaller than the one predicted by diﬀusion in air
(Figure 3).
Passive evaporation of organic liquids limited by the air side
boundary seems also to some extent to produce positionspeciﬁc diﬀusive IEs. The most surprising is the strong
enrichment of C-1 in ethanol (−6.1‰, instead of theoretical
−4.1‰, Figure 3). In propanol, the diﬀusive IE is largest at the
C-1 and smallest at the C-3, whereas at C-2, it is about equal to
the theoretical value. A similar pattern is observed in toluene at
C-1 and C-5 which are somewhat oﬀ the prediction line in
Figure 3. However, as in propan-1-ol, the bulk mean ﬁts very
well that predicted by the CG-model and eq 3. In the most
apolar compound n-heptane, the variation among positions
spanning across ±0.50‰, is only slightly larger than the
resolution limit of irm-13C NMR (±0.2‰), and the bulk
diﬀusive IE again ﬁts very well that predicted by the CG-model
and eq 3. For TCE, we ﬁnd a smaller IE for C-1 of −0.2‰
compared to the predicted of −0.8‰. The vapor−liquid
isotope eﬀect of TCE was reported to depend quite strongly on
temperature in the range of 5−50 °C,9 and therefore, it may not
be justiﬁed to compare this with our vapor−liquid IE from
distillation. In contrast, toluene had a very constant vapor−
liquid IE in the range of 5−70 °C.10 For other compounds,
temperature dependency is not known.5
The principal outcomes of this study are 2-fold. First, the
study validates the CG-model for the interpretation of IEs
during volatilization of organic liquids. For organic liquids
where volatilization is controlled in the stagnant air boundary
layer, it is established that the overall IE is the sum of the
liquid−vapor IE and the diﬀusive IE in the air ﬁlm. For liquids
where the limitation is not clearly in the air ﬁlm, lower diﬀusive
IEs are observed. Thus, we both conﬁrm and explain previous
measurements of low diﬀusive IEs for TCE in water.23 Second,
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(12) Bouchard, D.; Höhener, P.; Hunkeler, D. Carbon isotope
fractionation during volatilization of petroleum hydrocarbons and
diffusion across a porous medium: a column experiment. Environ. Sci.
Technol. 2008, 42, 7801−06.
(13) Kuder, T.; Philp, P.; Allen, J. Effects of volatilization on carbon
and hydrogen isotope ratios of MTBE. Environ. Sci. Technol. 2009, 43,
1763−68.
(14) Jeannottat, S.; Hunkeler, D. Chlorine and carbon isotopes
fractionation during volatilization and diffusive transport of trichloroethene in the unsaturated zone. Environ. Sci. Technol. 2012, 46,
3169−76.
(15) Huang, L.; Sturchio, N. C.; Abrajano, T.; Heraty, L. J.; Holt, B.
D. Carbon and chlorine isotope fractionation of chlorinated aliphatic
hydrocarbons by evaporation. Org. Geochem. 1999, 30, 777−85.
(16) Shin, W. J.; Lee, K. S. Carbon isotope fractionation of benzene
and toluene by progressive evaporation. Rapid Commun. Mass
Spectrom. 2010, 24, 1636−40.
(17) Xiao, Q. L.; Sun, Y. G.; Zhang, Y. D.; Chai, P. X. Stable carbon
isotope fractionation of individual light hydrocarbons in the C-6-C-8
range in crude oil as induced by natural evaporation: Experimental
results and geological implications. Org. Geochem. 2012, 50, 44−56.
(18) Julien, M.; Parinet, J.; Nun, P.; Bayle, K.; Höhener, P.; Robins,
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