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ABSTRACT: Determining whether aqueous diffusion and dis- % od :"E Diffusion ABC < 1%,
persion lead to significant isotope fractionation is important for !

interpreting the isotope ratios of organic contaminants in %@ (‘;@
groundwater. We performed diffusion experiments with modified .f; .g :. %@ i
Stokes diaphragm cells and transverse-dispersion experiments in )
quasi-two-dimensional flow-through sediment tank systems to

) . 8 DD = (MyIM)*° 2 @ @
explore isotope fractionation for benzene, toluene, ethylbenzene, I q‘,,.

I
|
|
|
-

2,6-dichlorobenzamide, and metolachlor at natural isotopic - .O?"
abundance. We observed very small to negligible diffusion- and Q‘Q%Q @ @ :
transverse-dispersion-induced isotope enrichment factors (e < }ld)J q‘i. q‘i. Q@i.:

—0.4 %o), with changes in carbon and nitrogen isotope values 2

within +0.5%0 and +1%o, respectively. Isotope effects of diffusion ~26-Dichlorobenzamide
did not show a clear correlation with isotopologue mass with

calculated power-law exponents /3 close to zero (0.007 < # < 0.1). In comparison to ions, noble gases, and labeled compounds, three
aspects stand out. (i) If a mass dependence is derived from collision theory, then isotopologue masses of polyatomic molecules
would be affected by isotopes of multiple elements resulting in very small expected effects. (ii) However, collisions do not necessarily
lead to translational movement but can excite molecular vibrations or rotations minimizing the mass dependence. (iii) Solute—
solvent interactions like H-bonds can further minimize the effect of collisions. Modeling scenarios showed that an inadequate model
choice, or erroneous choice of f, can greatly overestimate the isotope fractionation by diffusion and, consequently, transverse
dispersion. In contrast, available data for chlorinated solvent and gasoline contaminants at natural isotopic abundance suggest that in
field scenarios, a potential additional uncertainty from aqueous diffusion or dispersion would add to current instrumental
uncertainties on carbon or nitrogen isotope values (+1%0) with an additional +1%o at most.

KEYWORDS: BTEX, Compound-specific isotope analysis, Stokes diaphragm cell, Flow-through tank system, Mass dependence,
Metolachlor, Organic contaminants, 2,6-dichlorobenzamide

B INTRODUCTION evidence of (bio)chemical reactions in the field. One challenge
Changes in compound-specific stable isotope values of organic is that dispersion and diffusion may ?EeCt the copcentration
-4 profiles and level out the degradation-induced gradients of the

compounds can be used to infer the extent of degradation.’
In groundwater systems, solute concentrations are influenced
by both (bio)chemical degradation and physical transport,
namely advection, dispersion, diffusion, and interphase mass
transfer.”~® While advection is the main mass transport process
in the direction of the flow, dispersion, and diffusion cause
spreading of the compounds due to the physical or chemical
variability of the system. In contrast to concentrations, isotope
ratios are thought to be little affected by hydrodynamic

isotope ratios® while another complicating factor may be that
the diffusion coefficients of different isotopologues differ, thus
potentially causing reaction-independent isotope fractionation
by the process of diffusion itself."

Although such diffusion-induced isotope fractionation in the
aqueous phase was repeatedly considered to be negligible,”™'*
significant diffusion-induced isotope fractionation has been
reported in some studies with isotopically labeled organic

,7,14—1 1
dispersion (including mechanical dispersion and diffusion) or compounds,””"*™"” such as deuterated alcohols (with isotope
diffusion because all isotopologues essentially undergo the
same dilution.” ™" If true, then changes in isotope values can Received: October 6, 2020
serve as a particularly robust indicator of degradation that is Revised:  February 8, 2021
little affected by these physical processes. However, it can be Accepted:  February 22, 2021

challenging to adequately identify and quantify the influence of Published: March 17, 2021

dispersion and diffusion on isotope fractionation of organic
compounds when evaluating the changes in isotope ratios as
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enrichment factors & between —2.6%c and —7.0%o0),""
benzene, toluene, and ethylbenzene (¢ between —40%¢ and
19%o0).”'>'” By contrast, recent studies reported negligible
isotope fractionation for labeled benzene, toluene, and
cyclohexane.””*' For compounds at natural isotopic abun-
dance, finally, much smaller isotope fractionation has been
observed, such as with COZ,I(”22 methane,'”'® ethane,'® and
chlorinated ethenes® (¢ between —0.22%¢ and —2.23%o0).
Various theoretical models have conceptualized diffusion in
the aqueous phase to be driven by intermolecular or
intramolecular interactions between the solute and solvent
molecules.'***7>® A prime focus has been on the collision of
solute and solvent molecules, conceptualized as hard-sphere
parzt;cles, which is usually described by the Enskog relation (eq

1),

(1)

in which Daq[mz/s] is the diffusion coefficient of the solute
particle in the aqueous phase, M, [Da] is the molecular mass of
the solute, and M, [Da] is the molecular mass of the solvent. If
in the dilute water phase the hydrogen-bonded water network
is assumed to act as “effective particle”, then M, is infinitively
large so that D, M; 5. The resulting eq 2 is usually applied
to predict the ratio of diffusion coeflicients of heavy and light
isotopes or isotopologues D; and D,

aq}
-
M,
=(RH] ) ﬂ
L ()

in which My; [Da] and M;, [Da] are the molecular masses of
the heavy and light isotopes or isotopologues, respectively.

However, a power-law mass dependence of isotope
fractionation with B = 0.5 has been rarely observed for
aqueous-phase diffusion.”® For noble gases, weak or negligible
power-law mass-dependent isotope fractionation has been
observed for Ne, Kr, and Xe with § < 0.2.*°° An even weaker
dependence has been observed for ions (e.g, Li*, Na*, Cl~, and
Br-) with f < 0.07."**"** Also for organic compounds at
natural isotopic abundance, observed mass-dependent isotope
fractionation was weak with 8 < 0.1 for trichloroethene (TCE),
1,2-dichloroethane (1,2-DCA), and cis-dichloroethene (cis-
DCE).”” In contrast, a much stronger mass dependence has
been observed for the diffusion-induced isotope fractionation
of labeled or%anic compounds (e.g,, deuterated benzene and
toluene).”*%*

Mode-Coupling Theory Analysis and Molecular Dynamic
Simulations were brought forward to explain the weak mass
dependence of diffusion-induced isotope effects observed for
noble gases and ions.'”*"** These theories still conceptualize
the molecules of the solutes and the surrounding water as rigid
masses and neglect the influence of intramolecular vibrations
and rotations. The Mode-Coupling Theory assumes that

s . > . . N
diffusion can be explained by frictions in series, ~ i.e.,
1 1 1

Friction o,

H
Dyq

L
Dyg

0.5

, in which the collision

Friction Frictiony grodynamic

term 1/Friction,gons Would show a squared power-law mass
dependence and the hydrodynamic-motion term 1/Fric-
ti0nyydrodynamic Shows no mass dependence at all, explaining a
weaker dependence on the molecular mass, which is actually
not even a power law. Considering this shaky theoretical basis,
it is remarkable that all interpretations of experimental data

collisions
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have so far relied on the power-law mass dependence of
diffusion coefficients (eq 2), merely adapting the positive
exponent 8. On the basis of this relationship, diffusion-induced
isotope effects are hypothesized to increase in a systematic way
with increasing relative mass difference between the isotopo-
logues, where the f-value is left open for adjusting the relation
between the magnitude of diffusion-induce isotope fractiona-
tion and mass difference between the isotopologues.

If there are isotope effects on molecular diffusion, then it is
further still unclear how they scale up to dispersion, which
describes the effective mixing and dilution in flowing
groundwater. Hydrodynamic dispersion includes both mechan-
ical dispersion caused by pore-scale velocity variations and
molecular diffusion. The standard parametrization assumes
that the pore diffusion coefficient D, [m?/s] and the
mechanical dispersion D,.q, ¢/ [m?/s] are additive,

Dy/; = D, + Dyechy/s (3)
D = 1D
P 4)

in which the index t and [ refer to the transverse and
longitudinal directions, respectively, and 7 [—] is the tortuosity
of the porous medium. In the classical parametrization,”* the
mass dependence of molecular diffusion is relevant only at very
low groundwater velocities because D, .y, is believed to be
compound-independent and to scale linearly with the mean
velocity v [m/s]:

()

in which a, is the transverse or longitudinal dispersivity [m],
which is supposed to depend linearly on the effective grain
diameter d ¢ [m] in homogeneous sand packs (e.g,, &, = 3 X
des/16).%

On the basis of high-resolution transverse concentration
profiles using different tracers at different velocities, however,
Chiogna et al.>® introduced a nonlinear parametrization of the
transverse dispersion coefficient:

deff
D, + v
VPe + 123 (6)
in which the mechanical dispersion depends on the grain-
Peclet number Pe = v X d.g/D,,, implying that the transverse
dispersion scales with the square roots of the velocity and the
molecular diffusion coefficient at high velocities.

The latter work inspired many modeling studies to
reconsider the isotope fractionation due to transverse
dispersion in saturated porous media.'”*’ 7% In such
simulations, diffusion coefficients of heavy and light isotopo-
logues were usually estimated by the Enskog”’ or the Worch
relation, " implying an exponent f = 0.5 or 0.53 in eq 2, which
resulted in large dispersion-induced isotope fractionation in
these models,'>'**7*%*!

This study aims at experimentally re-examining isotope
fractionation by diffusion and transverse dispersion for organic
compounds at natural isotopic abundance. We applied
compound-specific isotope analysis to investigate the diffu-
sion-induced isotope fractionation with increasing molecular
mass and decreasing mass ratio of heavy to light isotopologues
for benzene, toluene, ethylbenzene, 2,6-dichlorobenzamide
(BAM), and metolachlor in the aqueous phase. We determined
the diffusion coeflicients of the heavy and light isotopologues
of each compound by conducting modified Stokes diffusion-

Dyechyist = Ay

D, =
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cell experiments.” We then reconsidered the mass dependence
of diffusion-induced isotope fractionation by comparing the
theoretical models (e.g., Enskog relation) with our measured
isotope ratios and published experimental data from previous
diffusion studies on labeled organic compounds, noble gases,
and ions. To investigate the potential significance of isotopic
effects on transverse dispersion, we conducted steady-state
transport experiments in flow-through sediment tanks and
compared transverse profiles with numerical-modeling results
using the classical transverse dispersion parametrization and
the expression of Chiogna et al, coupled to the Enskog
relation.

B MATERIALS AND METHODS

Diffusion Cell Experiment. The Stokes diffusion cell is a
classical and commonly used approach to determine liquid-
phase diffusion coefficients of dissolved species.”'>*"*>** We
adopted the setup of diffusion cell experiments from the design
of Wanner and Hunkeler.’ The diffusion cell was separated
into upper and lower compartments (with a volume of each
compartment of 38 mL) by a silica frit in between. The lower
compartment was filled with a solution of the dissolved organic
compound, while the upper compartment was filled with
deionized water, which was continuously replaced at a
pumping rate of 10 mL/min to keep the concentration in
the upper compartment close to zero (Figure 1). Therefore,

Pump out

Pump in

Concentration gradient inside the frit

/

/ Clower

C

“upper _2

concentration

|
distance (lower to upper)

magnetic plate

thickness d 2 mm

porosity ~0.5

poresize 0.1-1.6 pm
7\ volumejgwer 38 mL

diamcter 35 mm

Figure 1. Setup of Stokes’ diffusion cell experiment.

the isotope fractionation in the lower compartment follows a
Rayleigh type behavior. The solution of each compartment was
well mixed by a Teflon-coated stirring bar to ensure a
homogeneous concentration distribution. Because of the
concentration gradient through the frit, the small pore size,
and the uniform composition in each compartment maintained
by vigorous stirring, diffusion is the exclusive transport process
of the dissolved organic compounds through the frit."”** The
design parameters and the estimation of the characteristic
factor of each diffusion cell can be found in Figure 1 and Table
S2 of the Supporting Information (SI). We conducted two sets
of experiments: one set with benzene, toluene, and ethyl-
benzene; and the other with BAM and metolachlor. Experi-
ments were performed in paralle]l for different durations; in
each experiment the concentrations and isotope values of the

4774

solution in the lower compartment were measured at the
beginning and the end of each time period.

Upon diffusion from the lower to the upper compartment
through the silica frit, the concentrations in the lower
compartment meet the following expression:°

C(t) = C(0)-e Pt (7)

in which C(0) [mg/L] is the initial concentration in the lower
compartment of the diffusion cell, and C(f) [mg/L] is the

j‘:A [m™2] is the cell
“Viow

calibration factor, with ¢ [—], 7 [—], A [m*], d [m], and
Viewlm®] being the porosity, tortuosity, cross-sectional area,
thickness of the frit, and the volume of the lower compartment,
respectively. From this we can derive a Rayleigh-fractionation
equation:

concentration at time t [s]. 6 =

R 1 Dy
ln[—t] = ln[ o+ ] = 3 -1 x ln[@]
R, S+ 1 D, C(0)
=& (8)

in which Ry [—] and R, [—] represent the isotope ratios at
times zero and t, respectively, §, [—] and §[—] are the
Dy
Dy
the isotope-enrichment factor due to diffusion.
Flow-Through Sediment-Tank Experiment. To inves-
tigate the effect of transverse dispersion on the isotope
fractionation of organic compounds in saturated porous media,
we conducted two-dimensional flow-through sediment-tank
experiments. The setup of the tank (Figure S1) was adapted
from Bauer et al.* and is detailed in the SI. At the inlet and
outlet boundaries of the tank, 16 equally spaced ports (distance
1.0 cm) were pumped with a constant rate of 45 + 2 yL/min
per port. A solution with the target compounds (inlet solution
with BAM 400 mg/L and metolachlor 100 mg/L in the first
setup, and inlet solution with toluene 34.2 mg/L in the second
setup) at natural isotopic abundance was injected into the
central inlet port (z = 8 cm) of the tank, whereas a compound-
free solution was injected into the remaining inlet ports. We
sampled the 16 outlet ports to obtain concentration and
isotope profiles at the outflow boundary of the domain.
Sampling for isotope measurements of BAM and metolachlor
was conducted from day S to day 20; sampling for isotope
measurements of toluene was conducted from day S to day 8.
Chemicals. A list of chemicals is provided in the SI.
Carbon and Nitrogen Isotope Analysis of BAM,
Metolachlor, Benzene, Toluene, and Ethylbenzene.
Samples from the tank experiments were frozen at —20 °C
immediately after sampling until enough samples were
collected for isotope analysis. For carbon and nitrogen isotope
measurements of BAM and metolachlor, the samples from the
diffusion cell experiments (40 mL) and tank experiments (1 L)
were first filtered through a 0.2 ym Nalgene Rapid-Flow filter
(Thermo Fisher Scientific, Germany) and concentrated in
ethyl acetate after solid-phase extraction as detailed in the SL
All isotope measurements were conducted on a GC—IRMS
system in which a TRACE GC Ultra gas chromatograph
(Thermo Fisher Scientific, Italy) with a DB-S analytical
column (60 m, 0.25 mm i.d., 1 um film, Agilent Technologies,
Germany) was coupled to a Finnigan MAT 253 isotope-ratio
mass spectrometer through a Finnigan GC Combustion III
interface (Thermo Fisher Scientific, Germany). For carbon-

corresponding & isotope values [—], and &, = —1[-]is
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Figure 2. Diffusion-induced isotope fractionations observed for benzene, toluene, ethylbenzene, BAM, and metolachlor. Panels (a—g) represent
evaluations of the isotope fractionation factor & of each compound according to the Rayleigh equation (eq 8) with 95% confidence intervals.
Dashed lines indicate 95% confidence intervals of the regression line. Panels (h—n) represent the correlation between the remaining concentration
fractionation f(C(¢)/C(0)) and AS“C for each compound and AS"N for BAM and metolachlor. Dashed lines indicate the instrument
uncertainties of +0.5%o for carbon-isotope measurements and of +1%o for nitrogen-isotope measurements. Error bars represent standard
deviations of the measurements.

isotope measurements of benzene, toluene, and ethylbenzene, We compared the transverse dispersion behavior of heavy
a Velocity XPT purge-and-trap sample concentrator with an and light isotopologues in the modeling scenarios with the
AQUATek 70 liquid autosampler (Teledyne Tekmar, Mason, classical transverse dispersion equation (eq 5) and the Chiogna
OH) was connected to the gas chromatograph. Detailed et al. transverse dispersion equation (eq 6) in MATLAB. The
information about the method can be found in the SI. solute transport process was solved in the homogeneous

Concentration Measurements. BAM and metolachlor domain with a spatial discretization of 1 mm in vertical
concentrations were measured using a Prominence HPLC direction and 10 mm in horizontal direction by the Finite
system (Schimadzu Corp., Japan) with a 75 X 4.6 mm? Kinetex Volume Method. Global implicit method was adopted for the
2.6 um C18 100 A column (Phenomenex Inc., Golden, CO). transport.

Benzene, toluene, and ethylbenzene concentrations were
measured on a Trace DSQ GC-MS system (Thermo Electron, B RESULTS AND DISCUSSION
Germany) equipped with a Combi PAL autosampler (CTC

Diffusion Cell Experiments Showed Weak to Negli-
Analytics, Switzerland) with a DB-S analytical column (30 m,

gible Diffusion-Induced Isotope Fractionation of Or-

0.25 mm id, 0.5 ym film, Agilent Technologies, Germany). ganic Compounds at Natural Isotopic Abundance. The
Chloride (CI™) concentrations in the diffusion-cell experiments initial and final concentrations of benzene, toluene, ethyl-
were analyzed by ion chromatography (Dionex 500, Dionex, benzene, BAM, and metolachlor in the lower compartment of
Sunnyvale, CA). Concentrations of the conservative tracer the diffusion cell in each of the experiments conducted over
uranine in the tank experiment were measured on VICTOR different time periods can be found in Table S1. Concen-
Multilabel Plate Reader (PerkinElmer, U.S.A.). A detailed trations of all organic compounds in the lower compartments
description of the methods is provided in the SI of the diffusion cells decreased with extending experimental
Governing Equations and Numerical Method. The duration and followed eq 7 (Figure S2). Table 1 shows the
solute transport in the 2D flow-through sediment-tank was diffusion coefficients of the compounds calculated according to
described by the following advection-dispersion partial differ- eq 7, which are in the upper range of the literature values
ential equation in two dimensions: (Table S3) within uncertainties.
Even after an extended duration of diffusion, and with target
% = —v.VC, + V-(D-VC) F({rr}pounds at low remaining Foncent_rations (down to 0.1% of
ot (9) initial values) carbon- and nitrogen-isotope values A§ of all
investigated organic compounds fell within a range of —1%o,
in which C; [gmol L™'] are the concentrations of BAM with which essentially coincides with the uncertainty of +0.5%o for
heavy (e.g, 3C or ®N) or light isotopes (e.g., 2C or “N), carbon-isotope measurements and of +1%o for nitrogen-
respectively; D [m” s™'] is the dispersion tensor; v [m s7'] is isotope measurements, respectively (Figure 2). When isotope
the velocity vector; and t[s™'] is time. enrichment factors & for carbon and &y for nitrogen were
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Figure 3. Dy/Dy (left y axis) as a function of M; /My, in logarithmic scale, corresponding to the enrichment factor & [%o] on the right y axis. For
organic compounds at natural isotopic abundance (NatOrgs), M; /My was calculated based on the most abundant isotopologues with one or zero
heavy isotopes in one molecule. Solid lines show the determination of f, by a regression curve based on eq 2, where red crosses represent data
excluded from the fit. Red dashed lines represent calculated trends in isotope values with # = 0.5. In panel (a), the black dashed line represents the
regression (f3, = 0.24) without the data of labeled benzene, toluene and cyclohexane with Dy/Dy = 1,°”*' and the black dashed-dotted line
represents the regression (4, = 0.07) without the data of labeled toluene and ethylbenzene with comparatively small Dy;/D; -values."* In panel (d),
the black dashed line represents the regression (f3, = 0.37) without the anomalously high Dy;/D; value of Ar isotopes,46 and the black dash-dotted
line represents the regression (f, = 0.04) without low Dyy/D;-values of Ar and He isotopes data.””*° Most of the compounds data points are
labeled with compound names except for some of the NatOrgs due to the limit of space. Error bars represent the uncertainties listed in Tables 1

and SS. Detailed data are available in Tables 1 and SS.
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Figure 4. Mass and mass ratio of heavy to light isotopologues of (a) methane and (b) BAM at natural isotopic abundance, and (c) deuterated and

nondeuterated toluene.

calculated based on the Rayleigh equation (eq 8), values were
smaller than —0.36%o corresponding to a diffusion coefficient
ratio for each organic compound isotopologue pair of close to
1.0 (Table 1). Therefore, the observed isotope fractionation

induced by diffusion of benzene, toluene, ethylbenzene, BAM,
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and metolachlor at natural isotopic abundance in aqueous
phase was weak to negligible.

The calculated f-values of the isotopologue pairs for our
target compounds are without exception smaller than 0.1
showing a similarly weak mass dependence as observed in
other studies®”'*™"® for CO,, CH,, C,H,, TCE, 1,2-DCA, and
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cis-DCE at natural isotopic abundance (Table 1). This
dependence is particularly weak when compared to much
larger f-values (ff = 0.4 to 0.5) reported for labeled toluene
and ethylbenzene”'>'” (Figure 3; note that we have omitted
stark outliers from labeled studies in this comparison, which
will be discussed later on). This raises the question of the
underlying reasons for the different behavior of labeled and
nonlabeled organic compounds.

If a mass dependence is hypothesized based on collision
theory, then diffusion-induced isotope fractionation depends
on differences in molecular mass, irrespective of the element of
the isotopic substitution by which these mass differences are
caused (eq 2). In order to illustrate two important influences,
Figure 4 shows molecular masses of isotopologues and the
mass ratios of heavy to light isotopologues of labeled and
nonlabeled organic compounds. The first, widely recognized,
influence is that compounds at natural isotopic abundance
show a much smaller relative mass difference than labeled
substances so that also the expected fractionation is much
smaller. This consequence is exemplified in the mass ratios of
M;;/M; = 93/92 = 1.01 for *C-substituted toluene vs My;/M;
=100/92 = 1.09 for perdeuterated toluene in Figure 4c, and it
is the underlying reason for the hypothesized power law
dependence of eq 2. The second, possibly less obvious
influence is illustrated by comparing the mass and mass ratio of
heavy to light isotopologues of methane, BAM, and
perdeuterated toluene in Figure 4. Perdeuterated isotopo-
logues are clearly separated in mass from nonlabeled toluene
isotopologues, and this separation is not significantly affected
by the additional isotopic substitution of '*C at natural
abundance (Figure 4c). In the case of methane (Figure 4a)
isotopologues of mass 17 at natural isotopic abundance can be
derived from substitution by either *C or *H. Due to the low
natural abundance of *H, however, isotopologues of mass 17
are almost exclusively composed of *CH, so that also here,
mass separation can be attributed to only one specific element
(*C vs '>C, Figure 4a). Figure 4b illustrates that this is
different with isotopes of different elements in a multielement
organic compound at natural isotopic abundance such as BAM.
Here, substitution by isotopes of other elements (e.g, *’Cl,
'>N) lends isotopologues a higher molecular mass, even though
they may contain only >C. Hence, isotope separation of **C vs
12C within the isotopologues can never be as sharp as that for
methane or labeled organic compounds. While this effect may
be taken into account by explicitly modeling all isotopologues
including all elements,” it is neglected by a power-law mass
dependence that concentrates on only one element. However,
Figure 3c suggests that such an approach may not even be
adequate. The diffusion isotope effects of BAM, toluene, and
methane do not follow the same trend, where toluene shows
much smaller isotope effects than expected from the regression
line between methane and BAM. This warrants a closer critical
evaluation of this widely postulated mass dependence.

Critical Evaluation of the Mass Dependence of
Diffusion-Induced Isotope Fractionation. To further
investigate the relation between diffusion-induced isotope
fractionation and the mass ratio of heavy-to-light isotopes or
isotopologues, we compared the mass dependence of organic
compounds at natural isotopic abundance, labeled organic
compounds, ions, and noble gases (Figure 3) by estimating /5,
based on eq 2. To qualitatively understand the factors affecting
diffusion-induced isotope fractionation of organic compounds,
we first considered noble gases and ions as monatomic species
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with either very strong (ions), or very weak (noble gases)
solute—solvent interactions.

Diftusion of ions in water shows small isotope fractionation
(M /My > 0.95, lel < 2%o0), with a very weak to negligible mass
dependence of diffusion coeffficients of f, = 0.02 + 0.01.
Strong ionic interactions between water molecules and charged
ions lead to an intimately bound solvation shell around the
ions.>! Hence, collisions between ions and surrounding water
molecules are not expected to directly lead to translational
movement of the ion, but rather to vibrations and rotations
within the network of hydrogen bonds inside the solvation
shell.’’ In contrast, for noble gases the mass dependence of
diffusion-induced isotope fractionation in the aqueous phase is
inconsistent, with 3, = 0.33 + 0.13 when all data are included.
For indiviual isotope pairs of Ne, Kr, and Xe, the determined
P-values vary between —0.09 and 0.192,>”°%***” whereas Ar
showed an inconsistent mass dependence with # = 0.508 in the
study of Tyroller et al.’® and f = 0.035 and 0.037 in the study
of Tempest and Emerson*® and Seltzer et al.”’ Similar to the
strong mass dependence of Ar observed by Tyroller et al,,”” the
p-value of He reported by Jihne et al.”* is also high (f =
0.486). Since noble gases are monatomic gases without the
formation of ionic or hydrogen bounds with water, the picture
of collisions between simplified hard spheres (i.e., solute and
solvent molecules) in the Enskog relation seems to be
appropriate at first sight. However, the weak mass dependence
of Ne, Kr, and Xe isotope fractionation and the contradictory
mass dependence of Ar put this picture into question.
Molecular-dynamic simulations have suggested that the
coupling of short-range and long-range interactions may lead
to the weak mass dependence of Ne, Kr, and Xe; while
quantum tunneling mi§ht be the reason for the strong mass
dependence of He'’’"® and the mass dependence of Ar
diffusion-induced isotope fractionation is still under debate.

Among the labeled organic compounds (Figure 3a),
deuterated isopropyl alcohol (IPA) and tert-butyl alcohol
(TBA) showed comparatively low diffusion-induced isotope
effects. In contrast to benzene, toluene, or ethylbenzene
(Figure 3a), these alcohols can form hydrogen bonds resulting
in strong interactions with water molecules. In a similar way as
with ionic interactions of dissolved ions (Figure 3f), such
strongly directed interactions in the solvent shell may compete
with the short-range interaction following the Enskog relation
so that they weaken the mass dependence of diffusion. In this
light the data in Figure 3a suggest that a power-law
dependence on molecular mass may not necessarily be
observable across all organic molecules. Instead, the com-
pound-specific ability to undergo specific interactions with
solvent molecules (dependent on functional groups) may be an
important factor unaccounted for in the Enskog relation.
Another compound-specific factor that is not considered are
molecular vibrations and rotations. In collision theory, organic
molecules are treated as single solid balls, even though they
consist of multiple atoms and bonds. Each molecule has its
degree of freedom which is the sum of translation, rotation,
and vibration modes. Treating a polyatomic molecule such as
toluene like a noble gas is therefore a gross simplification, even
though it may have a similar molecular mass (e.g., Kr: 84,
toluene: 92). While for Kr every collision leads to a (short-
range) translational movement, collisions of toluene may excite
rotations and vibrations instead, which do not result in
molecular diffusion. Hence, omitting vibrations and rotations is
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likely a further confounding factor to the simplified description
by eq 2.

Finally, stark outliers have been reported for labeled
molecules, where the inconsistent diffusion-induced isotope
fractionation of labeled benzene and toluene in different
experimental setups stand out. Rolle et al."”” observed
significant normal diffusion-induced isotope fractionation for
labeled toluene and ethylbenzene, and reverse isotope
fractionation for labeled benzene, whereas Kopinke et al.*’
reported negligible isotope fractionation of labeled benzene,
toluene, and cyclohexane and hypothesized that the different
solvent matrix (aqueous diffusion in agar gel vs water) may
induce the contradictory mass dependence. Presently, it is
difficult to explain this inconsistency—future studies may
explore whether it can be traced back to specific features of the
experimental setups, or even to measurement protocols, the
linearity and accuracy of which are not as stringently
established for GC—MS as for GC—IRMS. Currently it can
therefore be concluded that perdeuterated compounds appear
to be poor models for studies of aqueous diffusion of organic
compounds at natural isotopic abundance.

For organic compounds at natural isotopic abundance
(Figure 3b, c), in contrast, a comparatively consistent picture
emerges: f-values are generally smaller than 0.1 and the fitted
By of 0.04 indicates a weak to negligible mass dependence.
Specifically, the enrichment factor of the diffusion-induced
isotope fractionation lel is smaller than 1%o0 when M;/My >
0.98. Only CO,, methane, and ethane are reported to exhibit
higher enrichment factors due to the large mass difference
between heavy and light isotopologues, and the negligible
interference by isotopes of other elements (disscussed in
Figure 4). In summary, our critical discussion of the mass-
dependence of isotope fractionation provides multiple argu-
ments as to why a power law with # = 0.5 as expressed in the
Enskog relation is not adequate for organic compounds at
natural isotopic abundance. First, as discussed in the
Introduction, this relationship is inconsistent with the Mode-
Coupling Theory. Second, solute—solvent interactions and,
third, intramolecular movements are neglected. Fourth, the
equation applies to multiatomic isotopologues rather than
isotopes. Threrefore, data from compound-specific isotope
analysis by GC—IRMS cannot be directly evaluated. Finally,
our considerations show that data on labeled compounds
cannot be extrapolated to model substances at natural isotopic
abundance. In particular, an exponent of S = 0.5 is not
adequate and would lead to a gross overestimation of diffusion-
induced isotope effects. In contrast, our data obtained with
BTEX contaminants and pesticides, which all contained at least
6 carbon atoms per molecule, gave very small *C/">C and
N/MN isotope effects of aqueous diffusion: between —0.1%o
and —0.4%o. This magnitude is in agreement with *C/"*C
effects between —0.2%0 and —0.3%o determined by Wanner
and Hunkeler’ in the same Stokes’ cell setup for diffusion of
representative chlorinated groundwater pollutants (trichloro-
ethylene, dichloroethane, and dichloromethane).”** In combi-
nation, these data put an upper limit of about —0.2%o to
—0.4%o to the magnitude of aqueous diffusion isotope effects
to be expected for typical pollutants at contaminated sites
including petroleum and chlorinated hydrocarbons (but not
natural gas constituents such as methane, ethane, etc.). Under
these boundary conditions, simulations of Wanner and
Hunkeler for low permeability sediments (aquitards) suggest
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that the resulting diffusion-induced changes in §'*C-values
would be below ASC = 1.5%0.°

Two-Dimensional Flow-through Sediment Tank Ex-
periments Showed Negligible Isotope Fractionation by
Transverse Dispersion. Figure 5 shows the steady-state,
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Figure 5. Measured concentrations, §*C- and 6'°N-values of BAM
and MET, and 6"*C-values of toluene at the outlets of the tank. Dash-
dotted lines indicate fitted numerical simulations for conservative
transport. Error bars represent standard deviations of the measure-
ments. Color zones with dashed lines represent +0.5%¢ uncertainty
for the standard C isotope values and +1%o uncertainty for the
standard N isotope values.

conservative, transverse profiles of concentrations and isotope
values of BAM, metolachlor, and toluene in the outflow of the
flow-through tank. The transverse concentration profiles meet
the expected Gaussian distributions. The fitted transverse
dispersion coefficients of BAM, metolachlor, and toluene were
2.99 X 107° m*/s, 2.94 X 107 m?/s, and 1.72 X 107 m?/s,
respectively. Additional modeling parameters can be found in
Table S4.

As shown in Figure 5, the S3C- and 6" N-values of BAM
were in the range of —29.6%0 to —29.0%0 and —11.7%o to
—9.3%o, respectively, the §"°C and 5"°N values of metolachlor
were in the range of —29.3%0 to —28.6%0c and —3.4%o to
—1.4%o, respectively, whereas the §'*C-values of toluene were
in the range of —26.9%o to —26.3%o. In general, the absolute
difference between the observed isotope values and the
standard isotope values of the target compounds was smaller
than 0.5%o¢ for carbon, and smaller than 1%o for nitrogen.
Thus, we did not observe significant isotope fractionation
induced by transverse dispersion that was above the
uncertainty of the analytical methods (+0.5 for carbon or

https://doi.org/10.1021/acs.est.0c06741
Environ. Sci. Technol. 2021, 55, 4772—4782


http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c06741/suppl_file/es0c06741_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c06741?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c06741?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c06741?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c06741?fig=fig5&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.0c06741?rel=cite-as&ref=PDF&jav=VoR

Environmental Science & Technology

pubs.acs.org/est

+1%o for nitrogen, respectively), even at very small
concentrations (Coyger/ Cinter < 0-1%o0) at the top and bottom
of the tank. This observation is consistent with previous
observations of negligible BAM isotope fractionation by
transverse dispersion in a mesoscale aquifer model.**

B ENVIRONMENTAL SIGNIFICANCE

The parametrization of Chiogna et al. leads to a square-root
dependence of the transverse dispersion coeflicient on the
diffusion coefficient at high velocities, which predicts
significant isotope fractionation by transverse dispersion if
the diffusion coefficient is assumed to be strongly mass
dependent. Numerous published solute-transport mod-
els'¥'7373%41 coupled the parametrization of Chiogna et al.
to the Enskog or Worch equations to compute the
isotopologue-specific transverse dispersion coeflicients of
organic contaminants. In combination with the use of labeled
substrates, -values as high as 0.5 (e.g, # = 0.53 for PCE,*!
ethylbenzene,* and deuterated ethylbenzene'”) were assumed.
For a critical re-evaluation in the light of this study’s evidence,
we simulated the expected isotope fractionation in advective-
dispersive transport of heavy and light isotopologues of BAM.
They were treated as distinct species with different diffusion
coefficients following eq 2 in the 2D flow-through system in
two scenarios using (a) the classical linear equation (eq 5), and
(b) the Chiogna et al. equation (eq 6) to parametrize the
transverse dispersion. We used f-values of 0.01, 0.1, and 0.5
and showed the computed dispersion-induced isotope
fractionation in Figure 6. Both scenarios showed negligible
isotope fractionation (IA8l < 1%0) when the mass dependence
of the diffusion was weak (8 = 0.01). As expected, the
computed isotope fractionation induced by transverse
dispersion was larger and more sensitive to S-values in
scenario (b) with the Chiogna et al. parametrization than in
scenario (a).

In addition, we simulated isotope fractionations Ad,,,,, at the
outmost vertical outlet port of the tank system induced by
transverse dispersion as a function of # and the mass ratio of
heavy-to-light isotopologues My/M; (Figure S3). Consistent
with the simulations in Figure 6, the Ad-values predicted by
the parametrization of Chiogna et al. (Figure S3a,c) are about
twice as large as those predicted by the classical equation
(Figure S3b,d). The results also indicate that both scenarios
predict very large isotope fractionations when a f-value of 0.5
is assumed; for My/M; = 1.05, A§ = —254%0 using the
classical parametrization, and with Ad = —66.7%o using the
Chiogna et al. parametrization. As such strong isotope
fractionation has not been observed, these results strengthen
the point that the Enskog and Worch relations with # = 0.5 or
0.53 greatly overestimate the isotope fractionation induced by
diffusion and transverse dispersion.

In contrast, our diffusion experiments, the other studies
presented in Figure 3, and the results from our tank
experiments suggest that the mass dependence of diffusion
coefficients is weak or negligible, especially for organic
compounds at natural isotopic abundance. Available data
(Table 1) suggest that organic compounds at natural isotopic
abundance show small to negligible diffusion- and dispersion-
induced isotope effects with isotope enrichment factors & <
—0.4%o0. With ¢ < —0.4 %o, the simulated AS in our tank
system (with D, = 2.99 X 10™° m?/s) is smaller than —1.2%o
even using eq 6 from Chiogna et al. (Figure 6, red zone). For
the simulation at even lower remaining concentrations (Cgye/

4780

2 : . .

—
X
- A
2 ~— Classical 3=0.01
< - = Chiogna 3 =0.01
o -4t — Classical 3=0.1 1
m(_) - = Chiogna 3=0.1
A Classical 3 =0.5
1 6t Chiogna 3=0.5 i
=== Chiogna ¢ =-0.1%o
=== Chiogna ¢ =-0.4%o
4] A(S13C-exp
8 15 |
EN) N-exp
10 107 1072 10°
Coutlet/CinIet ]

Figure 6. Simulated isotope fractionations A§**C or A§"N induced
by transverse dispersion at different outlet-to-inlet concentration
ratios Cuuger/Cinlee using different f-values and e-values. Solid lines:
with classical linear parametrization of transverse dispersion; dashed
lines: with nonlinear parametrization by Chiogna et al.; we used light
and heavy isotopologues of BAM (M= 190.02 Da, My = 191.02 Da)
as the target compounds, with D;= 6.08 X 107'° m?/s. Both
dispersion scenarios with the transverse dispersion coeflicient D, =
2.99 X 10~ m?/s fitted to the experimental concentration data, with
the effective grain size d.z = 1.0 mm in the classical equation, and d ¢
= 2.5 mm in eq 6 from Chiogna et al. Gray zone represents the +1%o
tolerated standard deviation of the original standard isotope value.
Red zone represents the isotope fractionation range predicted using
eq 6 from Chiogna et al. with & = —0.1 (gray dotted-dashed line) and
—0.4%o (black dotted-dashed line).

Cintet = 107"; Figure S4, simulation with D, = 1.5 X 10~° m?/s)
the estimated A (with € = —0.4%0) was smaller than —1.8%o
using eq 6 which was consistent with the carbon isotope
change below 1.5%0 of TCE aqueous diffusion in low
permeability sediments estimated by Wanner and Hunkeler.’
We note, however, that such residual concentrations would
come to lie below the sensitivity of current compound-specific
isotope analysis. On the basis of the results from this and other
studies,”'>* we therefore recommend that conservative
interpretations of CSIA field data may be accomplished if an
additional uncertainty in carbon isotope values of +1%o is
considered in addition to the present analytical uncertainty of
+2%o suggested by EPA.*’ This would apply to contami-
nations by chlorinated solvents and gasoline contaminants (but
not natural gases such as methane or ethane) and would be
adequate to consider the effect of aqueous diffusion and
dispersion (but not the influence from sorption, volatilization
or gas phase diffusion). Compared to recent predictions from
simulations'>'**”***"" this significantly reduces uncertainties
and enables more reliable interpretation of CSIA data in the
field (e.g., source identification or discrimination, assessment
of degradation).
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