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ABSTRACT: Interactions between aqueous Zn and mineral
surfaces can lead to notable Zn isotope fractionation that aﬀects
Zn source ﬁngerprinting, which needs an atomic-level understanding. In this study, we demonstrate that Zn isotope
fractionation (Δ66Znsorbed‑aqueous) during Zn sorption onto γ-Al2O3
depends on both pH and Zn concentration and ultimately correlates
to surface coverage (Γ). At pH values of 6.0−6.5 and/or Zn
concentrations of 0.1−0.2 mM, where Γ < 0.8 μmol m−2,
Δ66Znsorbed‑solution is 0.47 ± 0.03‰, whereas Δ66Znsorbed‑aqueous
decreases to 0.02 ± 0.07‰ at pH values of 7.0−8.0 and Zn
concentrations of 0.4−0.8 mM, with a high Γ ranging from 1.5 to
3.2 μmol m−2. Using extended X-ray absorption ﬁne structure
(EXAFS) spectroscopy, we elucidated that a Zn−Al layered double
hydroxide (LDH) with a Zn−O bond length of 2.06 Å forms at high
surface coverage (1.5 < Γ < 3.2 μmol m−2). In contrast, at low surface coverage (Γ < 0.8 μmol m−2), the sorbed Zn occurs as a
tetrahedrally coordinated inner-sphere surface complex with an average Zn−O interatomic distance of 1.98 Å. Such contrasts
lead to an atomic level understanding of the strong links between isotope fractionation, local bonding structures (i.e.,
coordination and bond distances), and solution chemistry, which is crucial for more eﬀective applications of stable metal
isotopes as environmental tracers.

■

roadway, and plant-treated and wastewater based on δ66Zn
signatures. In a diﬀerent study, Juillot et al.15 observed an
upward trend of increasing δ66Zn values in soils near a former
Zn processing plant in northern France, where δ66Zn increased
from +0.22 ± 0.17‰ in the lower horizons to +0.76 ± 0.14‰
in the top soils. The high δ66Zn values in top soils suggest the
addition of franklinite-bearing slag, which has a heavy Zn
isotope signature (+0.81 ± 0.20‰ in δ66Zn).
Although case studies have demonstrated the great potential
of Zn isotopes in ﬁngerprinting environmental pollution,11−19
challenges remain in application of the Zn isotope tracer even
if the pollutant sources have distinctive isotopic signatures.
This is because Zn isotope signatures from sources can be
obscured by Zn isotope fractionation in geochemical processes
such as precipitation-dissolution, incorporation, and sorption−
desorption at mineral-aqueous solution interfaces.20−28 Pokrovsky et al. (2005)23 pioneered in investigating Zn isotope
fractionation during sorption onto metal oxides. They found

INTRODUCTION
Zinc is a ﬁrst row transition metal that is ubiquitous in soils
and aquatic environments. For living organisms, Zn is a
micronutrient for organisms’ growth and reproduction at
background levels,1,2 but it becomes toxic at elevated levels
(>351 mg kg−1)3 resulting from contaminations from human
activities including agriculture, metallurgy, energy production,
microelectronics, sewage sludge, and scrap disposal.4,5 A
fundamental understanding of the biogeochemical cycling of
Zn in rivers, soils, and sediments aﬀected by human activity is
of signiﬁcant importance for prediction of its environmental
risks.
With the advances in high precision measurement of Zn
isotopic ratios using multicollector inductively coupled-plasma
mass spectrometry (MC-ICP-MS),6 the Zn isotope system has
been employed to give new perspectives for understanding
paleoenvironments,7,8 biogeochemical processes,9 and metabolism-associated diseases.10 Recently, considerable attention
has been paid to the applications of Zn isotopes to understand
the source and fate of heavy metals in the environment.11−19
For example, Chen et al.18,19 analyzed Zn isotopes to
distinguish the anthropogenic sources of Zn in the Seine
River and quantiﬁed the Zn contributions from roof runoﬀ,
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including kinetic sorption experiments (duration of 0.5−48
h), sorption edge experiments (pH 4.0−9.0), and sorption
isotherm experiments (Zn initial concentration of 0.1−0.8
mM). Prior to reacting with Zn in each sorption experiment,
the γ-Al2O3 powder was hydrated in a 0.1 or 0.01 M NaNO3
background electrolyte solution for 24 h at a ﬁxed pH (4.0 to
9.0). After hydration, a certain amount of Zn stock solution
was dispensed at a rate of approximately 1 mL min−1 while
vigorously stirring the solution to avoid the formation of Zn
precipitates due to local oversaturation of the suspension. The
suspension was controlled at a solid/liquid ratio of 2.5 g L−1,
and the pH of the suspension was then maintained by titration
with 0.01 M NaOH/HNO3. After a reaction time of 0.5 to 48
h, the suspensions were centrifuged to separate the solids and
supernatants, and the latter were further ﬁltered through a
methacrylate butadiene styrene ﬁltration assembly with a
poly(ether sulfone) membrane and 0.22 μm pores (Sartorius,
Germany). The Zn concentration of the supernatant was
analyzed by inductively coupled plasma-optical emission
spectroscopy (Thermo ICP 6000 series ICP-OES, using
emission lines of 213.8 and 206.1 nm).
Measurement of Zn Isotopes by MC-ICP-MS. After
batch sorption experiments, the solids were separated from the
supernatant by centrifugation and dissolved in 15 M HNO3 at
95 °C in a capped Teﬂon vial for 24 h to extract the sorbed Zn
for isotope analysis. The amount of aqueous Zn remaining in
the pore space of γ-Al2O3 powders after centrifugation was
lower than 1‰ of the sorbed Zn, based on the estimation of
the Na content extracted by this step and the Na/Zn ratio of
the supernatant. Aliquots of the sorbed Zn and aqueous Zn in
supernatant from the sorption experiments were evaporated
until dry and redissolved twice in 11 M HCl to convert Zn to a
chloride form. After that, the samples were dissolved in 2 M
HCl and prepared for ion exchange puriﬁcation. The puriﬁed
Zn was then separated from matrix elements following an
anion exchange protocol modiﬁed from Maréchal et al.6
(method details are provided in Table S2). Recovery of Zn for
each sample was measured using ICP-OES and was conﬁrmed
to be quantitative (100 ± 6%). Total procedural blanks of Zn
were monitored for each experimental run and were found to
range from 4 to 24 ng (n = 12), which was negligible (<0.2%)
compared with the ∼10 μg Zn in each analyzed sample. After
puriﬁcation, the samples were dissolved in 0.05 M HNO3 for
isotopic analysis.
Zn isotope ratio measurement was performed using a
Neptune Plus (Thermo Fisher Scientiﬁc) MC-ICP-MS at
Nanjing University, China. The instrument was running at
“wet-plasma” mode at low mass resolution (M/ΔM = 400),
using a 120 μL min−1 self-aspirating nebulizer tip and a glass
spray chamber. Instrument sensitivity was 10−14 V/ppm for
64
Zn (Table S3). Mass bias and instrumental drift were
corrected using a combined sample-standard bracketing (SSB)
and empirical external normalization (EEN) method with a Cu
NIST647 dopant. A 40 s on-peak acid blank was measured
before each isotope ratio measurement, which consisted of 50
4 s integrations. The typical internal precision (2 standard
error or 2SE) was less than ±0.02‰ for 64Zn/66Zn or
65
Cu/63Cu.
The Zn isotopic compositions of all samples were reported
relative to the IRMM 3702 standard as

that the surfaces of hematite, pyrolusite, gibbsite, and
corundum tend to enrich heavy Zn isotopes, whereas goethite
and birnessite surfaces enrich light Zn isotopes. Subsequently,
more studies reported Zn isotope fractionation during
interfacial sorption processes.24−28 As summarized in Table
S1, it is currently diﬃcult to conclude a clear trend for Zn
isotope fractionation behavior during sorption on mineral
surfaces. For instance, the reported Zn isotopic fractionation
(Δ66Znsolid‑aqueous) for birnessite varies from +0.05 ± 0.08‰ to
+3.0‰.23,25 Obviously, an atomic-level understanding of the
Zn isotope fractionation behavior during interfacial reactions is
a prerequisite for widely applying Zn isotopes for tracing
pollution.
The complexities in Zn isotope fractionation during sorption
onto mineral surfaces likely stem from variations in the
chemical environment of the sorbed Zn at atomic scales, as
metals in aqueous solution can be sorbed onto mineral surfaces
via fundamentally diﬀerent mechanisms (i.e., inner-sphere
surface complexation, outer-sphere surface complexation,
precipitation, and incorporation).20−22 Theories of isotope
fractionation suggest that heavy isotopes are enriched in
substances with stronger bonds (e.g., low coordination number
and shorter bond length) at equilibrium.29 Extended X-ray
absorption ﬁne structure (EXAFS) spectroscopy is a powerful
technique that can provide the local structural information
(i.e., coordination number, bond distance) of speciﬁc
metals.21,30,31 EXAFS has been employed to study the chemical
environment of transition metals (e.g., Co, Ni, Zn) during
sorption onto several minerals,21,32−34 but its applications to
understanding isotope fractionation are still limited.24,28
In this study, we systematically investigated Zn isotope
fractionation during its sorption onto γ-alumina (γ-Al2O3)
under various pH and Zn loading conditions and employed
EXAFS to reveal the Zn sorption mechanism. We chose γalumina as the adsorbent because (i) γ-alumina has welldeﬁned surface properties and has been extensively used as a
model compound for studying the mechanisms of heavy
metal/metalloid sorption on metal oxides,21,22 and (ii)
naturally occurring Al-(hydr)oxides and clays commonly
contain Zn impurities that can interfere with the measurement
of sorbed Zn isotopes, while the Zn content in γ-alumina is
negligible (∼1.4 ppm). The objective of this research is to
combine isotopic analysis and EXAFS analysis to elucidate the
relationship between Zn isotope fractionation behavior and
bonding structures of sorbed Zn at a molecular scale, which
may ultimately help understand the transport and fate of Zn in
the environment.

■

EXPERIMENTAL SECTION
Materials. Aluminum oxide (CAS: 1344-28-1) was
purchased from Sigma-Aldrich as the adsorbent. Powder Xray diﬀraction (XRD) analysis conﬁrmed that this material was
a pure γ-phase Al2O3 (Figure S1). The speciﬁc surface area of
the powder was 106 ± 4 (2SD, n = 5) m2 g−1, as measured by
the multipoint (e.g., 8 points) N2 Brunauer-Emmet-Teller
method (BET). The Zn stock solution (40 mM, pH ≈ 3.4)
used in this study was prepared from Zn(NO3)2·6H2O (CAS:
10196-18-6, Sigma-Aldrich) and deionized water (>18.2 MΩ);
all acids were puriﬁed by double sub-boiling distillation, and all
labware involved in the experiments was made of Teﬂon to
minimize Zn contamination.
Sorption Experiments. Three types of Zn sorption
experiments were carried out under ambient conditions,
B

DOI: 10.1021/acs.est.8b01414
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

Article

Environmental Science & Technology
jij
jj
j
δ 66 Zn = jjjj
jj
jj
j
k

66

( )
( )
64

66

64

Zn
Zn

Zn
Zn

sample

IRMM 3702

zyz
zz
z
− 1zzzz × 1000
zz
zz
z
{

(1)

Because all Zn isotope ratios are mass dependent (Figure
S2), only δ66Zn was reported in this study. The main matrix
elements, Al and Na, do not aﬀect the accuracy of Zn isotope
measurements (Figure S3). The long-term external reproducibility of the 66/64Zn ratio measurement by MC-ICP-MS was
better than 0.04‰ (2SD) based on repeat analysis of a
standard solution over a period of 15 months (Figure S4). The
measured δ66Zn values of three reference materials (i.e., BCR,
BHVO-2, AGV-2) are consistent with those reported in the
literature (Table S4), attesting to the accuracy of the analytical
procedure. The isotopic fractionation of Zn
(Δ66Znsorbed‑aqueous) between sorbed phase and aqueous phase
is deﬁned as
Δ66Zn sorbed ‐ aqueous = δ 66 Zn sorbed − δ 66 Znaqueous

(2)

The error (ErrorΔ66Znsorbed‑aqueous) of Zn isotopic fractionation was calculated by the error propagation function:
ErrorΔ66Znsorbed ‐ aqueous =

Errorδ 66Znsorbed 2 + Errorδ 66Znaqueous 2

(3)

Errorδ66Znsorbed and Errorδ66Znaqueous refer to the 2SD of
δ66Znsorbed and δ66Znaqueous, respectively.
EXAFS Data Collection and Analysis. The EXAFS
spectroscopy of Zn K-edge was collected at room temperature
on beamline 1W2B at Beijing Synchrotron Radiation Facility
(BSRF). The electron storage ring operated at 2.5 GeV with an
average current of 250 mA. A pair of Si(111) crystals was
employed as the monochromator, which were detuned by 30%
to suppress high-order harmonic contributions. Two reference
standards, Zn−Al layered double hydroxide (LDH)35 and Zn
solution, were prepared as described in previous literature.20,21
All sorption samples were placed at 45° to the incident beam
so that EXAFS data could be recorded in both transmission
mode and ﬂuorescence mode.
EXAFS data analysis was performed using an IFEFFIT
1.2.11 program package.36 The χ(k) function was Fourier
transformed using k3 weighting, and all shell-by-shell ﬁtting was
done in R-space to obtain the detailed local structural
information. The theoretical scattering path was calculated
based on the crystal structure of nikischerite37 [NaFe2+6Al3(SO4)2(OH)18(H2O)12] by replacing Fe and Na with
Zn. A single threshold energy value (ΔE0) was allowed to vary
during ﬁtting. The amplitude reduction factor (S02) was
estimated to be 0.85 based on the ﬁtting of Zn(NO3)2 solution
and was then applied to sorption samples.

Figure 1. Macroscopic sorption behavior of Zn on γ-Al2O3. (a)
Kinetics of Zn sorption on γ-Al2O3 at pH 7.5 in solutions of diﬀerent
Zn concentrations. Experiments were conducted in a 0.1 M NaNO3
solution using a solid/solution ratio of 2.5 g/L; (b) Zinc sorption
edges in solutions that have a constant ionic strength (0.1 M NaNO3)
but diﬀerent initial Zn concentrations; (c): Zinc sorption edges in
solutions that have the same initial Zn concentration (0.1 mM) but
diﬀerent ionic strengths (0.1 and 0.01 M NaNO3).

■

RESULTS AND DISCUSSION
Macroscopic Sorption Behaviors of Zn Sorption onto
Al Oxide. Figure 1a illustrates the sorption behaviors of Zn on
γ-Al2O3 as a function of the reaction time for experiments with
initial Zn concentrations of 0.2 and 0.8 mM. The Zn sorption
increased quickly over time and remained almost constant
from 20 to 48 h. After 48 h of the reaction, approximately 97%
of total Zn was removed from the solution in the 0.8 mM
experiment, resulting in a surface coverage of 3.1 μmol m−2. A
surface coverage of 0.7 μmol m−2 was obtained from the 0.2
mM experiment based on its 93% Zn sorption. Based on these

results, the reaction time for following sorption experiments
was set to 48 h. Figure 1b reveals that the Zn sorption
increased with both increasing pH and Zn concentration,
consistent with previous studies.21,22 At any given Zn
concentration, the evolution of the sorption edge was
characteristic of Zn sorption on Al-bearing (hydr)oxides and
silicate,20,26 with little sorption occurring below pH 6.0 but
nearly 100% sorption occurring over a narrow pH range of
6.0−8.0. At any given pH value, the Zn sorption increased with
increasing Zn initial concentration. Figure 1c shows that Zn
sorption appears to be insensitive to ionic strength at pH 4−9,
C
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Figure 2. Plots of Zn isotope compositions of sorbed Zn and aqueous Zn and Zn isotopic fractionation between the two phases in sorption
isotherm experiments (a, b), sorption edge experiments at 0.8 mM (c, d), and sorption edge experiments at 0.2 mM (e, f). The data in the ﬁgure
correspond to those in Table S5.

Figure 3. Plots of δ66Zn values of sorbed Zn and aqueous Zn as a function of the fraction of sorbed Zn in experiments that have Γ ≤ 0.75 μmol m−2
(a) and in experiments that have Γ ≥ 1.59 μmol m−2 (b). The solid and dashed lines in the part b plot represent δ66Zn values for sorbed Zn and
aqueous Zn in the batch equilibrium model and the Rayleigh fractionation model, respectively. An isotopic fractionation factor, α66Znsorbed‑aqueous, of
1.0047 ± 0.00003 is obtained based on the best-ﬁt batch equilibrium model. (c) A summary of Zn isotope fractionation during Zn sorption onto
the Al-rich mineral surface. The two cyan shades represent the average Δ66Znsorbed‑aqueous values for inner-sphere complexes and Zn−Al LDH
precipitates in this study, respectively. (d) A plot of coordination number obtained from EXAFS data versus Zn surface coverage (Γ).

levels but with the same initial Zn concentration of 0.8 mM,
and the results are presented in Figure 2a and Table S5. Based
on the Zn isotope fractionation behavior, the experiments can
be divided into two pH groups. In the pH 6.0−6.5
experiments, heavy Zn isotopes were preferentially partitioned
onto the γ-Al2O3 surface relative to the aqueous Zn. Since the
sorbed Zn accounted for a small fraction (<12%) of the initial

which excludes the formation of outer-sphere surface
complexes, as previous experiments of Zn sorption on kaolinite
and quartz at low pH conditions (3−5.5) have shown that the
outer-sphere complexes are ionic-strength dependent.26,28
Behaviors of Zn Isotope Fractionation during
Sorption onto γ-Al2O3. Sorption Edge Experiments (0.8
mM). Multiple experiments were conducted at diﬀerent pH
D
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Figure 4. Zn K-edge EXAFS spectra of Zn-sorbed samples and model compounds as shown in Table 1: (a) k3 weighted functions and (b) the
corresponding Fourier transform without phase shift correction. The experimental data are shown as colored solid lines, and the ﬁtted data are
shown as black solid lines. (c) Schematic diagram showing the relationship between Zn sorption mechanism and pH and initial Zn concentration
([Zn]i). Dashed curves and shaded regions are assigned based on EXAFS spectroscopic analyses of diﬀerent experimental products. “IS” refers to
inner-sphere complexes. “LDH” refers to “layered double hydroxide”

that of the Zn stock solution (−0.06 ± 0.06‰), but the Zn
remaining in aqueous solution became isotopically light after
sorption. This situation was opposite to that of the sorption
edge experiments at 0.8 mM (Figure 2a). Nonetheless, the
measured Zn isotope fractionations show a pattern similar to
the 0.8 M sorption edge experiments: Δ66Znsorbed‑aqueous values
decrease abruptly from +0.38 ± 0.07‰ ∼ +0.54 ± 0.06‰ to
+0.10 ± 0.06‰ ∼ −0.01 ± 0.06‰ as the initial Zn
concentration increases from 0.1−0.2 mM to 0.4−0.8 mM
(Figure 2d).
Sorption Edge Experiments (0.2 mM). A third set of
experiments investigated Zn sorption under variable pH values
with a low initial Zn concentration of 0.2 mM. As shown in
Figure 2e and Table S5, the results are diﬀerent from the
sorption edge experiments with an initial Zn concentration of
0.8 mM (Figure 2a) and consistently display the enrichment of
Zn heavy isotopes onto the γ-Al2O3 surface relative to aqueous
solution. As pH increased, δ66Znsorbed evolved from +0.21 ±
0.05‰ at pH 6.0 toward −0.06 ± 0.04‰ at pH 8.0, which is
close to that of the Zn stock solution, reﬂecting isotope mass
balance with increasing Zn adsorption (Table S5). The
δ66Znaqueous value decreased correspondingly from −0.13 ±
0.04‰ at pH 6.0 to −0.57 ± 0.04‰ at pH 8.0, resulting in a
relatively constant Δ66Znsorbed‑aqueous fractionation factor of 0.34
± 0.06‰ to 0.50 ± 0.06‰ (Figure 2f).

Zn in aqueous solution, the δ66Zn values of the aqueous phase
changed little after the sorption experiments due to isotope
mass balance. In the pH 7.0−8.0 experiments, the δ66Zn values
of sorbed Zn and aqueous Zn overlapped within the analytical
error and remained constant around −0.06 ± 0.06‰ (2SD, n
= 6), the δ66Zn value of the Zn stock solution. Zn isotope
fractionation factors (Δ66Znsorbed‑aqueous) were calculated to be
+0.39 ± 0.06‰ to +0.47 ± 0.03‰ in the pH 6.0−6.5
experiments, in contrast to the close-to-zero fractionation
(−0.06 ± 0.06‰ to 0.01 ± 0.06‰) in the pH 7.0−8.0
experiments (Figure 2b). It should be highlighted that the
δ66Zn and mass of the sorbed Zn and aqueous Zn satisfy
isotope mass balance and that the calculated δ66Zn for total Zn
after sorption experiments is identical with the δ66Zn of Zn
stock solution (Table S5).
Sorption Isotherm Experiments (pH 7.5). The Zn isotope
fractionation behavior was investigated in sorption isotherm
experiments at a constant pH of 7.5 (Figure 2c and d). Similar
to the 0.8 mM sorption edge experiments, heavy isotopes were
enriched in the sorbed phase relative to the aqueous solution
for experiments with initial Zn concentration of 0.1−0.2 mM,
but there was no distinguishable Zn isotope fractionation in
experiments with initial Zn concentrations of 0.4−0.8 mM
(Figure 2c). Because the majority (>93%) of the initial Zn was
sorbed onto the γ-Al2O3 surface, due to the isotope mass
balance control, the sorption phase had δ66Zn values similar to
E
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Table 1. Fitting Results of EXAFS Spectrum for Model Compounds and Sorption Samples (S02 = 0.85)b,c
sample

R-factor

Nidp

Nvar

χ2

χv2

Zn(NO3)2 aq
Zn−Al LDH

0.0002
0.0005

10.8
17.5

10
17

35
123

54
270

Zn_0.8 mM pH 6.0

0.0026

18.8

14

214

44

Zn_0.8 mM pH 6.5

0.0007

17.7

16

79

47

Zn_0.8 mM pH 7.0

0.0006

20.0

18

532

264

Zn_0.8 mM pH 7.5

0.0005

18.8

18

188

227

Zn_0.4 mM pH 7.5

0.0002

12.2

9

316

121

Zn_0.2 mM pH 7.5

0.0023

19.7

14

311

56

Zn_0.1 mM pH 7.5

0.0011

13.3

12

63

79

shell no.
1
1
2
2
1
2
1
2
2
1
2
2
1
2
2
1
2
2
1
2
1
2

path

CN

R (Å)

σ2 (Å2)

ΔE (eV)

±σ2 (Å2)

±ΔE (eV)

Zn−O
Zn−O
Zn−Zn
Zn−Al
Zn−O
Zn−Al
Zn−O
Zn−Zn
Zn−Al
Zn−O
Zn−Zn
Zn−Al
Zn−O
Zn−Zn
Zn−Al
Zn−O
Zn−Zn
Zn−Al
Zn−O
Zn−Al
Zn−O
Zn−Al

a

2.06
2.08
3.10
3.09
1.98
2.98
2.05
3.08
3.07
2.06
3.08
3.07
2.08
3.11
3.10
2.04
3.09
3.08
1.98
3.00
1.97
2.96

0.007
0.008
0.010
0.010
0.008
0.010
0.012
0.009
0.011
0.009
0.008
0.008
0.009
0.009
0.008
0.011
0.011
0.008
0.007
0.006
0.011
0.012

2.78
−0.90

0.007
0.004
0.004
0.004
0.002
0.015
0.001
0.040
0.004
0.002
0.052
0.004
0.003
0.039
0.006
0.002
0.036
0.005
0.001
0.013
0.006
0.033

1.4
4.5

6
6.5
3.5
2.4
4.5
0.9
6.3
3.3
1.9
6.1
3.9
1.8
5.6
4.0
1.8
5.5
2.9
1.6
4.2
0.5
3.1
0.1

−0.53
0.85

−0.75

1.70

−1.72

1.16
0.52

2.8
0.4

2.1

2.9

2.0

2.3
4.42

a
Fixed value. bS02 is the amplitude reduction factor, estimated by the ﬁtting for Zn(NO3)2 aq, and set to 0.85 for all samples; R-factor is the
absolute misﬁt between experimental data and theory; Nidp is the number of independent points; Nvar is the number of variables; χ2 is the chi-square
value; χv2 is the reduced chi-square value; CN is the coordination number; R is the interatomic distance in Å; σ2 in Å2 is the Debye−Waller factor in
Å2; ΔE is the energy shift in eV. Estimated errors of bond distance is ± 0.01 Å for the ﬁrst shell and ± 0.04 Å for the second shell. cEstimated errors
for the ﬁrst shell are ±20% for coordination numbers, and for second shell they are ±40% for coordination numbers.

Constraining Zn Isotope Fractionation Factors. In
sorption experiments at pH values of 7.0−8.0 and Zn
concentrations of 0.4−0.8 mM, the majority (74.9 to 99.9%)
of aqueous Zn was sorbed as surface precipitates, and the
δ66Znsorbed values overlapped with the δ66Znaqueous values as
well as the δ66Zninitial value (Figure 3a). In these experiments,
the Zn surface coverage was greater than 1.5 μmol m−2, and
the isotopic fractionation of Zn between the sorbed phase and
the aqueous phase remained constant at Δ66Znsorbed‑aqueous =
0.02 ± 0.07‰. The lack of correlation between the
fractionation factor and the degree of sorption (Figure 3a)
implies isotopic equilibrium, which is in agreement with
previous studies that suggested attainment of equilibrium Zn
isotope fractionation within a few hours (e.g., <3 h) during Zn
sorption onto the mineral surfaces of calcite,27 quartz,28 and
amorphous silica.28 Julliot et al. (2008)24 also found that
isotopic equilibrium had been reached within the ﬁrst 16 h
during Zn sorption onto 2-line ferrihydrite.
In contrast, in sorption experiments under slightly acidic
(pH 6.0−6.5) conditions or with initial Zn concentration of
0.1−0.2 mM, where the Zn surface coverage was less than 0.8
μmol m−2, a signiﬁcant isotope fractionation occurred between
the sorbed Zn and aqueous Zn, with Δ66Znsorbed‑aqueous ranging
between 0.34 ± 0.06‰ and 0.54 ± 0.06‰. In these
experiments, both δ66Znaqueous and δ66Znsorbed decreased with
increasing proportion of sorbed Zn, plotting along two parallel
trends in a diagram of δ66Zn vs sorbed Zn fraction (Figure 3b).
The experimental data were ﬁtted using two models: one is a
batch equilibrium model that assumes adequate exchange
between the sorbed Zn and aqueous Zn at any given time
irrespective of the degree of sorption, and the other is a
Rayleigh model that mimics the eﬀective separation of Zn from

aqueous solution to the solid phase during sorption event. The
two models can be described using the following equations
δ 66Znaqueous =

δ 66Znaqueous =

δ 66Znstock − 1000 × f × (αsorbed ‐ aqueous − 1)
1 − f + (f × αsorbed ‐ aqueous)
(Equilibrium model)

(4)

1000 + δ 66Znstock
(Rayleigh model)
(1 − f )αsorbed ‐ aqueous − 1000

(5)

where f stands for the fraction of sorbed Zn, and αsorbed‑aqueous
refers to the (instant) isotope fractionation factor between
aqueous Zn and sorbed Zn. The measured δ66Znstock (−0.06 ±
0.06‰) was used in regression process.
Figure 3b demonstrates that the batch equilibrium model ﬁts
the observed data considerably better than the Rayleigh model,
which attests to adequate isotope exchange between the
aqueous solution and the Al-oxide mineral surface throughout
the sorption experiments. Regression yields a αsorbed‑aqueous
factor of 1.00047 ± 0.00003. According to eq 6, the isotope
fractionation between aqueous Zn and sorbed Zn
(Δ66Znsorbed‑aqueous) can be calculated from αsorbed‑aqueous.
Δ66Zn sorbed ‐ aqueous ≅ 1000 × ln αsorbed ‐ aqueous

(6)

This calculation yields a Δ66Znsorbed‑aqueous value of 0.47 ±
0.03‰, which is consistent with the one (0.44 ± 0.07‰)
averaged from the measured Δ values.
To summarize, experiments with high Zn surface coverage
(>1.5 μmol m−2) and low Zn surface coverage (<0.8 μmol
m−2) show distinct Zn isotope fractionation behaviors (Figure
3c and Table S5). These facts imply that the fractionation of
Zn isotopes during sorption signiﬁes diﬀerent sorption
behaviors for the two groups of experiments.
F
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shorter Zn−O bond length (1.97 ± 0.03 (2SD, n = 3) Å) and
lower coordination numbers (CN) (i.e., ∼4) than the aqueous
Zn (RZn−O = 2.06 Å and CN = 6) (Figures 3d and S8). This
diﬀerence in bonding environment contributes to a
Δ66Znsorbed‑aqueous fractionation of +0.47 ± 0.03‰ between
the two phases. In contrast, at Zn concentrations of 0.4−0.8
mM and pH of 7.0−7.5, the precipitated Zn in the Zn−Al
LDH phase is present as octahedron surrounded by 6 oxygen
atoms with RZn−O of 2.06 ± 0.02 Å, similar to the ﬁrst shell of
aqueous Zn2+, the dominant Zn speciation at these conditions
(Figure S9). Accordingly, there is little Zn isotope fractionation between the solid and aqueous phases. Note that Zn
fractionation for the 0.4 mM sample is slightly higher than that
for the 0.6 and 0.8 mM samples, which may imply a presence
of mixed Zn−Al LDH precipitates and a small amount of
tetrahedral inner-sphere surface complexes, consistent with its
relatively lower amplitude of second shell in its Fourier
transformed EXAFS spectrum. Furthermore, our laboratory
ﬁnding is in good agreement with the results from a previous
ﬁeld study. Aucour et al. (2015) demonstrated that soils
containing octahedral Zn (Zn-LDH and sorbed species) are
enriched in light isotopes, whereas the DTPA exchangeable
tetrahedral Zn species are enriched in heavy isotopes.41
The fractionation factor of Δ66Znsorbed‑aqueous of 0.47 ±
0.03‰ appears to be consistent with those associated with
sorption onto several diﬀerent metal hydroxides. A recent
study suggested that Zn sorption to the edge sites of kaolinite
yields a Δ66Znsorbed‑aqueous fractionation of 0.49 ± 0.06‰.26
This may not be surprising because of the similarity between
the surface functional groups (>AlOH) of naturally occurring
clays such as kaolinite and the reactive sites of the Al oxide
surfaces in this study. However, a similar Zn isotope
fractionation during adsorption has also been observed for
other Al-free minerals. For example, sorption of Zn onto calcite
results in a Δ66Znsorbed‑aqueous fractionation of 0.41 ± 0.18‰ at
low ionic strength conditions.27 Additionally, both Juillot et al.
(2008)24 and Balistrieri et al. (2008)42 demonstrated that Zn
sorption onto ferrihydrite led to a Δ66Znsorbed‑aqueous fractionation of approximately 0.52‰, where the sorbed Zn occurs as
tetrahedral inner-sphere surface complexes. In addition to the
experimental studies discussed above, the δ66Zn of natural Fe−
Mn crusts and nodules is ∼0.5‰ higher than the δ66Zn of the
deep seawater.43 EXAFS analyses indicated that Zn ﬁxed in the
Fe−Mn crusts and nodules is surrounded by 4 oxygen atoms
with bond lengths of ∼1.97 Å.43 These similarities reveal a
strong link between the speciation of Zn as tetrahedral innersphere surface complexes and the enrichment of heavy Zn
isotopes.
The consistency in Zn isotope fractionation factors during
sorption onto diﬀerent mineral surfaces seems to imply that
the coordination number for the ﬁrst shell has the dominant
isotopic eﬀect over the nature of the secondary shells for the
sorbed Zn on mineral surfaces. However, it should be
emphasized that bond length and structural order also
contribute signiﬁcantly to the isotope fractionation of Zn
during its sorption on metal oxides. As shown in Figure 5, it is
clear that heavy Zn isotopes are favorably partitioned into
phases with stronger bonds that have lower coordination
number and shorter bond length.29,44−46 Notably, the
adsorption of Zn on SiO2 surfaces results in the shortest
Zn−O bond distance (1.93 ± 0.02 Å) that correlates to the
greatest Zn isotope fractionation (0.8−1.2‰) noted in the
literature. Overall, this is in accordance with classic theories of

Bonding Structures of Zn Sorption Products As
Revealed from EXAFS Spectroscopy. Figure 4a shows
the normalized, background subtracted and k3-weighted
EXAFS spectra of Zn sorbed on γ-Al2O3 at pH values of
6.0−6.5 and/or Zn initial concentrations of 0.1−0.2 mM.
Surface coverage from these experiments are in the range of 0.2
to 0.8 μmol m−2. The spectra of reference compounds such as
Zn(NO3)2 solution and synthetic crystalline Zn−Al layered
double hydroxide (LDH) are also shown for comparison. The
EXAFS spectra (Figure 4b) of all Zn-sorbed samples and
Zn(NO3)2 solution display only one notable shell at 1.5 Å in
Fourier transformed spectra, obviously diﬀering from the Zn−
Al LDH, which exhibits a second peak at r of 2.4 Å.
Additionally, the oscillations in k3-weighted χ spectra of these
Zn sorbed samples diﬀer from those of the Zn(NO3)2 solution.
These features suggest that the local structure of the sorbed Zn
is diﬀerent from that of aqueous Zn(NO3)2 and Zn−Al LDH,
thus excluding the formation of both outer-sphere surface
complexes and surface precipitates. Shell-by-shell ﬁtting results
of the EXAFS spectra in Table 1 reveal that aqueous Zn is
octahedrally coordinated by six oxygen atoms with a bond
length of ∼2.06 Å, whereas the sorbed Zn is tetrahedrally
coordinated by four oxygen atoms with an average Zn−O
distance of 1.98 Å and a second Zn−Al shell (CN = 1−1.5) of
2.98 Å. Details of shell-by-shell ﬁtting are provided in the
Supporting Information (Figures S5 and S6 and Table S6).
Such results indicate a predominant bidentate mononuclear
inner-sphere surface complexation.22 In addition, the XANES
features for these samples (Supporting Information, Figure S7)
are distinct from those for the Zn−Al LDH and Zn(NO3)2
solution, suggesting a Zn−O tetrahedral coordination and
corroborating the above EXAFS analyses.22
Diﬀerent from the samples prepared at pH of 6.0−6.5 and/
or Zn initial concentrations of 0.1−0.2 mM, the surface
coverage of samples at 7.0−7.5 pH and Zn initial
concentration of 0.4−0.8 mM are remarkably higher (1.5 to
3.2 μmol m−2). The EXAFS spectra (Figure 4a) of these high
surface coverage samples are nearly identical, with all of them
being similar to the Zn−Al LDH standard spectrum, with a
complicated “beat” pattern appearing between 7 and 8 Å−1,
which is characteristic of Me(II)−Al(III) LDHs.38−40 In the
corresponding Fourier transformed spectra, two major peaks
appear at ∼1.6 and 2.4 Å. The best ﬁt data for the ﬁrst shell
suggests octahedral coordination of Zn with an average Zn−O
bond length of 2.04−2.08 Å. The second shells can be ﬁtted
with a combination of Zn−Zn and Zn−Al scattering paths at
∼3.08 Å. These structural parameters are in agreement with
the structure of typical Zn−Al LDH, which exhibits a brucitelike layered structure (Figure 4c), where 1/3 of the Zn in edgesharing Zn−O octahedron is substituted by Al, generating a
positive structural layer charge that is neutralized by interlayer
anions.
Relationship between Zn Isotope Fractionation and
Zn Sorption Mechanism. The distinct Zn isotope
fractionation behaviors at diﬀerent surface coverages can be
explained by the diﬀerence in sorption complex structures (i.e.,
formation of surface complexes vs LDH precipitates) as
revealed by the EXAFS analysis. More interesting is the clear
correlation between the bonding environments of the sorbed
Zn and Zn isotope fractionation during sorption. EXAFS data
reveals that the Zn that adsorbed to the Al oxide surface at pH
of 6.0−6.5 and/or Zn concentrations of 0.1−0.2 mM occurs as
an inner-sphere surface complex (Γ < 0.8 μmol m−2), with
G
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is signiﬁcantly greater than that resulting from isotope variation
induced by Zn sorption on Al oxide, Fe oxyhydroxide, and
kaolinite surfaces (0.47−0.52 ‰). This implies that Zn
isotopes are still eﬀective for tracing polluting processes for
target reservoirs exhibiting a Zn isotopic contrast that is large
enough (>0.47‰, the fractionation value during sorption
process) in highly weathered environments (e.g., tropical soils)
where Fe/Al oxides and clays are abundant.48
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Figure 5. A summary plot of the correlation between Zn−O bond
length as revealed by EXAFS spectroscopy and the Zn isotope
fractionation factors during sorption to diﬀerent minerals. TIS
(translucent red shading) refers to tetrahedral inner-sphere Zn
complexation, OIS (translucent orange shading) refers to octahedral
inner-sphere Zn complexation, OOS/LDH (translucent cyan shading)
refers to Zn−Al LDH and outer-sphere Zn complexation in
octahedral coordination, and T&O (translucent pink shading) refers
to a mixture of octahedral Zn complexes and tetrahedral Zn
complexation. Note that the RZn−O for either quartz or amorphous
SiO2 was estimated from the correlation between surface coverage
and EXAFS analysis.28 The vertical and horizontal error bars represent
uncertainty (2 standard deviation) in Δ66Znsorbed‑aqueous values and
RZn−O, respectively.

isotope distribution that state that equilibrium isotope
fractionation between diﬀerent phases is predominantly
correlated with vibrational energies,44,45 which are controlled
by the bond strength of the element of interest at the
molecular scale. A more quantitative understanding of the
relationship between bond distance and isotopic fractionation
requires substantial spectroscopic data and theoretical
modeling.49−53
Environmental Implications. This study shows that
environmental conditions (i.e., physicochemical parameters
such as pH and concentration) play an important role in
controlling Zn sorption behavior, surface coverage, molecular
scale bonding environments (e.g., Zn coordination and atomic
bond distances), and Zn fractionation factors. In turn, this
study establishes excellent correlations among those measurable parameters, meaning that signatures from Zn isotopes
could be used as eﬀective tracers in studies of the
biogeochemical cycling and fate of Zn in Earth’s surface
environment. Speciﬁcally, we demonstrate that signiﬁcant Zn
fractionation occurs on the mineral/solution interface at
[Zn2+] < 0.2 mM, suggesting the necessity of considering Zn
fractionation behaviors in investigations of Zn transport in
aqueous environments where the concentration of aqueous Zn
is typically low. As the presence of organic ligands in soils and
sediments can aﬀect LDH formation and the structures of
aqueous and surface complexes of metals, the possible isotopic
eﬀect of organic ligands54 on Zn isotope fractionation should
be taken into account in future studies.
Furthermore, our results shed light on the application of Zn
isotopes for source apportionment.11−19 A large variation of Zn
isotope compositions has been measured from Zn-rich
reservoirs, such as high temperature igneous rocks (δ66ZnJMC
of ∼0.3‰),1 Zn-rich ore minerals (∼0.11‰),1 carbonates
(0.91‰),7 franklinite-bearing slag (∼0.81‰),15 and air
emission particles (−0.36‰).47 Such a range of composition
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