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Abstract

Cadmium (Cd) isotopes are known to fractionate during complexation with various
environmentally relevant surfaces and ligands. Our results, which were obtained using a combination of
various techniques and approaches, highlight the preferential enrichment of light Cd isotopes bound to
humic acid (HA), leaving preferentially the heavier Cd pool in the solution (A™°Cdya.ca@q Of -0.15 +
0.01%o). At high ionic strengths, Cd isotope fractionation mainly depends on its complexation with
carboxylic sites. Outer-sphere complexation occurs at equilibrium together with inner-sphere
complexation as well as with the change of the first Cd coordination and its hydration complexes in
solution. At low ionic strengths, non-specific Cd binding induced by electrostatic attractions plays a

dominant role and promotes Cd isotope fractionation during complexation. This significant outcome

1


mailto:komarek@fzp.czu.cz

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

elucidates the mechanisms involved in HA-Cd interactions. The results can be used during (i)
fingerprinting the available Cd in soil solution after its complexation with solid or soluble natural organic
matter and (ii) evaluate the contribution of Cd complexation with organic ligands and phytoplankton-

derived debris vs. Cd assimilation by phytoplankton in seawater.

1. Introduction

Besides other “non-traditional” isotopes that have been studied increasingly during the last couple
of decades, Cd has drawn much interest as the knowledge of Cd isotope systematics is crucial for a
thorough understanding of the Earth’s Cd geochemistry cycle. Pilot studies involving Cd isotopes date
back to the 1970s, when large variations were measured in meteoritic and extraterrestrial materials."?
Cadmium has six stable isotopes (*°°Cd, *®Cd, *°Cd, *Cd, *Cd, *Cd) and its isotope systematics can
be used in different fields: (i) marine biogeochemistry and oceanography, given the nutrient-like behavior
of Cd and its close correlation with algal nutrients, e.g., nitrate and phosphate,*® (i) Cd plant uptake in the
soil-plant system influenced by the applications of mineral P fertilizers containing Cd and the risk of Cd
transfer into the food chain,”** and (iii) natural and anthropogenic source tracking based on the large
isotope fractionation induced by evaporation and condensation processes during industrial Cd
emissions.*

Despite these numerous environmental studies, there is a surprising lack of a fundamental
understanding of Cd isotope fractionation at specific conditions. Bioavailability, mobility, and toxicity of
Cd depend on its speciation in the natural system. Cadmium does not undergo natural redox reactions in
such natural settings, so the most likely processes affecting its mobility are precipitation and
adsorption/complexation with mineral or organic particles. Only four laboratory experiments have been
conducted to quantify Cd isotope fractionation during adsorption*® and (co)precipitation.”*° The results
showed that lighter Cd isotopes are preferentially adsorbed to Mn-oxyhydroxides™® (A™*°Cd,ig.coag) = -
0.54 to -0.24 %o) and precipitated to calcite!’ (A114/110Cd(:aco3_cd(aq) =~ -0.45%0) or as Cds?® (closed-system

Rayleigh fractionation model 1.00028 < a ¢y -cas < 1.00052 for **Cd/*°Cad).
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The mobility of Cd and its inherent toxicity to living organisms and humans®®?? has motivated the
scientific community to understand its sources and behavior in the environment.” By the end of the 1980s,
Cd mobilization from anthropogenic sources (mining, metal smelting, manufacturing, and fertilizer use)
was more than 5,000 times higher than from natural weathering.? Therefore, significant Cd amounts were
remobilized in the biosphere resulting in an enrichment in the atmosphere, soils, sediments, and aquatic
environments relative to its concentration in the continental crust.”>? Organo-Cd complexes are usually
the primary chemical Cd species at different biogeochemical interfaces, i.e., soil-plants, sediment-surface
waters-ocean, and strongly influence its behavior and fate in the environment.’®?"?® The principal
components of natural organic matter (NOM) are humic substances, i.e., fulvic acids, humin, and humic
acids (HA), the latter being a heterogeneous high-molecular-weight organic material, which is ubiquitous
in terrestrial (soil, peat) and aquatic environments (sediment, ocean, and freshwater), in both soluble and
insoluble forms.?®=* The physical, chemical, and microbiological transformations of plant, animal, algal,
and microbial material®> lead to the formation of HA through different humification processes,®
generating variable and complex organic molecules. Humic acids are an important source of dissolved
complexing organic ligands, such as carboxylic and phenolic hydroxyl groups®® and these complexes
affect the speciation of metal ions, together with their bioavailability, mobility, and toxicity.**’

Therefore, Cd complexation by HA is a crucial process influencing the biogeochemical cycling of Cd in

the ocean, in the soil-plant system, or in general, during its remobilization in the environment.

The first objective of this study is to examine Cd complexation with a commonly used
representative HA, i.e., leonardite humic acid, at different experimental conditions (Cd concentration,
ionic strength, pH). The second objective is to determine the Cd isotope fractionation occurring during Cd
complexation with HA under the same experimental conditions by measuring both dissolved (aqueous Cd)
and complexed (Cd bound to HA) phases. Finally, combining Fourier transformation infrared (FTIR), X-
ray absorption spectroscopy (XAS), and modeling, our study highlights the complexation mechanisms

leading to Cd isotope fractionation during its complexation with HA.
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2. Materials and Methods

2.1. Sorption experiments

2.1.1. Leonardite humic acid

Leonardite (humic acid) was chosen due to its high potential for complexation of metal(loid)s in
aqueous solutions (As, Cd, Cu, Pb, Ni, etc.) and because it is commonly used as a NOM proxy.***
Leonardite is a coal-like substance and is believed to be derived from lignitic coal via natural oxidation.*
Leonardite has a greater oxygen content than lignite due to a larger number of carboxylic groups.
Leonardite is composed of phenolic and carboxylic OH groups, aliphatic CH groups, and carbonyl groups
together with conjugated carbonyl or aromatic groups*’. In this study, leonardite HA was obtained from
the International Humic Substances Society (IHSS) (C = 63.8%, O = 31.3%, H = 3.70% and N = 1.23%,
HA/DOC = 1.57) and characterized by infrared spectroscopy (Fig. S1). For Fourier transform infrared
spectroscopy (FTIR) analysis, samples were grounded with KBr at a 1/100 mass ratio and then pressed

into disks. FTIR spectra were recorded using a FTIR spectrometer (Perkin EImer) between 5000 and 400

cm* at a resolution of 0.5 cm™.

Leonardite was solubilized at pH between 9 and 10 (adding 1 mol L™ NaOH) to ensure complete
dissolution.”” Then, any possibly present HA molecules <10 kDa were removed using the Labscale TFF
system equipped with a Pellicon XL membrane* (PLCGC10, Millipore). The dissolved organic carbon
(DOC) concentrations were measured by the Carbon Analyzer (TOC-L CPH, Shimadzu). Further in this

work, humic acid (HA) denotes leonardite for simplification purposes.

2.1.2. Cd adsorption edges

Adsorption edges were obtained using batch experiments in opaque plastic bottles to avoid any
photoluminescence process. All plastic containers were acid-washed, and all reagents used were of reagent
grade. Adsorption experiments with Cd ICP standard (Merck standard) were performed under N,
atmosphere at three different initial metal concentrations (10, 10®, and 10* mol L) and three ionic

strengths (107, 10, and 10 mol L™ with NaNO; as a background electrolyte). The DOC concentration
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was fixed for each batch experiment at 60 mg L™. A volume of 60 to 75 mL was used for each batch
experiment, and the pH was buffered by adding a controlled volume of HNO; (10, 10 and 10 mol L™)
and NaOH (10%, 10, and 10 mol L™) ranging from 2 to 11 pH units. Each bottle was then closed and
agitated for 24h. After equilibration, the pH was measured, and an aliquot of the sample (12 mL) was
centrifuged using a centrifugal filter device at 6600 rpm for 45 minutes (Amicon® Ultra-15 centrifugal
filter devices 3kDa). Before the ultrafiltration, the centrifugal filter device was washed with NaOH 0.05
mol L™ and MilliQ® water to remove trace amounts of glycerin that could have interfered with the
measurements. The filtrate was analyzed for Cd concentration using inductively coupled plasma optical
emission spectroscopy (ICP OES; 720 Series, Agilent Technologies) or inductively coupled plasma mass
spectroscopy (ICP-MS; iCAP Q, Thermo Fisher Scientific), depending on Cd concentrations. Cadmium
bound to HA was calculated as the difference between the initial Cd concentration and the final Cd

concentration in the filtrates.

2.1.3. Complexation modeling

The datasets of the adsorption edges were used further for the modeling using Visual MINTEQ
software.** The NICA-Donnan model was used for our purpose, which results in a combination of non-
ideal competitive adsorption (NICA) to a heterogeneous material, coupled with a Donnan electrostatic
sub-model, describing the electrostatic attractions between ions and the humic material.*™*" The
distribution between the low adsorption sites (LAS, i.e., carboxylic sites) and high adsorption sites (HAS,
i.e., phenolic sites) was calculated using the HH-10, i.e., leonardite HA, binding parameters*® and the
generic NICA-Donnan model parameters for Cd-ion binding by humic acids.”® In our study, the
thermodynamic NICA-Donnan model parameters for Cd-ion binding to HA were slightly modified (Table

S1).



121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

2.2. Cd isotope analysis

2.2.1 Batch experiments

Adsorption experiments with a Cd isotope standard (NIST SRM 3108 Cd) were performed under
N, atmosphere at three fixed pH values (4, 5, and 6), three different initial metal concentrations (2x10°,
2x10°, and 2x10™ mol L), five ionic strengths (10, 5x107%, 10, 5x10, and 10° mol L™ with NaNO; as
the background electrolyte). The DOC concentration (120 mg L™) was increased two times from previous
batch experiments in order to obtain a sufficient amount of material for performing FTIR and XAS
measurements. The initial concentration of Cd was also doubled to maintain the same Cd/HA ratio. In the
case of 10° mol L™ Cd, only two fixed pH values were used (4 and 5) as pH 6 did not allow us to analyze
the small amount of Cd in the solution. The batch experiment conditions were similar to those used for the
determination of the adsorption edges and HA was separated from the solution through a series of
ultrafiltrations (five times 12 mL on the same centrifugal filter device 3 kDa) at 6600 rpm for 45 minutes.
Cadmium concentrations and isotope compositions were measured in the solution samples. The HA
fraction was recovered, freeze-dried, and used for EXAFS and FTIR measurements and for Cd isotope
analysis (nine HA samples) to determine the isotopic mass balance. Kinetic batch complexation
experiments were conducted to monitor the equilibration time of Cd isotope fractionation with HA at high
(10" mol L™ NaNO;) and low (10 mol L™ NaNO;) ionic strengths with a Cd concentration of 10 mol L’

! and DOC concentration of 120 mg L™.

2.2.2. Cadmium isotopes measurements
Cadmium isotope ratios were measured using thermal ionization mass spectrometry (TIMS;
Triton, ThermoFisher), and Cd isotopic compositions are reported as 8'*#*'°Cd, relative to the NIST SRM

3108, with Eqg. 1:

114Cd
( IloCd) \
sample
. —1|x1,000 (1)

T
cd
110
Cd/ NIST SRM 3108
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Raw measurements were corrected for potential Cd isotope fractionation during the Cd
purification procedure and the analysis, the double-spike (DS) method based on the nested iteration
method was used. The DS was prepared by mixing two enriched Cd isotopes spikes: ®Cd (97%) and
18Cd (99 %) purchased from IsoFlex, USA. The DS was added to the sample before the Cd separation
process and was composed of **Cd (35%) and *'°Cd (65%). The natural/DS ratio was 5.6 for **Cd/*°Cd

and 10.8 for *5Cd/**°Cd.

Before the Cd separation process, liquid samples were evaporated and transferred to bromide
form, whereas HA samples were firstly dissolved in a mixture of concentrated HNO; and H,O, and then
transferred to bromide form. Chromatographic separation of Cd was performed following the analytical

1.°°! and Abouchami et al.*** This technique was inspired

methods previously published by Schmitt et a
by Pb separation and is promising because it is fast and requires only small amounts of acid. In
comparison with Cd isotope measurements by MC-ICP MS, there were no isobaric interferences due to Sn
and Pd isotopes,™ allowing us to skip the chemical separation of Sn using a second anion-exchange

chromatography. This protocol was adapted in our laboratory using 400 uL of the BioRad AG1-X8 anion

exchange resin (100-200 mesh) in bromide form.

After Cd recovery, the sample was evaporated entirely on a hot plate (110-120°C) to the last drop.
After cooling, an activator was added to the sample depending on the amount of Cd. For 500 ng of Cd, the
activator was composed of 50 pL of HsPO, 0.1 N and 100 pL of silica gel (100 mg L™ of Si). Then, the
sample was evaporated to dryness and 10 pL of 2% HNO; was added and treated by ultrasonication. The
volume was loaded stepwise onto outgassed single Re filaments. Peak emission of Cd ions occurs in the
temperature range from 1150 to 1200 °C with this activator. The signal varied between 0.2 to 0.5 V (***Cd,
central cup) for the sample, and three complete measurements were feasible: 10 blocks of 20 cycles giving

600 measured values for the ***Cd/**°Cd ratio.

Additionally, in order to evaluate the Cd purification procedure and the analysis, the full

purification procedure was applied for standard solutions (BAM-1012 and NIST SRM 3108) and



169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

international soil standard (NIST SRM 2711a Montana soil Il). During the experiment and purification,
the procedure blank was 4 pg of Cd, having a negligible impact on Cd isotopic composition. International
reference standard solutions BAM 1012 and NIST SRM 3108 were analyzed, and the long-term external
precision was found to be +0.08%o (2SD, n=12) and +0.02 %0 (2SD, n=3), respectively. The measured
§'10Cd value, relative to the NIST SRM 3108, was -1.32 * 0.08%o for BAM 1012 (n=12, mean
published value®: -1.33 + 0.43%o) and 0.57 + 0.02%o for NIST 2711a Montana soil I (n=10, mean

published value®**®: 0.55 + 0.03%o).

2.3. Cd EXAFS measurements

The Cd XAS spectra were collected on the SAMBA beamline (SOLEIL Synchrotron, France) at
the Cd K-edge (26.7 keV). The energy was calibrated by setting the first inflection point of a Cd metallic
foil XANES. The reference (CdO) and samples were prepared as pellets of finely ground and
homogenized powder with boron nitride (15 mg of sample + 45 mg of BN) and then sealed with Kapton
tape and mounted in sample holders. The data were collected under vacuum at 20 K using a He cryostat to
avoid modification in Cd speciation and sample damage due to beam exposure. Spectra were collected in
transmission (using an ionization chamber) and fluorescence modes. According to the spectrum quality,
several spectra (up to 30) were collected over the 26.65-27.70 keV energy range. Each raw bulk-XAS
spectrum of Cd K-edge was merged and normalized, and the background was subtracted with a spline
fitting function to obtain the extended X-ray absorption fine structure (EXAFS) function using Athena
software.>” Fourier transforms were generated on k®-weighted spectra over k-ranges of 1.5-15 A and 2-10
A using the Hanning window for the reference (CdO) and samples, respectively. Theoretical
backscattering-amplitude (Sy°) and phase-shift (AE,) values were calculated using FEFF 6.0 (IFEFFIT
package) based on the crystal structure of CdO. The S,? factor was set to 1.14159. The known structure of
Cd acetate dihydrate®® was used to find the structural parameters that best fit the observed spectrum for the

HA samples. The goodness of fit was characterized by two parameters: the XAFS reliability factor R,
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which measures how close the fit is to the experimental data, and the reduced y? factor, which considers

the number of floating parameters and noise in the data.

3. Results and discussion

3.1. Cadmium complexation with HA

Cadmium complexation with HA depends on the pH and ionic strength and is complete in the pH
range of 3 to 7 (Fig. 1 and S2). At low ionic strength, low competition between Na* and Cd** leads to a
complete Cd complexation in acidic and neutral conditions. On the other hand, at high ionic strength,
strong competition between Na* and Cd** led to a complete Cd complexation only in neutral and alkaline
conditions. Additionally, the influence of the Cd/DOC ratio highlights the diversity of HA binding groups,
which are present in various proportions and cover a large range of affinity constants for Cd. The presence
of few high-affinity sites and many weaker sites resulted in complete Cd complexation at lower pH levels
for low Cd/DOC than for high Cd/DOC ratios (Fig. 1). Complexation of Cd-HA was investigated using
150 batch experiments under different experimental conditions (Cd concentration, ionic strength, and pH).
This large experimental data set allowed us to precisely investigate and model Cd complexation with HA

using the NICA-Donnan model.*>#"*%%

3.2. Cadmium speciation during complexation with HA

The NICA-Donnan model described four main Cd species (Fig. 2, S3, and S4): Cd** in solution
(Cd*,y), non-specifically bound Cd** (i.e., accumulated in the Donnan volume via electrostatic attractions,
Cd*p), Cd complexed with carboxylic groups (COO-Cd), and Cd complexed with phenolic groups (PhO-
Cd). Furthermore, inorganic complexes, other than Cd”" in solution, were only minor components of Cd

aqueous speciation with contributions lower than 0.01% (Cd(OH)", CdNOs", etc.).
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Figure 1: Cadmium complexation with HA (60 mg L™ DOC) at different Cd concentrations and ionic
strengths (NaNO; as background electrolyte) and as a function of pH. Scatter plots express experimental
data, solid lines represent modeling by Visual MINTEQ (NICA-Donnan model). The ionic strength effect
on Cd complexation is highlighted at 10° mol L™ Cd. The effect of the Cd concentration on the Cd
complexation is expressed at 10™ mol L™ NaNOs. The remaining complexation dataset is shown in Figure
S2.

First, the formation of Cd(Il)-carboxyl complexes® occurred in acidic and neutral conditions
because of the larger deprotonation of carboxylic groups compared with phenolic groups at low pH values
(Fig. 2a, S3a, and S4a). At low Cd concentrations (10°° and 10™ mol L), carboxylic groups complexed at
least 80% of total Cd, while at a higher Cd concentration (10 mol L™), Cd complexation was limited to
60% due to (i) site saturation, (ii) charge neutralization of HA which led to less favorable electrostatic
attractions, and (iii) conformational changes of HA that limited the site availability for Cd

62,63

complexation (Fig. 2a, S3a, S4a). Although phenolic groups are high-affinity sites for cations,*® PhO-

10
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Cd complexation was limited by the protonation of phenolic groups at pH levels between 2 and 7.
Therefore, most of Cd complexation in the environment will occur at this pH range from 3 to 7 and will be

mainly controlled by the carboxylic sites.

Secondly, ionic strength had a small effect on Cd complexation to carboxylic groups (Fig. 2b,
S3b, S4b), but it strongly affected non-specific binding of Cd with HA. Indeed, due to its amphiphilic
character, HA forms micelle-like structures® acting as electrically neutral phases with a consistent
negative electrostatic potential (Donnan potential) compared to the solution.®* On the other hand, the
electrostatic potential is “neutralized” by the counterions from the background electrolyte Na*,q and Cdz)'alq
in solution.”®®® As a result, the highest effect of electrostatic attractions between Cd and HA was observed
at pH around 4 and at low ionic strength. In these conditions, the carboxylic sites are weakly deprotonated
and the competition between Cd** and Na" in the Donnan volume is low (Fig. 2). That led to a prevalence
of non-specific Cd binding (up to 50% of total Cd, 60% of the total complexed Cd) due to electrostatic
attractions. Furthermore, non-specific binding is almost absent in alkaline conditions, where phenolic and
carboxylic groups are deprotonated and ionic strength too high. However, at high Cd concentrations, there
are not enough deprotonated sites to bind all the Cd in solution and non-specific binding is still important

at pH 6-7 corresponding to 35% of total Cd due to the saturation of the binding sites (Fig. S3).

Finally, thermodynamic modeling allowed us to specify Cd speciation. Over the pH range from 3
to 7, Cd speciation is explained by the relative proportions of complexation with carboxylic groups (COO-
Cd), non-specific Cd binding in the Donnan volume (Cd*'p), and the free Cd species in solution (Cd2+aq).
Consequently, the isotopic approach was designed to determine the Cd isotopic signature (5***'°Cd) in
the same experimental conditions (Table 1) and to characterize the Cd isotope fractionation associated

with Cd binding to carboxylic groups or by electrostatic attractions.
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Figure 2: Cadmium speciation as a function of (a) pH and (b) ionic strength (NaNOj3). The data were determined using the NICA-Donnan model
for 10° mol L™ Cd and 60 mg L™ DOC. Cd**,, refers to the aqueous Cd free in solution, Cd*' to the Cd bound to HA by electrostatic attractions,

COO-Cd to the Cd complexed with carboxylic sites, and PhO-Cd to the Cd complexed with phenolic sites.
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Table 1: Detailed experimental conditions and Cd isotope measurements in solution and in the HA fraction. The isotopic mass balance was
calculated for 9 samples and did not exceed 0.03%o. The amount of Cd bound to HA by electrostatic attractions (f(Cd**D)) and with the carboxylic
groups (f(COO-Cd)) and aqueous Cd in solution f(Cd*"aq) were calculated based on the NICA-Donnan chemical speciation modeling (n.d.: not
determined).

. [NaNOg] mol  f(Cd) in f(Cd®4g) f(Cd*p) f(COO-Cd) st at410cq Isotopic
pH solution L™ solution solution model. model model solution (%o) 2sb solid (%o) 2Sb balance
[Cd] 2x10™ 42 1.0E-01 0.74 0.73 0.02 0.25 0.02 + 0.02 -0.06 + 0.01 0.00
mol L, 4.0 4.8E-02 0.72 0.74 0.03 0.23 0.02 + 002
[DOC] 120 4.0 9.8E-03 0.56 0.61 0.12 0.26 0.05 + 004
mg L* 3.9 5.1E-03 0.53 0.57 0.19 0.24 0.06 + 004
4.0 1.1E-03 0.46 0.39 0.39 0.22 0.08 + 003 -0.04 + 004 0.02
5.0 1.0E-01 0.55 0.53 0.02 0.44 0.03 + 004
5.0 4.7E-02 0.40 0.48 0.03 0.48 0.05 + 0.01
4.9 1.0E-02 0.30 0.37 0.12 0.50 0.08 + 0.00
4.9 5.3E-03 0.25 0.31 0.19 0.49 0.10 + 002
4.9 1.1E-03 0.20 0.17 0.42 0.41 0.12 + 0.02
6.2 1.0E-01 0.33 0.36 0.01 0.57 0.08 + 001 -0.01 + 003 0.02
5.9 4.8E-02 0.25 0.34 0.03 0.59 0.09 + 001
6.0 9.5E-03 0.12 0.21 0.11 0.64 0.09 + 005
5.4 4.5E-03 0.14 0.21 0.20 0.57 0.13 + 001
5.8 1.1E-03 0.07 0.07 0.38 0.53 0.16 + 002
[Cd] 2x10° 4.0 1.0E-01 0.75 0.59 0.01 0.39 0.05 + 004 -0.10 + 003 0.01
mol L™, 4.0 4.6E-02 0.61 0.51 0.03 0.45 0.04 + 001
[DOC] 120 4.0 1.1E-02 0.37 0.37 0.13 0.49 0.09 + 0.04 -0.01 + 0.08 0.03
mg L* 4.1 5.7E-03 0.26 0.27 0.21 0.52 0.12 + 004
4.0 1.2E-03 0.16 0.12 0.52 0.35 0.17 + 0.03
5.1 1.0E-01 0.37 0.20 0.01 0.76 0.07 + 002
5.1 5.1E-02 0.21 0.15 0.02 0.80 0.11 + 003
51 1.1E-02 0.09 0.09 0.07 0.82 0.13 + 0.04
5.0 4.9E-03 0.05 0.06 0.14 0.78 0.15 + 002
5.0 1.1E-03 0.02 0.02 0.36 0.61 0.19 + 004 0.01 + 0.09 0.01
6.0 9.9E-02 0.15 0.07 0.00 0.87 0.11 + 002
6.0 5.2E-02 0.09 0.05 0.01 0.88 n.d.
6.0 1.0E-02 0.02 0.02 0.03 0.90 0.13 + 002
6.1 4.9E-03 0.02 0.01 0.05 0.89 0.14 + 001
6.0 1.2E-03 0.01 0.00 0.18 0.78 0.18 + 005 0.01 + 005 0.01
[Cd] 2x10° 41 1.0E-01 0.54 0.36 0.01 0.61 0.08 + 0.02 -0.07 + 0.01 0.01
mol L; 41 4.6E-02 0.34 0.30 0.02 0.66 0.10 + 003
[DOC] 120 4.1 9.8E-03 0.18 0.18 0.08 0.71 0.14 + 002
mg L* 4.2 4.7E-03 0.10 0.11 0.14 0.72 n.d.
4.2 9.8E-04 0.06 0.04 0.41 0.54 0.22 + 001
5.2 1.0E-01 0.20 0.08 0.00 0.86 0.10 + 002 0.00 + 004 0.02
5.2 5.1E-02 0.12 0.06 0.01 0.88 0.12 + 0.05
5.2 9.9E-03 0.04 0.03 0.03 0.90 0.14 + 003
5.1 5.3E-03 0.02 0.02 0.05 0.88 0.19 + 004
5.2 9.5E-04 0.01 0.01 0.22 0.75 n.d.
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3.3. Cd isotope fractionation during complexation with HA

The amount of Cd complexed with HA ranged from 25 to 99% of total Cd in solution (Table 1).
After experiments, the §"“*°Cd values in solution varied from 0.02 + 0.02%o to 0.22 % 0.01%o, showing
preferentially enrichment in light Cd isotopes in the complexed form. The Kkinetic experiments
demonstrated that the Cd isotopic composition was constant throughout the experiment at high ionic
strength and that a plateau was rapidly reached after 5 hours at low ionic strength (Fig. S5). Therefore, we
can assume that Cd complexation with HA reached isotopic equilibrium in the experimental conditions
(Fig. 3). The overall Cd isotope fractionation was defined as A™*°Cduacyag Of -0.15 % 0.01%o.
Oppositely, previous research on the complexation of other metals belonging to the first raw transition
(Cu, Fe, and Zn) showed an enrichment in heavy isotopes bound to HA. These observations were
attributed to their stronger binding in organocomplexes than in aqueous solution at equilibrium.®” "
Cadmium does not undergo natural redox reactions in such settings, leading us to hypothesize that the
isotope fractionation was driven by differences in Cd coordination chemistry between the dissolved
species and the complexed species. In our case, Cd complexation is driven by carboxylic sites and the
electrostatic attractions, which may cause different Cd isotope fractionations as demonstrated for Cu with

HA,”, and in other systems for Zn."*"2

Consequently, this study highlights the importance of modeling to set up the experimental
conditions, which included: (i) pH variations from 4 to 6, (ii) ionic strengths variations from 10 mol L™*
to 10" mol L?, and (iii) Cd concentrations in solution varying from 10° mol L™ to 10* mol L™. By
including all of these conditions, we had enough controlled data to determine Cd isotope fractionation
associated with its complexation with carboxylic groups (A™*°Cdcoo.ca)caeg) and that of the

electrostatic attractions (A™*"°Cd cgo+py-caaq)-
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Figure 3: 8"*°Cd values (%o) in solution as a function of the remaining Cd in solution (f(Cd)) at
different ionic strengths and Cd concentrations (10°® mol L™, 10° mol L™ and 10 mol L™) after 24 h of
equilibration. Error bars on the y axis refer to 2SD. The graphical estimation gives an overall A"**°Cdya.
Cd(ag) = -0.15 = 0.01%o for the samples, with a linear regression set to 0.00%o for f(Cd) value of 1 (black
dashed line). The slope uncertainty (+0.01) was determined by the least-squares method. The green

shading shows the isotopic range of the bulk starting composition (NIST SRM 3108).
3.3.1. Specific Cd complexation: carboxylic sites

The proportion of Cd complexed with carboxylic sites was determined based on the NICA-
Donnan thermodynamic modeling (Table 1). At high ionic strengths, Cd complexation was primarily
dependent on the carboxylic groups (Cd**p lower than 3% of the total Cd and a ratio Cd**,/COO-Cd lower
than 0.07 (16 samples). In these conditions, fifteen §"“'°Cd values in solution were related to Cd
complexation with the carboxylic sites, which represents a preferential enrichment in light isotopes bound

to HA following a linear regression (slope: -0.13 + 0.01, R2=0.80, Fig. S6). Therefore, the A™*"°Cd coo.
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cd)-cd(aq) Was estimated to -0.13 + 0.01%o. As an alternative to the graphical evaluation,® A114/110Cd(coo_Cd)_

cd(ag) Can be calculated with Eq. 2 and 3

114/100 _ g114/110 114/110
A Cdﬁnal solution-starting solution 8 Cdﬁnal solution 8 Cdstarting solution (2)

114/110
A Cdﬁnal solution-starting solution /

vucoo-ca) 100 G

114/110 _
A Cdcoo-cdy-cdag™ ~

where 8"*Cdgaring soltion 1S the measured isotope composition of the starting solution. The §™*Cdfina solution IS
the measured isotope composition of the solution at the end of the complexation experiment, and %(COO-
Cd) is the percentage of the Cd complexed with carboxylic groups. The calculation resulted in a mean

A™MOCd coo.ca)-caagvalue of -0.12 + 0.03%o (2SD, n=16).

As a consequence, the preferential enrichment in light Cd isotopes bound to HA demonstrated that
the dominant species of dissolved Cd likely have more stable bonds than those in the complexed form.”™
The calculated Cd-O distances for the most common aqueous form (Cd(H,0)¢*"), either using the density
functional theory,” X-ray diffraction,”® or RHF/DZP,”" range from 2.29 to 2.34 A. Moreover, the Cd-O
distances in perchlorate or nitrate solution vary from 2.28 to 2.31 A with an octahedral geometry and
depend on the thermal effect during XAS measurements.”®"®® In our study, the Cd K-edge EXAFS
spectra for Cd bound to HA were successfully fitted with first shell coordination of the Cd complexed to
HA with an average Cd-O length of 2.29 A (Fig. S7). Therefore, based on the numerous studies dealing

with Cd in solution, we agree that a slight change of the Cd-O first coordination does not permit to

confirm that carboxylic groups might express longer and thus weaker bonds than in an aqueous solution.

According to Koopal et al.”’, the thermodynamic parameter “nCd/nH” is interpreted as the

stoichiometry of the binding reaction (Table S1). The ratio of 0.9 indicates that the average stoichiometry

82,83

of Cd binding with carboxylic groups®® (with respect to the proton reaction) is mainly monodentate.

Therefore, the obtained value (2.29 A), which represents the average value of six Cd-O in the first Cd
coordination shell, does not differ from the established Cd-O lengths obtained from Cd solution

84,85 ¢

species.”®"® % In contrast, S ligands leading to significant coordination changes®*® induce an apparent Cd

16



319 isotope fractionation.®*® As a consequence, the coordination of carboxylic groups to Cd in monodentate
320  fashion led to similar bond distances to water oxygens than in solution. Therefore, a significant isotopic
321  shift would be observed as a result of a bidentate or multidentate Cd complex. Based on the fact that bond
322  strength is related to bond length® ®, the preferential presence of heavier Cd isotopes in the solution

323  cannot be explained only by their smaller Cd-O length than those bound to HA.

324 Monodentate binding to negatively-charged oxygen donor atoms (phenolic and carboxylic
325  functional groups) and the associated linear free energy relationships (LFER) for metal-ligand
326  complexation led to a different behavior for Cd than for metals of the first transition raw.®® Contrary to the
327  metals from the first raw transition, Cd®* may be subjected to a larger extent to outer-sphere complex prior
328  formation with a ligand in an aqueous solution.”* Indeed, Cd-ligand (L") overall complexation can be

329  described by the following two equilibrium reactions:

330 [Cd(H,0), ] +L =[Cd(H,0),~L]&* (4)
Z-1)+
331 [Cd(H,0),~L]& )= [Cd(HZO)n_lL]( ) +H,0 (5)
332 where [Cd(H,0), - - L]*Y* denotes an outer-sphere complex, in which the ligand forms hydrogen-

333  bonds with water molecules in the first coordination sphere of Cd®*, and [Cd(H;0),:L]“™" is the inner-
334  sphere complex in which one water molecule is replaced by the ligand in the first coordination sphere of
335  Cd*. Therefore, Cd bound to carboxylic groups includes [Cd(H20),;L]*"* and [Cd(H,0),* - - L]“™*,

336 Moreover, theoretical calculations showed that the reduced partition function ratio (RPFR) 10°In
337 (Bi14-110) Of the Cd hydration complexes increased with the increase of the number of water molecules,
338  suggesting that the change in the hydration complexes (4, 5, or 6) may be a significant factor for isotope
339  fractionation in solution.” The isotopic offsets in &™*°Cd (A™*™°Cdiygration complexes) €aN be estimated

340  using the subtraction of one RPFR from another” (Eq. 6).
341 AMOCHyration complexes=d' | CA(H,0),.,-8" 1 1Cd(H,0),=10°InB, . ;1o Cd(H,0),,.1-10°InB, ;o CA(H,0),,

342 (6)
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The isotopic Cd shift is more pronounced at low temperatures. At 25°C, the RPFR exhibited
2.299, 2.261, and 2.167 for Cd(H,0)¢*, Cd(H,0)s**, Cd(H,0)s*, respectively.” These results
demonstrated that the lighter Cd isotopes were less stable and thus more susceptible to release a water
molecule (inner-sphere complex) leading to the preferential enrichment of lighter Cd isotopes in the HA
fraction. Moreover, X-ray absorption spectroscopy (XAS) studies on Cd coordination in solution revealed
that Cd®* could primarily occur as a Cd(H,0);** aqueous complex.®*** Therefore, Cd hydration complex
in the aqueous solution is crucial in deciphering the isotope fractionation during its complexation and for

Cd isotope systematics in environmental studies in general.

3.3.2. Non-specific Cd binding: electrostatic attractions

In addition to the role of carboxylic groups in Cd complexation, the electrostatic attractions also
played a major role in the total Cd complexation with HA, especially at low ionic strengths and low pH
values (Fig. 2, S3, and S4). Cadmium isotope fractionation plotted as a function of the Cd/Na molar ratio
in solution followed a logarithmic regression exhibiting slopes increasing from 0.02 to 0.09 with

decreasing Cd/Na molar ratio, with the R? factor ranging from 0.66 to 0.99 (Fig. 4).
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Figure 4: Cadmium isotopic composition (5"“*'°Cd expressed in %o) in solution as a function of Cd/Na
(molar ratio) in solution at the beginning of the experiment. At each pH and each [Cd] in solution, the
experimental data follows a logarithmic regression expressed by the equation and the R2 factor. The error

bars represent the analytical error (2SD).

Prior to this study, the exact influence of non-specific binding induced by electrostatic attractions
on metal isotope fractionation has never been studied during metal complexation with HA. The
complexation of Zn with HA, despite a low ionic strength (2x10° mol L™), has shown that electrostatic
attractions represent only a small proportion of Zn bound to HA and therefore not capable to cause a
measurable isotope fractionation.®® The same observation has been noted for Cu at high ionic strength (10"
Y mol L™), where electrostatically adsorbed Cu represented only a minor part (0.1-1%) of total Cu bound
to HA.%® However, our results showed that the proportion of Cd complexed by electrostatic attractions
reached up to 50% of the total Cd, corresponding to 60% of the total complexed Cd (Fig. 2). Based on the

Cd isotopic composition measured in solution and the Cd isotope fractionation attributed to the carboxylic
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complexation, an isotopic mass balance calculation can be used to estimate the effective fractionation

coefficient induced by electrostatic attractions with Eq. 7 and 8:

114/110 _ ¢l114/110 114/110 _
A0 =510, - 51410Cd,=1,0000n (o) (7)

411004 11,000

a T e—e
X-y 5114/110Cdy-1,000

(8)

where X represents CdZZlq and y represents COO-Cd and Cd*p; with their associated fractionation
coefficient ocoo.cq) and ocq” o), respectively. According to our previous results, we defined ocoo.cq) as
1.00013 and the o,4*"p) Was determined by the least-squares method to model the §*“*°Cd values in

solution with Eq 9:

N x( -1)
S14/110+y = -1,000f PCOO-CdX(a(COO—Cd) 1) . ey \%cad
modeled solution ) ! 1FH(f a(COO-Cd)) 1 'ﬁr(ﬂa(CdzD*))

9)

where f is the total fraction complexed with HA, Pcoo.cq and Pcg”'p are the proportions of each site in total

complexed Cd, and o coo-cq) and a(Cd2+D) are their respective fractionation coefficients.

Therefore, the best agreement between the measured 5"***°Cd values in solution and modeled
§"M10Cd values determined an ocs’'p) of 1.00025, giving a A™™°Cdcs® b ca@g Of -0.25%0 (Fig. 5).
Surprisingly, the electrostatic attractions induced more extensive isotope fractionation than Cd
complexation with carboxylic groups. However, when Cd complexation with carboxylic groups led to an
inner-sphere complex, the electrostatic attractions were likely caused by a dipole-ion attraction between
the Cd cation and the dipole of the oxygen from the OH responsible for an outer-sphere interaction.

Under such conditions, the electrostatic bonds are weak, and the Cd coordination number
(complexation or hydration complexes) or Cd-HA bond lengths will not be modified relatively to the
aqueous form of Cd. Therefore, there is no reason that such process induces Cd isotope fractionation. We
also show the modeled &"“*'°Cd values in solution with a value of as*'p) set to 1, signifying that
electrostatic attractions do not produce measurable Cd isotope fractionation (Fig. S8), which led to an

underestimation of the measured §**#*°Cd values at lower ionic strengths.
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Figure 5: Comparison between measured §"“*'°Cd in solution and modeled §"*“**°Cd through isotopic
mass balance calculation (Eq. 8) for o(coo.cq Of 1.00013. and aq*'p) of 1.00025. The ais’'p) was
determined by the least-squares method. The black line represents the linear regression 1:1 with a range of

10% (grey lines). The error bars represent the analytical error (2SD).

Therefore, a A™™°Cdcs* b.ca(ag OF -0.25%o0 has to be applied to Cd isotopes fractionation during
the complexation with HA. Humic acids are large and negatively charged polyelectrolytes, which results
in the accumulation of cations in the vicinity of HA binding sites, leading to different chemical conditions
between the solution and the vicinity of HA. Electrostatic models® (Nica Donnan, Donnan-EV, Donnan-
EDL model, etc.) aim at converting the dissolved cation concentration in the bulk solution ([C];) to a local
dissolved cation concentration ([C],.,;) that occurs adjacent to the HA site, calculated according to the

Boltzmann’s law with Eq. 10:
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Z(Cd2+)F‘1’)

e (10)

406 [Cleazr = [Cleazs X exp (-

407  where z(Cd*") is the valence of Cd, F is the Faraday constant, ¥ is the electrostatic potential of HA
408  particles, R is the gas constant, and T is the absolute temperature. This effect is calculated using the

409  Boltzmann factor (Bf) with Eq. 11:

[Cl. 2
410 Bf ==—> (11
[Cl g2+
aq
411 The A™™Cdya cquq calculated (Eq. 12), based on measured §"“*'°Cd value and the verified

412  isotopic mass balance (Table 1), was expressed as a function of the Bf (Fig. 6).

413 AMMOCAy, (i) catcutatea= (810 Clinitia= f{Cag)X 84/ M0 Clsorution) / (1-(Cetag))-(8"*/ 10 Cdorution)
414 (12)
415  where f(Cdy,) is the proportion of Cd in the aqueous form in solution and 5"***°Cdyy is set to 0%e.

416 At low Bf, isotope fractionation is limited, and the A™™°Cdya cq(ag is controlled by carboxylic
417  complexation. However, at high Bf, the strongest isotope fractionation is observed, related to the non-
418  specific Cd binding during electrostatic attractions. As a result, these must play a significant role in Cd
419  isotope fractionation during complexation with HA. As previously observed for Zn sorption onto
420  kaolinite,”” the mechanism leading to preferential lighter Cd isotope enrichment during outer-sphere
421  complexation formation via electrostatic attractions remains unclear and additional studies are required to

422  explain the effect of electrostatic attractions on metal isotope fractionation.

423 In general, Cd isotope fractionation is controlled by pH and ionic strength and occurs throughout
424 specific complexation processes with the carboxylic sites and non-specific Cd binding induced by
425  electrostatic attractions. Based on our large experimental dataset, the overall Cd isotope fractionation due

426 to Cd complexation with HA can be set for future studies as a A™*"°Cdya ca@g OF -0.15 =+ 0.01%o.
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Figure 6: A™*°Cdya.cqqq Calculated as a function of the Boltzmann factor (Bf). The error bar represents
the highest analytical error observed for one measured §™*°Cd value (2SD). The grey rectangle
represents the overall Cd isotope fractionation due to Cd complexation with HA as A™*°Cdua cy@ag) = -
0.15 = 0.01%eo.

4. Environmental implications

Our study is an important contribution to Cd isotope systematics focusing on Cd complexation
with HA, an important constituent in soils, sediments and waters. Information on Cd isotope fractionation
after complexation with natural organic matter is crucial to fully understand the biogeochemical processes
in the Cd-soil-aqueous solution-plant continuum and for contamination tracing. The introduction of Cd to
the soil environment and its initial solubilization is followed by numerous biogeochemical reactions with
soil components. Modeling Cd speciation in soil solution revealed that dissolved Cd is present either

bound to dissolved organic matter (DOM) or as free Cd**.* Based on our data on Cd isotope fractionation
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after complexation with the carboxylic sites and bound to HA by electrostatic attractions, we show that
free Cd**, which is the main form taken up by the plants,*® should be preferentially enriched with the
heavier isotopes compared to Cd bound to soil organic matter, as assumed in a previous study.®® These
findings are in accordance with the heavier Cd isotope pool available for crops and Cd hyper-
accumulating plant species.® % However, when environmental factors change, e.g., pH and Eh due to
flooding, contaminants input, soil organic matter quantity and quality, ionic strength of the soil solution,
etc., changes of Cd sorption/desorption occurs as a result of the competition of negatively charged sites,
and the Cd isotope composition may thus be strongly modified. In order to completely understand Cd
behavior in the soil environment, studies involving other soil constituents, and their affinity to Cd, are
required. Moreover, a comparison of our study with HA analogs (plants, phytoplankton, diatoms, etc.)
would allow explaining simple complexation mechanisms, although we are aware of the fact that limiting

the conclusions to these simple processes might be a simplification.

97,98

Cadmium is mainly coordinated with O atoms in plant tissues of Cd hyperaccumulators, as

1.°° and Tian et al.}® found that in

determined by Cd K-edge EXAFS spectroscopy. Additionally, Ueno et a
Cd hyperaccumulators leaves, Cd was present in an octahedral coordination with O ligands, possibly due
to the presence of malate and citrate. Therefore, the complexation of Cd with malate and citrate in the
leaves, i.e., carboxylic ligands, might be responsible for the preferential enrichment in light isotopes.
Recent development of Cd isotope measurements in the ocean provides new clues for identifying the key
mechanisms controlling the Cd biogeochemical cycle in surface ocean. While the effect of uptake by

phytoplankton on §*M°Cd signatures has been shown in nutrient repleted regions,*'™

the impact of

organic complexation is still debated, namely for its buffering effect on the 3"“**°Cd measured in

nutrient-depleted waters.'® In surface seawater, Cd aqueous speciation is dominated by Cd-organic
103-105 H 114/110 H H H

complexes. Thus, the dissolved & Cd is similar to those complexes. Previous research has shown

that Cd organic complexation only occurs via surface complexation since the 0.5 mol L™ mean ionic

strength of seawater prevents any electrostatic attractions. Louis et al.’®®

showed that dissolved organic
matter sampled in the Mediterranean Sea off the coast of France is composed of 60% carboxylic and 40%
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phenolic sites, in agreement with the overall binding site composition of the HA used in this study.
Therefore, based on the relatively small value of A™**°Cdcoo.ca)-cageg) = -0.13%0 determined in our study,
only a minor change of dissolved oceanic "**°Cd can be associated with organic complexation. The
isotopic shift is even smaller than the Cd isotope partitioning between Cd inorganic species (A™*°Cd of

0.3%o for Cd**/CdCl,)."®

In addition to organic ligands, phytoplankton-derived debris found as particles in the surface
ocean can act as a Cd sink via surface complexation. After diatom remineralization, Cd adsorption
occurring on the remineralization-resistant Dunaliella tertiolecta surface leads to a limited A™***°Cd
fractionation of -0.1 + 0.1%o..> Furthermore, Pokrovsky et al.'”” and Gélabert et al.'® have shown that
carboxyl functional groups are responsible for more than 90% of total bound Zn and the behavior of Cd is
similar to Zn since these two metals share the same geochemical traits. Therefore, our observations of
limited Cd isotope fractionation during complexation with carboxylic groups is totally consistent with
previous studies and strengthens the limited impact of Cd scavenging on the distribution of Cd isotopes

during diatom mineralization.

As a conclusive remark, in nutrient-rich regions, the impact of organic complexation on §**#*°Cd
in surface oceanic waters is secondary with respect to Cd uptake by phytoplankton, which tends to enrich
the dissolved 8"**'°Cd with preferentially heavier isotopes (A™*™°Cdgyace-deepwater UP t0 2.5%o0). %21
However, in oligotrophic environments, stable and light 5"“**°Cd were measured at picomolar Cd
concentrations.®'® As reported before, due to the predominance of the Cd-organic complexes in the
dissolved fraction, dissolved §"**°Cd is directly driven by the Cd-organic fraction. The absence of
heavier 5"*°Cd linked with Cd biological uptake in such context indicates a buffering effect of the Cd-

1292 and Guinoiseau et al.® for the Atlantic

organic complexes in solution as proposed recently by Xie et a
Ocean transects. So, even if a small isotope fractionation is observed during Cd organic complexation, the
importance of these organic complexes on the Cd oceanic cycle in metal-depleted water masses can be

indirectly indicated using Cd isotopes.
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