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ABSTRACT: Dissolved organic matter (DOM) is widely
recognized to control the solubility and reactivity of trace metals
in the environment. However, the mechanisms that govern metal-
DOM complexation remain elusive, primarily due to the analytical
challenge of fractionating and quantifying metal—organic species
within the complex mixture of organic compounds that comprise
DOM. Here, we describe a quantitative method for fractionation
and element-specific detection of organic—metal complexes using
liquid chromatography with online inductively coupled plasma
mass spectrometry (LC—ICP-MS). The method implements a
post-column compensation gradient to stabilize ICP—MS
elemental response across the LC solvent gradient, thereby
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overcoming a major barrier to achieving quantitative accuracy with LC—ICP-MS. With external calibration and internal standard
correction, the method yields concentrations of organic—metal complexes that were consistently within 6% of their true values,
regardless of the complex’s elution time. We used the method to evaluate the effects of four stationary phases (C18, phenyl, amide,
and pentafluoroylphenyl propyl) on the recovery and separation of environmentally relevant trace metals (Mn, Fe, Co, Ni, Cu, Zn,
Cd, and Pb) in Suwannee River Fulvic Acid and Suwannee River Natural Organic Matter. The C18, amide, and phenyl phases
generally yielded optimal metal recoveries (>75% for all metals except Pb), with the phenyl phase separating polar species to a
greater extent than C18 or amide. We also fractionated organic-bound Fe, Cu, and Ni in oxidized and reduced soils, revealing
divergent metal-DOM speciation across soil redox environments. By enabling quantitative fractionation of DOM-bound metals, our
method offers a means for advancing a mechanistic understanding of metal—organic complexation throughout the environment.

B INTRODUCTION

Dissolved organic matter (DOM) is widely recognized to
control the solubility, reactivity, and bioavailability of trace
metals in soil and aquatic systems. Organic ligands within
DOM bind to a vast array of trace metals, including Fe, Co, Nj,
Cu, Zn, Cd, and Pb, thereby stabilizing dissolved metals across
a range of concentrations—from picomolar levels of Fe and Zn
in the ocean (where they are limiting nutrients) to micromolar
levels of Cu and Cd in polluted watersheds."” However,
despite the centrality of organic complexation to a plethora of
trace metal biogeochemical cycles, the mechanisms that govern
the metal-binding properties of DOM remain poorly con-
strained.”* A heterogeneous mixture of metabolites and
decaying detritus, DOM contains an assortment of metal
ligands, including specific biomolecules synthesized by
microbes, fungi, and plants for metal uptake or detoxification,
as well as organic byproducts of biomass degradation with
diverse metal-binding functional groups, each with distinct
metal selectivity and affinity.”” Resolving distinct fractions of
DOM and measuring the concentrations of metals bound to
those fractions remains a major analytical challenge—one
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which limits our understanding of the selectivity and affinity of
DOM for trace metal cations and therefore of trace metal
solubility and reactivity in environmental systems. Overcoming
this challenge requires quantitative methods that can detect
multiple metals bound to compounds within chemically
distinct fractions of complex organic mixtures.

Previous investigations of metal complexation by DOM have
employed electrochemical techniques (potentiometry and
voltammetry) to quantify and operationally define the
aggregate metal-binding properties of DOM.”*®” Electro-
chemical studies show that DOM stabilizes dissolved metal
concentrations above the solubility of inorganic forms; these
methods are the basis for numerical models of metal
speciation, which assume that metal binding only occurs at
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carboxylic and phenolic sites.*”'? However, there is increasing
evidence that low-abundance binding sites with high metal
specificity and affinity, such as amide, phosphoryl, and thiol
groups,”' " as well as multidentate and mixed coordination
binding sites, may overshadow carboxyl and phenolic groups in
controlling the speciation—and therefore reactivity and
solubility—of organic-bound trace metals in the environ-
ment.”"*~"® It is critical to incorporate these mechanisms into
organic—metal speciation models to better predict trace metal
cycles in the environment, yet doing so requires analytical
methods that can resolve chemically distinct DOM fractions
and quantify their selectivity and affinity for multiple trace
metals.

Reverse phase liquid chromatography (LC) with online
inductively coupled plasma mass spectrometry (ICP—MS)
offers a sensitive approach for the quantitative detection of
metals within DOM fractions. While LC—ICP-MS has been
previously used to quantify specific organic—metal complexes
in marine and terrestrial environments,'”** its use for
quantitative multi-element detection has been limited by
variation in ICP—MS elemental response during the chromato-
graphic separation.”” Several approaches have been developed
to address this issue for sinzgle element analyses, including
internal standard correction;” use of a standard curve for
target species;'”>*™*” isotope dilution for elements with
multiple isotopes;”* *” and implementation of a post-column
compensation gradient.””*>** However, no method currently
exists for quantitative LC—ICP-MS analyses of multiple DOM-
bound metals. Furthermore, the effects of chromatographic
stationary phase on the separation and recovery of metal-DOM
complexes are largely unknown. Partitioning of metal ions from
DOM to the stationary phase, and subsequent loss of metals
from the DOM sample, or conversely, complexation by DOM
of metals contained in the column housing or particles (and
thus contamination of the DOM sample with metal ions) both
may introduce substantial quantitative error during LC—ICP-
MS measurements.

Here, we developed a novel LC—ICP-MS method which
significantly advances the use of a compensation gradient to
accurately quantify multiple metals within chemically distinct
fractions of DOM. We also developed a novel computer
application, which is freely available, to facilitate a streamlined
workflow for multielement quantitation and calibration of LC—
ICP-MS data. Using the method and the computer application,
we elucidated the effects of four stationary phases (C18, amide,
HS FS, and phenyl) on the recovery and separation of DOM-
bound metals. Finally, we used the method to detect and
quantify dissolved trace metals within equivalent (LC-
separated) fractions of DOM along a soil redox gradient,
revealing differences in trace metal speciation that would be
undetected by electrochemical methods.

B METHODS

Materials, Standards, and Reagents. Ultrahigh purity
water (182 MQ cm), trace-metal grade nitric acid, and
Optima-grade methanol (MeOH), ammonium hydroxide
(NH,OH), ammonium formate (Fisher Scientific) were used
throughout this study. Suwannee River Natural Organic Matter
(SRNOM) and Suwannee River Fulvic Acid (SRFA) were
purchased from the International Humic Substances Society.
Solutions of 0.75 uM cyanocobalamin, ferrioxamine E, and
ferrochrome were prepared in ultrahigh purity water. Single-
element ICP—MS standards (Inorganic Ventures) were used
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to prepare calibration standards for Mn, Fe, Co, Ni, Cu, Zn,
Cd, and Pb at 25, 50, 100, and 200 ppb in 1% nitric acid, as
well as an internal standard solution of 4 ppb In in 1% nitric
acid.

Solutions of SRNOM and SRFA were prepared in ultrapure
water at a concentration of 200 mg DOM/L (100 mg DOC/
L). This concentration falls within the range of environ-
mentally relevant DOC concentrations (0—100 mg DOC/L)*
and, further, is representative of DOM concentrations obtained
after purification and desalting of environmental samples.
From each DOM solution, four samples were prepared: (1)
unamended DOM; (2) DOM amended with Co, Ni, Cu, Zn,
Cd (8 uM), and Pb (4 uM); (3) DOM amended with Co, Nj,
Cu, Zn, and Cd (16 uM) and Pb (8 uM); and (4) DOM
amended with a dilute nitric acid solution. Each sample was
also amended with cyanocobalamin (to 0.5 yM), and pH was
adjusted to 5.5 using NH,OH. Metals were added to SRNOM
and SRFA in a dilute nitric acid solution to ensure that all
metals were added in a dissolved form. After adjustment of the
sample pH to 5.5, >97% of all metals was predicted by the
NICA-Donnan model to be complexed by DOM. The
amendment volumes and concentrations for the sample
solutions are shown in Table S1, and sample preparation is
described in the Supporting Information. Predicted metal
speciation is shown in Table S2.

Soil samples were collected from partially dry and fully
saturated soil horizons within the Tims Branch floodplain
(33.33762 N, 81.71830 W) at the Savannah River Site (Aiken,
SC, USA). Differences in texture and color were indicative of
contrasting redox conditions between the samples. A detailed
description of sample collection and DOM extraction can be
found in the Supporting Information

High-Performance Liquid Chromatography. Chroma-
tographic separations were performed with a biocompatible
HPLC system (Thermo Scientific UltiMate 3000), which was
equipped with titanium and polyether-ether-ketone (PEEK)
fittings and tubing to reduce background concentrations of
metals and to limit partitioning of the sample to surfaces within
the system. Separations were performed with either a
quaternary gradient pump (for the SRNOM and SRFA
samples) or a binary capillary pump (for the soil DOM
samples). Prior to being routed to the ICP—MS, the column
eluent passed through a variable wavelength detector
measuring UV absorbance at 254 nm. Mobile phases
(ultrahigh purity water and Optima-grade MeOH) were
buffered with S mM ammonium formate and were prepared
in fluorinated ethylene propylene (FEP) bottles. A second
HPLC pump delivered a post-column compensation gradient,
which oppositely mirrored the separation gradient, resulting in
a constant flux of MeOH to the ICP—MS. The second pump
also supplied an internal standard solution (4 ppb In in 1%
nitric acid, prepared in a FEP bottle). The compensation
gradient and internal standard were continuously mixed with
the column eluent before the conjoined flow entered the ICP—
MS. A schematic of the instrument configuration is shown in
Figure S1.

The SRNOM and SRFA samples were separated on C18,
phenyl, HS FS, and amide reversed phased columns (Supelco
Ascentis; 20 X 4 mm, S um). We chose these columns because
they represent a range of functional chemistries and retention
mechanisms, including octadecyl alkane groups and hydro-
phobic and van der Waals interactions (C18); phenyl groups
and pi—pi interactions (phenyl); pentafluorophenyl propyl
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groups and electrophilic bonding (HS FS); and amide groups
and hydrogen bonding (amide). Sample volumes of SO uL
were injected at a flow rate of 200 yL/min, and a 10 min linear
gradient was run from 95% H,0, 5% MeOH to 5% H,O, 95%
MeOH, followed by a 1 min isocratic elution with 5% H,O,
95% MeOH and an 8 min re-equilibration at 95% H,0O, 5%
MeOH. The pump delivering the compensation gradient and
the internal standard solution operated at a total flow rate of
500 uL/min, with the internal standard continuously
comprising 60% of total flow. The compensation gradient
consisted of a 10 min linear ramp from 2% H,0, 38% MeOH
to 38% H,0, 2% MeOH, followed by a 1 min isocratic elution
with 38% H,O, 2% MeOH and 8 min hold at 2% H,O, 38%
MeOH. Between the separation pump and the compensation/
internal standard pump, the ICP—MS continuously received
200 puL/min MeOH, 200 yL/min H,O, and 300 yL/min 4
ppb In in 1% HNO; during the SRNOM and SRFA
separations. Soil DOM was separated with a glass lined C18
micro column (ZORBAX Eclipse XDB; Agilent; 0.5 X 150
mm, 3.5 ym) at a flow rate of 40 uL/min. Details of the soil
DOM separations are described in the Supporting Information.
LC operating conditions are listed in Table S3.

Calibration standards were measured by injecting a blank
solution (1% HNOj;) and four standard solutions (25, 50, 100,
and 200 ppb in 1% HNO;) of Mn, Fe, Co, Ni, Cu, Zn, Cd, and
Pb through a titanium zero dead volume connector in the place
of a separation column. Effluent was conjoined with the flow
from the compensation pump, and the combined flow was
delivered to the ICP—MS. The separation pump and the
compensation pump operated for 1 min at the initial isocratic
conditions used in the separations while metal signal intensity
was measured. Linear regression of the standard concen-
trations and the blank-subtracted peak areas of the standards
were used to derive a calibration curve. A new calibration curve
was measured at the start of each run and after 48 h of
continuous operation of the system.

ICP—MS Instrumentation. Measurements of >*Mn, >°Fe,
$Co, *Ni, $3Cu, *Zn, ""'Cd, "°In, and ***Pb were performed
with a single quadrupole ICP—MS instrument (iCAP RQ;
ThermoFisher Scientific) equipped with Pt skimmer and
sample cones. To minimize polyatomic interferences, the
instrument was run in kinetic energy discrimination mode
using a hexapole collision cell with He collision gas. Oxygen
gas was introduced at a flow rate of 25 mL/min to enhance
combustion of organic solvent and prevent carbon build up on
the cones. The spray chamber was maintained at —5 °C to
reduce the organic solvent load to the plasma. The instrument
was tuned daily with a commercially available tuning solution
(ThermoFisher Scientifc) in 2% HNOj; by free aspiration with
PTFE tubing. ICP—MS operating conditions are listed in
Table S4.

Data Analysis. We developed a Python-based computer
application to process and analyze LC—ICP-MS data. The
application includes a graphical user interface through which
the user can generate calibration curves, perform an internal
standard correction, and calculate concentrations of metals
within distinct DOM fractions. The application is open-source
and available on GitHub (https: //github.com/boiteaulab/
LCICPMS-ui).

B RESULTS AND DISCUSSION

Standardization of ICP—MS Elemental Response.
Unaddressed, the variation in ICP—MS elemental response
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during the LC solvent gradient severely limits the quantitative
accuracy of LC—ICP-MS analyses, particularly for unknown
complexes of multiple metals. The effects of the LC solvent
gradient on ICP—MS elemental response are shown in Figure
la, which display the Ustp signal intensity of the internal
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Figure 1. (a) Effects of solvent composition on ICP—MS signal
intensity. As the organic solvent load increases during a reversed-
phase separation, '"*In signal intensity decreases due to cooling of the
plasma and changes in nebulization of the sample. (b) The
compensation gradient, which is mixed with the separation eluent
before the conjoined flow is routed to the ICP—MS, yields isocratic
solvent conditions at the ICP—MS, resulting in stable '“In signal
intensity throughout the separation.

standard during a blank (ultrahigh purity water) separation.
The increase in the concentration of MeOH delivered to the
ICP—MS, from S to 95% between 0 and 10 min, caused the
intensity of the '"*In signal of the internal standard to decrease
from 1.2 X 10° cps (at 0 min) to 5.0 X 10° cps (at 10 min),
despite the constant concentration of In in the eluent (Figure
1a). The decline in ICP—MS elemental response occurs as the
increasing concentration of MeOH cools the plasma and alters
ionization and nebulization efficiency, leading to fewer analyte
ions ultimately reaching the detector. Altogether, this causes a
steady decrease in detector response as the separation
progresses, which is manifested as a decrease in signal intensity
(as either peak height or peak area) for a constant
concentration of analyte. During the re-equilibration phase of
the blank separation (from 12 to 20 min), after the
concentration of MeOH returned to 5%, the ''In signal
gradually returned to its initial intensity (Figure 1a). Variable
signal is not unique to '"*In and was also observed for other
metals (Figure S2). Uncorrected, this variation in signal
intensity leads to quantitative inaccuracy as the ICP—MS
response for a given analyte concentration differs along the
solvent gradient. For metal complexes that elute at higher
MeOH concentrations, the quantitative error is extreme.
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We evaluated the use of an internal standard correction to
correct the decrease in ICP—MS response for multiple metals,
as this approach has previously been used for LC—ICP-MS
quantitation of specific heteroatoms.”””*”** However, we
found that, on its own, internal standard correction is poorly
suited for correcting the solvent effect for quantitation of
multiple metals. This is due both to the incompatibility of
isotope dilution methods with metals with even isotope
distributions (Pb and Cd) and monoisotopic metals (e.g,, Mn
and Co),”" as well as to idiosyncratic variation in elemental
response with introduction of MeOH to the inductively
coupled plasma for methods that normalize to a rare element
such as In. By measuring background signal intensities of
multiple metals (Mn, Fe, Co, Ni, Cu, Zn, Cd, and Pb) during a
blank separation, we observed that the ratio of internal
standard (In) to analyte signal intensity varied with solvent
conditions and between metal analytes (Figure S2). For Cd
and Mn, the analyte to '"In ratio was 10—20% greater at low
MeOH content, while for Fe, Ni, Cu, Zn, and Co, deviation
ranged from 30—40% greater at low MeOH (Figure S2). In
contrast, the Pb signal decreased by 25% at low MeOH
content (Figure S2). These idiosyncratic deviations likely
reflect element-specific changes in transport and ionization
efficiencies with the increase in MeOH content, rendering
internal standard correction unsuitable for accurate multiele-
ment correction.

Given the limitations of internal standard correction for
multielement LC—ICP-MS quantitation, we implemented a
post-column compensation gradient to maintain a constant
solvent composition entering the ICP—MS. This approach has
been previously used for the quantitation of individual
elements (P and Fe), but never (to the best of our knowledge)
for simultaneous quantitation of multiple metals.’>*® After
implementation of the compensation gradient, the '“In
internal standard signal intensity did not deviate significantly
across the chromatographic run and remained within 10% of
5.0 X 10° cps, demonstrating a steady ICP—MS response
throughout the separation (Figure 1b). In comparison, without
the compensation gradient the 'In signal intensity decreased
by 67% during the separation, from 1.2 X 10° cps at the start of
the analysis to 5.0 X 10° cps at maximum MeOH
concentration (Figure 1). In both Figure 1la,b, the '"In signal
intensity reflects a concentration of 2 ppb In after mixing and
dilution of the 4 ppb In standard with the LC solvents (Table
SS). Thus, while the compensation gradient ensures a constant
ICP—MS response, it also decreases ICP—MS sensitivity for
fast-eluting compounds.

The accuracy of the compensation gradient method was
determined for a mixture of metallophore standards with
external matrix-matched multi-elemental calibration. Multi-
element standard solutions (0 to 200 ppb) were directly
infused with the flowrate and matrix of the LC-separated
samples, and calibration curves were derived from a linear
regression of peak areas (Figure S3). These calibration curves
were then used to determine concentrations of each metal-
lophore based on the chromatographic peak area. To correct
for instrumental drift across analyses, concentration values
were multiplied by a correction factor, calculated as the average
"In signal intensity of the standards divided the average '"*In
signal intensity for each sample. The '"“In signal intensity
generally declined by less than 1% per hour of operation. This
approach yielded the concentrations of cyanocobalamin
(retention time = 7.24) and ferrioxamine E (retention time
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= 7.55 min) within 6% of their known values, with similar
standard deviations (n = 5) (Table S6). Measurement accuracy
was reproducible between replicate analyses conducted over a
day of continuous instrument operation as well as months
apart. As structural differences between metal-DOM complexes
have been shown to minimally affect ICP—MS ionization and
detection,'” this method facilitates accurate quantitation of
virtually any metal—organic complex, as well as multiple
organic-bound metals within chemically distinct DOM
fractions, and thus represents a major improvement in
quantitative LC—ICP-MS analysis.

The detection limits of the method were calculated from the
standard deviation of the peak area of a 2.5 ppb solution of
Mn, Ni, Cu, Zn, Cd, and Pb, and a 25 ppb solution of Fe. Eight
replicate measurements were used to determine the mean peak
area and standard deviations (S) for each metal (Figure S4).
The peak area with a 97.5% probability of being greater than
zero was calculated as t,-S, where t, is the test statistic from a
one-sided Student t-distribution (¢, 2.306 for eight
replicates). The resulting area was then multiplied by the
blank-subtracted mean peak area of the standard solution,
divided by the solution concentration (2.5 ppb or 25 ppb) and,
finally, multiplied by the molar mass of the metal. Mean metal
peak areas in the blank, determined from three replicate
measurements of a 1% nitric solution (Figure S4), were used
for the blank subtraction. Limits of detection ranged from
0.111 nM for *®Pb to 1.678 nM for *Fe (Table S7).

Effects of Stationary Phase Chemistry on Metal
Recovery. Incomplete metal recovery during LC—ICP-MS
analyses may occur if dissolved metal cations or metal—organic
species irreversibly bind to the chromatographic stationary
phase. To assess the effects of stationary phase chemistry on
metal recovery, we measured the recovery of metals bound to
SRNOM and SRFA using four common stationary phases
(C18, phenyl, HS F5, and amide), each with different retention
mechanisms. We define recovery as the ratio of the
concentration of a metal measured by chromatographic
separation to the total concentration of the metal measured
by direct infusion. SRNOM and SRFA were chosen for these
analyses because the chemical heterogeneity and molecular
complexity of these DOM mixtures are broadly representative
of DOM from a wide range of environments. The SRNOM
and SRFA solutions were amended with Co, Ni, Cu, Zn, Cd,
and Pb at environmentally relevant concentrations and pH
(5.5) such that >97% of each added metal was bound to
DOM, as calculated by the NICA-Donnan speciation model
(Table S2). The change in solvent polarity during the
separation is unlikely to affect metal complexation. Un-
amended DOM solutions contained minimal concentrations
of metals, apart from Fe, which was measured at 3.63 and 1.02
uM Fe in SRNOM and SRFA, respectively (Table S8). After
the DOM solutions were amended with metals, Fe recovery
decreased 18-23%, likely due to the displacement of
organically bound Fe by other metal cations and subsequent
adsorption of Fe to vial walls.

We investigated overall trends in metal recovery and
separation across stationary phases, individual metals, and
DOM mixtures. Recovery varied between metals for different
stationary phases, and all stationary phases retained metals to
varying extents (Figures 2 and SS and Tables S9 and S10). On
the C18 and amide columns, recoveries of Co, Ni, and Cu
were generally higher than recoveries of Zn, Cd, and Pb, and
the recovery of Pb was notably low (<60% on C18).
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Figure 2. Metal recoveries (% total metal injected) for separations of
SRNOM amended with 8 and 16 uM Co, Ni, Cu, Zn, and Cd and 4
and 8 yM Pb, on (a) C18, (b), phenyl, (c) HS FS, and (d) amide
stationary phases.

Recoveries were greatest on the phenyl phase and exceeded
90% for all metals except Cu and Pb. Recoveries were typically
lowest on the HS FS phase. Overall, our results indicate that
the C18, phenyl, and amide phases are best suited for multi-
element analysis of metals complexed with DOM.

Incomplete metal recovery may reflect metal adsorption to
residual free silanol groups, although all stationary phases were
endcapped to reduce these interactions. Alternatively, strong
organic—metal complexes may not elute from the column
during the separation. Recovery of Fe generally exceeded 100%
in these analyses likely due to leaching of Fe from the stainless-
steel column hardware. Thus a C18 column with inert
hardware was subsequently used to evaluate Fe recoveries for
soil DOM extracts (described below).

Metal recoveries were greater in the SRNOM and SRFA
amendments with high metal concentrations than in the
amendments with low concentrations (Figures 2 and S5). At
higher metal concentrations, partitioning to the stationary
phase likely becomes less favorable as metal binding sites on
the column particles become saturated. Furthermore, metals
which are soft or intermediate Lewis acids (Pb, Cd, and Zn)
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appear to have a higher affinity for the stationary phase than
hard Lewis acids, as reflected in the lower recoveries of softer
metals relative to harder metals (Figures 2 and S5).
Retention and Separation of Organic—Metal Com-
plexes. We next compared how the different stationary phases
with distinct retention mechanisms affected the separation of
DOM-bound metals into resolvable fractions. We focused our
comparison on the CI18 and phenyl phases, as retention
differed significantly between the two, while retention on the
amide phase exhibited intermediate retention characteristics.
Opverall, we found that compared to the C18 phase, the phenyl
phase excelled at separating polar organic—metal compounds.
Chromatograms of Cu, Co, and Cd for SRNOM amended
with 8 uM metals (4 uM Pb) on these phases are shown in
Figure 3 and for all other metals and stationary phase in
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Figure 3. Separations of SRNOM amended with 8 uM (a) Co, (b)
Cu, and (c) Cd on the C18 (green) and phenyl (gray) stationary
phases.

Figures S6—S9. Each peak in a chromatogram corresponds to a
distinct DOM fraction with similar affinity for the stationary
phase. Complexes of the same ligand bound to different
bivalent metals generally have similar retention times when
separated by reverse phase chromatography.***” The sharp,
late-eluting peak in the chromatograms of Co corresponds to
the 0.5 uM cyanocobalamin internal standard. On the C18
phase, most metal-containing DOM fractions were not well
retained and eluted within 2.5 min (Figures 3 and S6—S9).
Nonetheless, several distinct fractions were resolved: one from
0.5 to 0.8 min (fraction A, corresponding to the void volume);
a second from 0.8 to 1.5 min (fraction B); and a third from 1.5
to 2.0 min (fraction C). Beyond 2.5 min, a narrow feature
between 6.4 and 7.6 min was observed in all chromatograms
except Co. In addition, a broad feature from approximately 2
to 7 min was observed in the chromatograms of Fe, Cu, and
Pb, with a maximum intensity occurring at approximately 3
min. Concentrations of metals complexed to distinct DOM
fractions are summarized in Tables S11 and S12.

In general, metal-containing DOM fractions eluted later with
the phenyl phase than with the C18 phase. Four distinct
fractions were separated on the phenyl phase: one from 0.5 to
1.2 min (fraction E); a second from 1.2 to 2.4 min (fraction
F); a third from 1.7 to 3.1 min (fraction G); and a fourth from
3.9 to 5.9 min (fraction H) (Figures 3, S6—S9). These features
are noticeably broader than the features in the chromatograms
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Figure 4. Metal—organic species in water extracts of saturated (left panels) and unsaturated (right panels) soil horizons in the Tims Branch
floodplain at the Savannah River Site. The lower (ii, iv) panels show expanded views of the regions demarcated by the dashed boxes (0—15 min) in

the upper panels (j, iii).

from the C18 separations. As with the C18 phase, a poorly
resolved feature representing a complex mixture is observed in
the chromatograms of Fe, Cu, and Pb (Figures 3, S6—S9).
However, its maximum intensity is shifted to a later retention
on the phenyl phase to approximately 4.5 min. Similarly, the
three distinct fractions with Zn and Cd are retained later with
the phenyl phase than the C18 phase, resulting in broader
features in the chromatograms and thus greater separation of
these fractions (Figures 3, S6—S9). Improved resolution of
these fractions could be obtained with a longer chromato-
graphic gradient and a longer column.

While LC—ICP-MS does not determine the speciation of
organic—metal complexes (per the IUPAC definition”®) and,
further, cannot distinguish inorganic forms of metals from
highly polar organic—metal complexes, a quantitative compar-
ison of metals within distinct DOM fractions nonetheless
reveals organic—metal speciation that contrasts with NICA-
Donnan predictions. The NICA-Donnan model assumes that
all metals bind to carboxyl- or phenolic-type sites, which both
have a strong preference for binding harder metals, such as Fe
and Cu, and a weak preference for softer metals, such as Zn
and Cd.* However, separations of metal-amended SRNOM
reveal the presence of DOM fractions with selectivity for softer
metals over harder metals, contradicting the NICA-Donnan
model. This is seen clearly in the chromatograms of the phenyl
separation, which exhibit a distinct feature between 1.7 and 3.1
min that contains Cd and Zn but not to Fe or Cu, regardless of
the concentration of added metal (Figures 3, S6—S9). While
additional metal titration experiments are needed to verify that
these metals indeed compete for the same organic binding
sites, this observation demonstrates the utility of our method
for generating new quantitative constraints on metal speciation
in complex environmental mixtures.
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Metal Binding Properties of DOM in Floodplain Soils.
We applied our method to quantitively determine metal
concentrations within distinct fractions of DOM from different
soil redox environments. Soil DOM was extracted from a
partially dry horizon (unsaturated horizon, 3800) and a water
saturated horizon (saturated horizon, 3801), which differed
visibly in texture and color, indicative of contrasting redox
conditions (Figure S10). We used a C18 stationary phase with
a steel-free flow path and low metal background for separations
of these samples, which allowed for accurate quantitation of
DOM-bound Fe in addition to other metals. We measured
concentrations of Mn, Fe, Co, Ni, Cu, and Zn bound to the
extracted DOM and determined metal recovery, which was
within 15% of the concentrations measured with direct
infusion (Table S13).

The metal-binding properties of DOM differed substantially
between the unsaturated and saturated soil horizons, reflecting
differences in DOM composition and metal-binding properties
across the soil redox environments. Chromatograms of organic
complexes of Fe, Cu, and Ni from the horizons are shown in
Figure 4. In the unsaturated horizon, 36.5% of total organic Fe
was present within a highly polar organic fraction that quickly
eluted from the column (peak g, at 2.3 min; Figure 4). Three
additional distinct fractions (peaks b, ¢, and d) cumulatively
comprised 8.2% of total organic Fe (Table S14). These
fractions were likely phyto- or microbial biomolecules, such as
siderophores, used to scavenge Fe in the aerated unsaturated
horizon, where inorganic Fe solubility is low. The remainder of
the organic-bound Fe (55.3%) appeared as a broad unresolved
feature eluting between 3 and 15 min, likely composed of
polydisperse organic material derived from degradation
processes (Figure 4). Compared to the unsaturated horizon,
DOM-bound Fe was 10-fold more concentrated in the
saturated horizon, of which 78.4% was present in a highly
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polar organic fraction (peak a). Fractions b, ¢, and d comprised
less than 0.6% of total organic Fe, respectively. The remainder
of organic-bound Fe in the saturated depth was bound to an
unresolved complex mixture and comprised 21.1% of total
organic Fe (Table S14).

The vast majority of organic Cu—=88.4 and 87.3% in the
unsaturated and saturated horizons, respectively—was bound
to unresolved polydisperse organic material eluting after 3 min,
as revealed by the broad Cu peaks (Figure 4). A minor
component of Cu (4—10%) was associated with a polar
fraction eluting at 1.9 min (peak ¢) and 2.3 min (peak a) in
both horizons (Figure 4 and Table S14). Notably, both
horizons contained a small amount of Cu (7.4 and 1.7% for the
unsaturated and saturated depths, respectively) associated with
a DOM fraction that eluted at 5.6 min, which also appeared to
bind Fe (fraction ¢) (Figure 4 and Table S14).

In contrast to Cu, organic Ni was primarily detected in polar
fractions of DOM. In the unsaturated horizon, Ni was
predominantly associated with the early eluting peaks at 1.9
min (peak ¢) and 2.3 min (peak a), comprising 32.1 and 58.1%
of total Ni, respectively, while only 9.8% of total Ni was bound
to the unresolved complex mixture eluting after 3 min (Table
S14 and Figure 4). In the saturated horizon, 84.6% of total
organic Ni was associated with peak 4, though this estimate
likely includes a small contribution from peak e, given the
shoulder at 1.9 min, while only 14.7% of Ni was bound to the
unresolved mixture of polydisperse organic material (Figure 4).

The differences between soil horizons in the distribution and
abundance of metals within chemically distinct DOM fractions
suggest that redox conditions may be a major determinant of
metal—organic speciation in soils. In the saturated horizon,
where low oxygen concentrations are expected to inhibit
complete mineralization of OM, the greater absolute
abundance of unresolved organic Fe and Cu fractions (Figure
4) may reflect a greater concentration of partially degraded
DOM relative to the unsaturated horizon. Furthermore, the
detection and quantification of at least five distinct
components demonstrate how this method can provide
information needed to advance metal speciation models
beyond the commonly used two-component parameter-
izations. Future studies are needed to systematically assess
the competitive binding of metals to organic ligands from
contrasting redox environments.

Bl CONCLUSIONS

Quantitative detection of dissolved metals within chemically
distinct DOM fractions is necessary for predicting the
reactivity and solubility—and therefore mobility and up-
take—of trace metals in environmental systems. The LC—ICP-
MS method described here advances the use of a
compensation gradient for the quantitative detection of
multiple metals within LC-separated DOM fractions. Using
this method, we reveal the effects of stationary phase chemistry
on the separation and recovery of organic-bound Mn, Fe, Co,
Ni, Cu, Zn, Cd, and Pb. We find that C18, amide, and phenyl
chemistries yield highest recoveries, and that the phenyl
column excels at separating polar organic—metal fractions.
While this method does not reveal the chemical composition
of metal—organic species, it can be coupled with high
resolution electrospray ionization mass spectrometry for
species identification. Additional methods are also needed to
characterize the redox state of metals bound to organic ligands,
as ICP—MS detects elements regardless of redox state.
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Complexation with DOM is an essential control on the
biogeochemical cycles of trace metals, yet one that is not well
constrained, largely due to the analytical challenge of
fractionating and quantifying metal—organic species within
the mixture of organic compounds that compose DOM. Our
method overcomes these challenges and provides an analytical
foundation for advancing our understanding of trace metal
biogeochemistry.
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