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ABSTRACT: Mineral adsorption-induced molecular fractionation of dissolved organic
matter (DOM) affects the composition of both DOM and OM adsorbed and thus
stabilized by minerals. However, it remains unclear what mineral properties control the
magnitude of DOM fractionation. Using a combined technique approach that leverages the
molecular composition identified by ultrahigh resolution 21 T Fourier transform ion
cyclotron resonance mass spectrometry and adsorption isotherms, we catalogue the
compositional differences that occur at the molecular level that results in fractionation due
to adsorption of Suwannee River fulvic acid on aluminum (Al) and iron (Fe) oxides and a
phyllosilicate (allophane) species of contrasting properties. The minerals of high solubility
(i.e., amorphous Al oxide, boehmite, and allophane) exhibited much stronger DOM
fractionation capabilities than the minerals of low solubility (i.e., gibbsite and Fe oxides).
Specifically, the former released Al3+ to solution (0.05−0.35 mM) that formed complexes
with OM and likely reduced the surface hydrophobicity of the mineral-OM assemblage,
thus increasing the preference for adsorbing polar DOM molecules. The impacts of mineral
solubility are exacerbated by the fact that interactions with DOM also enhance metal release from minerals. For sparsely soluble
minerals, the mineral surface hydrophobicity, instead of solubility, appeared to be the primary control of their DOM fractionation
power. Other chemical properties seemed less directly relevant than surface hydrophobicity and solubility in fractionating DOM.
KEYWORDS: dissolved organic matter, adsorption, fractionation, mineral solubility, hydrophobicity, 21 T FT-ICR MS

■ INTRODUCTION
Dissolved organic matter (DOM) comprises the most labile
and reactive fraction of natural organic matter.1 Adsorption of
DOM on secondary minerals, such as metal oxides and
phyllosilicates, regulates DOM composition and is one of two
major pathways for the formation of mineral-associated OM
(MAOM), the primary stable OM fraction in soils and
sediments.2−5 However, not all compounds in DOM have
equal capabilities to adsorb on mineral surfaces. Some have a
higher adsorption affinity than others and preferentially adsorb
on mineral surfaces, resulting in changes in DOM composition
after adsorption, so-called molecular fractionation.6−22 For
example, adsorption of DOM on hydrophilic mineral surfaces,
such as iron (Fe) oxides, preferentially removes compounds
characterized by high molecular weight, aromaticity, and
oxygen (O) content.7,10,20 In other words, after adsorption,
DOM is enriched with organic compounds of a lower
adsorption affinity, whereas MAOM, in equilibrium with
DOM, is enriched with those of a higher adsorption affinity, if
adsorption is the primary pathway for the formation of
MAOM. The fractionation not only affects the composition of
OM retained in solution and that adsorbed on mineral

surfaces6−22 but also provides insights into the structural
arrangement of adsorbed molecules on surfaces, such as
through examining the kinetics of fractionation.13,14 While
much has been known on the types and molecular properties
of organic compounds that are preferentially ad-
sorbed,7,10,16−18,20,22 the factors affecting the magnitude of
molecular fractionation by mineral adsorption and the
underlying mechanisms remain ambiguous.

The removal ratio of DOM by adsorption on mineral
surfaces, i.e., the percentage of adsorbed OM over the total,
can affect the magnitude of fractionation. For a given mineral,
DOM fractionation was more pronounced for adsorption
systems with higher DOM removal ratios that result from
lower DOM-to-mineral mass ratios used in the adsorption
experiments.7,15,16,18,22 The dependence of the magnitude of
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fractionation on removal ratios can be related to changes in
mineral surface properties caused by adsorption. Adsorption of
DOM on hydrophilic mineral surfaces can make the surfaces
more hydrophobic, decreasing the selectivity of mineral
surfaces for polar compounds during adsorption of additional
OM.13,23,24 The phenomenon was also observed for adsorption
of DOM on soils.2 In contrast, a recent study showed
inconsistent results, in which the adsorption-induced fractio-
nation of DOM by kaolinite or gibbsite showed a similar
magnitude of fractionation regardless of the adsorption
loading.25

Mineral surface chemistry is another factor to affect the
magnitude of DOM fractionation by adsorption.7,9,10,12,15−18

Minerals dominated by hydrophobic surfaces, such as well-
crystallized phyllosilicates,9,26 prefer to adsorb nonpolar DOM
compounds from solution while those dominated by hydro-
philic surfaces, such as Fe and Al oxides, favor adsorption of
polar compounds. Thus, for DOM enriched with polar
compounds, such as Suwannee River fulvic acid (SRFA),
metal oxides have a stronger power to fractionate it than
phyllosilicates.9,26 Minerals with low hydrophobicity may also
differ in their fractionation power. Compared to goethite and
lepidocrocite, ferrihydrite had a stronger ability to fractionate
DOM, ascribed to the higher density of the singly Fe-
coordinated OH site (>Fe−OH) on ferrihydrite surfaces. The
>Fe−OH group is believed to be more reactive than other
surface OH groups for DOM adsorption on Fe oxide surfaces
via ligand exchange and/or electrostatic interactions.7 Sim-
ilarly, hematite nanorods with dominant (100) facets were
superior in DOM fractionation to disk-shaped particles with
dominant (001) facets because the former had a higher >Fe-
OH density.10 Studies also showed that amorphous Fe sulfide
fractionated DOM more strongly than pyrite,17 and α-Al2O3
more strongly than kaolinite,9 attributed to their different
mineral surface characteristics. Those results, however, are
inconclusive because DOM removal ratios affect the
magnitude of fractionation, as aforementioned, but they were
not fixed at the same values when comparing different systems
for fractionation in those studies.

Aluminum and Fe oxides are among the most important
minerals for adsorbing organic matter, particularly in acidic
soils. They vary in mineral phase, particle size, morphology,
chemical composition, and surface chemistry. Using three Al
and five Fe oxide species and an amorphous phyllosilicate as
adsorbents, and SRFA as a naturally occurring DOM surrogate,
the present study is aimed at determining which properties of
minerals best predict their fractionation power. We conducted
adsorption isotherm experiments with each mineral species
over a wide range of DOM removal ratios. The magnitude of
DOM fractionation at each ratio was assessed by negative-ion
electrospray ionization 21-T Fourier transform ion cyclotron
resonance mass spectrometry (ESI 21-T FT-ICR MS). Our
results showed that mineral solubility, which controlled the
release of Fe3+ or Al3+ ions from minerals to the solution
during the adsorption of DOM, largely determined the
magnitude of DOM fractionation by these hydrophilic
minerals.

■ MATERIALS AND METHODS
The Fe oxides examined included ferrihydrite (Fhy), goethite
(Goe), hematite (Hem), and aluminum (Al)-substituted
goethite (Goe-Al) and hematite (Hem-Al), whereas the Al
oxides included boehmite, gibbsite, and amorphous Al oxide.

Allophane, an amorphous aluminosilicate, was also examined.
Boehmite (Catapal-A) was purchased from Sasol North
America Inc. (Huston, TX), whereas other materials were
synthesized using the standard protocols (Supporting
Information Text S1). X-ray diffraction analysis confirmed
that each material was free of impurities (Figure S1). Table S1
lists the properties of these materials, some of which were
reported previously. Note that the Al substitution only slightly
changed the goethite properties but caused remarkable changes
to hematite in morphology (from rhombohedron to disk-
shaped plate, Figure S2), specific surface area, the proportion
of (001) facet, the >Fe−OH site density, and the surface
charge density.27−29 Suwannee River Fulvic Acid (SRFA,
2S101F) from the International Humic Substances Society was
used as a DOM surrogate upon receiving without pretreat-
ment. SRFA was more polar than humic acids and DOM
extracted from mineral soils or litter layers.30,31

Adsorption Isotherms. Adsorption isotherms were
determined at ∼25 °C by mixing each mineral suspension
and DOM in 50 mL polypropylene centrifuge tubes. DOM and
mineral concentrations were adjusted to achieve a wide range
of DOM removal ratios (22−97%) (Table S2). Most of the
adsorption experiments were conducted at pH 5.5, typical for
acidic soils where Al and Fe oxides are abundant and strongly
interact with DOM.5,32 To examine how polyvalent cations
would affect DOM fractionation, we determined an adsorption
isotherm of gibbsite at pH 7.5 in the presence or absence of 2.5
mM dissolved Ca2+. We chose pH 7.5 rather than pH 5.5 to
examine the impacts of Ca2+ because our preliminary data
showed a very weak effect of Ca2+ on DOM adsorption at pH
5.5 and because Ca2+ is abundant in an alkaline environment
relative to the acidic environment. The centrifuge tubes were
wrapped with Al foil to avoid light exposure. The suspension
was mixed on an orbital rotator (50 rpm) for 24 h during
which the pH was maintained at a preset value (±0.1) by the
addition of 0.1 M HCl.

Upon the completion of the experiment, the suspension was
centrifuged with 13,283 × g for 10 min. The supernatant was
collected and then centrifuged again to remove any remaining
mineral particles. This procedure was repeated a couple of
times until the supernatant was essentially free of mineral
particles. The obtained supernatants were stored at 4 °C in the
darkness prior to DOM purification and characterization.
Unlike designs for regular adsorption experiments, no
background electrolyte was added to the adsorption system
to keep the salt concentration low, which was desired for
DOM purification and the FT-ICR MS data collection. Each
sample was prepared in duplicates.
Measurements of Concentrations of Dissolved OC

and Metals. The concentration of DOC was measured using
UV−vis absorbance at 254 nm. The UV−vis measurement was
validated by a linear relationship between UV−vis absorbance
at 254 nm and DOC concentration measured by a TOC
analyzer for a randomly selected subset of samples (Figure S3).
The overall DOM removal ratios, as well as adsorption loading,
were calculated based on the concentration change before and
after adsorption.

The concentration of dissolved Al3+ or Fe3+ cations in the
supernatant, released from the dissolution of the minerals, was
measured using inductively coupled plasma optical emission
spectrometry. The dissolved Ca2+ concentration in the
adsorption system with gibbsite at pH 7.5 was measured as
well using the same instrument.
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Solid Phase Extraction of DOM for FT ICR MS Anaysis.
The obtained supernatant samples from the adsorption
experiments were first purified to remove inorganic salts
using the solid phase extraction procedures prior to injection
into the FT-ICR MS instrument according to our previous
study.33 Briefly, the cartridges were first rinsed with 1 volume
(3 mL) of methanol (MS grade) and 2 volumes of pH 2
acidified water. The amount of solution used for the extraction
was adjusted for each sample so that about 100 μg carbon
passed through the PPL cartridges by gravity. Then the
cartridges were rinsed with 2 volumes of acidified water to
remove the salts and dried with gentle N2 gas flow. The OM
retained on the cartridges were eluted into glass vials with
methanol (MS grade). The obtained DOM samples in
methanol were kept in the dark in the refrigerator (−20 °C)
prior to the following FT ICR MS measurements. The
recovery rate of SRFA for the solid phase extraction was 90.3%.
The high recovery rate was ascribed to the high hydrophilicity
of SRFA, which is one of the advantages of using SRFA as a
DOM surrogate, rather than humic acids or DOM extracted
from soils that had relatively low recovery rates (60−70%).4,22

Twenty-One Tesla Fourier-Transform Ion Cyclotron
Resonance Mass Spectrometry. The molecular composi-
tion of DOM in the obtained supernatants was derived from
adsorption mode mass spectra measured by a custom-built

hybrid linear ion trap 21-T ESI FT-ICR mass spectrometer at
the National High Magnetic Field Laboratory, Tallahassee,
FL,34,35 which was equipped with a dynamically harmonized
ICR cell operated with 6 V trapping potential.36−40 The sample
solution was infused via a microelectrospray source (50 μm i.d.
fused silica emitter) at 500 nL/min by a syringe pump. Typical
conditions for negative ion formation were emitter voltage,
−2.7 to 3.0 kV; S-lens RF level (45%); and heated metal
capillary current, 350 °C.

Adsorption mode mass spectral peak lists were internally
calibrated with 10−15 highly abundant homologous series
(300 individual calibrants) that span the entire molecular
weight distribution based on the “walking” calibration method,
a s s i g n e d a s e l e m e n t a l c o m p o s i t i o n s
(C0−100H0−200N0−2O0−30S0−2) using PetroOrg © software.36−43

More details about instrumental setup and molecular formula
assignments are provided in Text S2.
Classification of Elemental Compositions Based on

H/C and O/C. To understand the fractionation at the
compound level, the organic compounds in DOM were further
classified into four groups including polycyclic aromatic
hydrocarbon (PAH, AImod > 0.66), polyphenols (0.66≥
AImod > 0.5), highly unsaturated and phenolic compounds
(HuPh, AImod ≤ 0.5 and H/C < 1.5), and aliphatic compounds
(2.0≥ H/C ≥ 1.5) based on the AImod

44 and H/C cutoffs

Figure 1. Adsorption isotherms of Suwannee River fulvic acid (SRFA) on allophane, boehmite, amorphous aluminum oxide, ferrihydrite, goethite,
goethite-Al, hematite, and hematite-Al at pH 5.5, as well as on gibbsite at pH 5.5 with and without the presence of 0.1 M NaCl, and gibbsite at pH
7.5 with and without the presence of 2.5 mM Ca2+. Adsorption isotherms were presented as normalized fulvic acid (FA) adsorption loadings either
by mineral mass (a, c) or by the surface area (b, d).
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(Text S2).45 The relative concentration change (ΔRC) of each
compound group as a function of the overall DOM removal
ratio provides insights into how differently these groups were
selectively removed from the solution. ΔRC was calculated as
follows,

= ×r
RC

(1 )PC PC
PC

100%sol ini

ini (1)

where PCini and PCsol represent the FT ICR-MS-derived
relative percentage of carbon in each compound group over
the total C in the solution before and after adsorption,
respectively; and r represents the overall DOM removal ratio
determined based on DOC concentration changes. See Text
S3 for the details.

To quantify the magnitude of DOM fractionation in an
adsorption system, we adopted the fractionation index (FI)
defined as3,10,17

= P P
P

FIp
sol ini

ini (2)

where P represents a molecular characteristic, including
abundance-weighted H/C ratio, O/C ratio,44 or nominal
oxidation state of carbon (NOSC).46 Pini and Psol, respectively,
represented each of the above characteristics of unreacted
DOM and the OM remaining in the solution after adsorption.
A larger absolute FI value corresponded to a higher magnitude
of fractionation. Like an adsorption isotherm, we may call the
plot of FIp versus the DOM removal ratio a fractionation
isotherm.

■ RESULTS AND DISCUSSION
Adsorption of Organic Matter and Release of

Dissolved Metals. All mineral species exhibited a similar
DOM adsorption behavior. The adsorption increased dramat-
ically with increasing equilibrium DOM concentration in the
low-concentration regime, followed by a sloppy increasing
phase in the high-concentration regime (Figure 1a,c). The
experimental conditions resulted in about 22−97% DOM
being removed from the solution (Table S2), and the removal
ratio decreased with increasing adsorption loading (Figure S4).
Multiple-layer adsorption of OM likely occurred because the
adsorption loadings did not reach a pseudo plateau even with
the high initial DOM concentrations (Figure 1a,c).

As a result of OM adsorption, the minerals released
dissolved Fe or Al to the solution. The dissolved Fe or Al
concentration for all Fe and Al oxide systems increased with
decreasing DOM removal ratio or increasing OM loading
(Figure 2), consistent with previous studies.47,48 This suggests
that DOM promoted dissolution of minerals likely through the
ligand-promoted dissolution mechanism.47,48 However, the
solubilities of these minerals in the presence of DOM differed
from each other. The allophane, boehmite, and amorphous
alumina systems exhibited substantially higher solubilities with
the dissolved Al concentration ranging from 0.05 to 0.35 mM,
as opposed to the gibbsite and all Fe oxide systems with the
dissolved Al or Fe concentration being 0.07 μM−0.02 mM.
The relative magnitude of solubilities in the presence of DOM
for these oxides were in the same order as their solubilities in
the absence of DOM, as reported previously49−51 and also
listed in Table S1. Regarding 2.5 mM Ca2+ in the gibbsite
system at pH 7.5, the presence of DOM enhanced the removal
of dissolved Ca2+. At the adsorption equilibrium of DOM, the

concentration of Ca2+ decreased from 2.24 to 1.97 mM with
decreasing DOM removal ratio or increasing OM adsorption
loading (Figure 2), indicating that DOM enhanced Ca2+

adsorption. DOM likely promoted adsorption of Al3+ and
Fe3+ on mineral surfaces as well despite the net effect was the
release of these cations into solution.

To understand the influences of mineral properties on DOM
adsorption, the adsorption loading was normalized by the
mineral surface area, yielding DOM adsorption densities.
While adsorption of OM on ferrihydrite in mg C/g adsorbent
was much superior to that on other Fe oxide species (Figure
1c), their differences in adsorption capacity were reduced on
the basis of adsorption densities (g C/m2, Figure 1d). The
adsorption densities of all five Fe oxide species, boehmite, and
gibbsite at both pH 5.5 and 7.5 (no Ca2+) had the same order
of magnitude, with the maximum densities up to ∼0.4 mg C/
m2(Figure 1b,d). In comparison, allophane, amorphous Al
oxide, and gibbsite with 2.5 mM Ca2+ displayed much higher
adsorption densities, up to ∼4.5 mg C/m2 (Figure 1b). The
high adsorption densities of the three systems can be partially
ascribed to the presence of the high concentration of dissolved
Al3+ or Ca2+ which acted as a bridging cation between mineral
surfaces and OM26,52,53 as well as between OM compounds.
Upon forming a multilayer adsorption structure on mineral
surfaces, Ca2+ or Al3+ may enhance the adsorption via bridging
two DOM molecules from adjacent layers.54,55 Since DOM
also enhanced the adsorption of the polycations, there was a
synergistic effect for their adsorption on mineral surfaces.
However, despite the assistance of dissolved Al3+, the OM
adsorption densities of boehmite were low, suggesting that the
intrinsic surface properties of boehmite were not conducive to
the adsorption of OM. Note that the pH and ionic strength (0
mM versus 0.1 M NaCl) barely affected the adsorption
densities of OM of gibbsite (Figure 1b).
Fractionation of DOM at the Compound Class Level.

Adsorption by Al and Fe oxides resulted in substantial
molecular fractionation of DOM at the level of compound
classes. The initial DOM consisted of mainly HuPh (76.8%)
and polyphenols (17.7%), with small contributions from PAH
(3.8%) and aliphatic compounds (1.7%), consistent with a
previous FT-ICR MS analysis of SRFA.10 The changes in

Figure 2. Dissolved Al or Fe (empty symbols; Y axis on the left) or Ca
(solid symbol; Y axis on the right) versus the overall DOM removal
ratio for those mineral species under various solution conditions. See
the title of Figure 1 for details about the reaction conditions.
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DOM composition upon adsorption can be quantified based
on the relative concentration change of each compound class
with respect to the composition of the initial DOM, as shown
in Figure 3. The solid 1:1 line represents a hypothetical
scenario where the removal ratio of each compound group
equals the overall DOM removal ratio (Figure 3). The data
points below and above the line indicate preferential
adsorption on mineral surfaces and preferential accumulation
in solution, respectively, and a greater distance from the 1:1
line suggests a higher preference. The data points of HuPh
were above but close to the 1:1 line, suggesting subtle
preferential accumulation in solution (Figure 3). This is
because HuPh dominated in DOM and its removal ratio was
thus similar to the overall DOM removal ratio. The small
degree of preferential accumulation of the dominant HuPh
compounds in solution was balanced by the high degree of
preferential accumulation of the low-abundance PAH,
polyphenols, and aliphatic (in some scenarios) on solid
surfaces. The data points were far below the 1:1 line for
both PAH and polyphenols for all adsorption systems,
indicating their strong preference to adsorb on mineral
surfaces (Figure 3). The two had a similar preference for
those systems containing high concentrations of dissolved Ca2+

or Al3+ (i.e., allophane, boehmite, amorphous Al oxide, and
gibbsite with 2.5 mM Ca2+, Figure 3a,b,e,f), but PAH had a
higher preference than polyphenols for the systems with the
low concentrations of those cations (i.e., gibbsite and all Fe

oxides, Figure 3c,d,g,h,i). The Al-substituted goethite and
hematite show a similar preference trend as the pristine
minerals (Figure S5). Compared to the gibbsite systems
without Ca2+ (Figure 3d), the presence of Ca2+ also increased
the adsorption preferences of both PAH and polyphenols,
particularly at the low removal ratios, as the data points were
far from the hypothetic line (Figure 3e).

Different from PAH, Polyph, and HuPh which all displayed
the same type of preference across the entire range of removal
ratio, aliphatic compounds changed in the type of preference,
depending on both DOM removal ratios and concentrations of
dissolved cations. For the systems containing low concen-
trations of dissolved Al3+ or Ca2+, aliphatic compounds were
preferentially retained in solution at the high removal ratios,
but on the solids in the low removal ratio regime (Figure
3c,d,g,h,i). In contrast, for the systems containing high
concentrations of dissolved Al3+ or Ca2+, aliphatic compounds
were preferentially retained in solution across the entire range
of DOM removal ratios, and the preference became stronger
toward the lower ratios (Figure 3a,b,e,f). Previous studies7,10,17

did not find that aliphatic compounds changed in the type of
preference likely because they examined a narrow range of
DOM removal ratios.

The changes in the selectivity for certain compound classes
with DOM removal ratios can be attributed to alterations of
surface hydrophobicity of the mineral-OM assemblage as a
function of OM surface coverage. At the high DOM removal

Figure 3. Relative concentration changes of each compound class after adsorption versus the overall removal ratio of DOM on those mineral
species under various solution conditions. The solid line represents a hypothetical scenario where each class of DOM compounds was adsorbed to
the same extent as the overall DOM. See the title of Figure 1 for details about the reaction conditions.
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ratios (the low surface coverages by OM), the surfaces of the
mineral-OM assemblage were derived largely from minerals
and thus hydrophilic. Thus, the surfaces preferentially
adsorbed PAH and polyphenols containing abundant polar
carboxyl and phenolic functional groups attached to aromatic
rings.5,10,11,13 The adsorption likely occurred primarily via
electrostatic interactions and ligand exchange between the
functional groups and hydroxyls on mineral surfaces. On the
other hand, the hydrophilic surfaces had a low preference to
adsorb aliphatic compounds that were the least polar among
the four compound classes and thus preferentially retained in
solution. That is, the mineral-OM interaction was the main
adsorption mechanism leading to a high magnitude of
fractionation at the high DOM removal ratios. As OM
molecules resemble surfactants with amphiphilic character-
istics, hydrophilic mineral surfaces bind hydrophilic moieties of
the compounds, whereas the hydrophobic ends intrude into
the solution, resulting in mineral-OM assemblage with partially
hydrophobic surfaces.24 As the OM surface coverage increased
further (the removal ratio decreased), the highly hydrophilic
mineral surfaces were saturated by OM adsorption, increasing
the hydrophobicity of the surfaces of mineral-OM assemblage.
Consequently, the weakly polar aliphatic compounds became
preferentially adsorbed on the solid surfaces via organo-organic
interactions at low removal ratios.

The presence of high concentrations of dissolved Ca2+ or
Al3+ in those adsorption systems can alter the dependence of
preferential adsorption on DOM removal ratios. Complexation
with Ca2+ or Al3+, particularly Al3+, can increase the
hydrophilicity of certain organic compounds.56 Thus, it can

be postulated that the surfaces of the mineral-OM assemblage
became less hydrophobic or more hydrophilic due to the
complexation of Al3+ with the surfaces. The changes increased
the capability of the mineral-OM assemblage to selectively
adsorb polar molecules, such as PAH and polyphenols, and
reject relatively hydrophobic molecules, such as aliphatic
compounds. Note that unlike PAH and polyphenols, aliphatic
compounds were poor in −OH and −CO3 groups,57,58 thus
did not much complex with Al3+, which likely maintained its
hydrophobicity and made it less preferentially adsorbed by the
mineral-OM assemblage (Figure 3a,b,e,f). It is unclear why the
difference in adsorption selectivity between PAH and
polyphenols was reduced by the presence of Ca2+, and
probably by Al3+ as well. It may be because complexation
with the cations decreased their hydrophobicity to different
levels.
Fractionation Isotherms. The difference in fractionation

power among those mineral species and the effects of dissolved
polycations are further explored using fractionation isotherms,
i.e., the fractionation index, including FIH/C, FIO/C, or FINOSC,
versus DOM removal ratios. The fractionation isotherms of all
adsorption systems had a similar shape, in which the
fractionation index increased with increasing DOM removal
ratio or decreasing DOM adsorption loading, with gentle
changes in the low-removal-ratio regime but steep changes in
the high-ratio regime (Figure 4). Consistent with the finding
based on compound classes, the presence of Al3+ or Ca2+

substantially increased the magnitude of fractionation as
indicated by the greater fractionation indices, particularly in
the low DOM removal ratio regime (Figure 4). In the absence

Figure 4. Fractionation index (FI) based on H to C ratios (H/C, a), O to C ratios (O/C, b) and nominal oxidation state of carbon (NOSC, c)
versus the overall DOM removal ratio under various solution conditions. See the title of Figure 1 for details about the reaction conditions. The
curves were fitted with y = a + b*xc with 95% confidence interval.
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of these cations, FIHC, FIOC, and FINOSC were close to zero at
the low removal ratios, but their absolute values increased to
0.10, 0.13, and 3.5 respectively when the high concentrations
of cations were present in the system (Figure 4). To further
confirm that the dissolved Al3+ or Ca2+ was primarily
responsible for the observed differences in fractionation
degree, we plot FIHC, FIOC, and FINOSC of each mineral at
50% DOM removal ratio as a function of dissolved cation
concentrations. The fractionation indices at 50% removal ratios
were obtained by interpolation. Results clearly showed that the
magnitude of fractionation increased with increasing concen-
trations of dissolved cations (Figure 5). The relationship was
nonlinear, and most of the changes occurred with dissolved
Al3+ < 0.1 mM, beyond which the changes were small. None of
the other mineral surface properties, as listed in Table S1, was
able to explain the variance in the magnitude of fractionation
across all mineral species.
Controls of Fractionation Power for Sparsely Soluble

Minerals. While the present study shows that mineral
solubility differentiated those mineral species in terms of
their fractionation power, the intrinsic hydrophobicity or
hydrophilicity of mineral surfaces is important for DOM
fractionation, particularly for sparsely soluble minerals. For
example, well-crystallized phyllosilicates are more hydrophobic
than metal oxides and have a weaker fractionation power for
DOM consisting of abundant polar molecules.9,26 Here we
explored potential correlations of fractionation power with the
surface properties for sparsely soluble minerals pristine
hematite, goethite, and ferrihydrite as their surface property
data are available. While there were only three data points,
among all surface properties, the surface hydrophobicity of the
Fe oxides seemed to significantly correlate (negatively) with

their fractionation power, better than its correlation with the
dissolved Fe concentration (Figure S6).

Our results are different from those in a previous study
showing that the surface >Fe−OH density was an important
factor for controlling the fractionation degree.10 When
compared at the same DOM removal ratios, hematite, and
Al-hematite, albeit greatly different in >Fe−OH density and
other properties (Table S1), exhibited similar fractionation
capabilities (Figure 4). Previous observations that amorphous
Fe sulfide fractionated DOM more strongly than pyrite,17 and
α-Al2O3 more strongly than kaolinite,9 was more likely caused
by the higher DOM removal ratio of amorphous Fe sulfide and
α-Al2O3, rather than their different surface properties. Thus,
the lower importance of other surface properties than
hydrophobicity to DOM fractionation can be attributed to
the formation of multilayer adsorption structures on mineral
surfaces, which diminishes the effects of mineral surface
chemistry (−OH density, charge density, etc.) on fractiona-
tion. Indeed, the systems containing low concentrations of
dissolved cations showed quite similar fractionation isotherms
(Figure 4) despite their distinct surface properties. To
summarize, due to multilayer adsorption, surface hydro-
phobicity plays a dominant role in controlling overall DOM
fractionation by sparsely soluble minerals whereas for relatively
soluble minerals, both mineral solubility and surface hydro-
phobicity are important controlling factors.
Environmental Implications. While numerous studies

examined molecular fractionation of DOM by mineral
adsorption, it is unclear what properties of minerals control
the magnitude of fractionation. Our results showed that
compared to other properties, mineral solubility has a larger
influence on the magnitude of fractionation because dissolved

Figure 5. Fractionation index (FI) based on H to C ratios (H/C, a), O to C ratios (O/C, b), and nominal oxidation state of carbon (NOSC, c) at
50% DOM removal ratio versus the dissolved Al, Fe or Ca concentrations. The curves are fitted by y = a + b*e−x/c.
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polycations, released from mineral dissolution, enhanced the
preferences of polar compounds to adsorb on mineral-OM
assemblage. Our results have important implications for
understanding the adsorption of DOM on mineral surfaces, a
major mechanism for OM stabilization in soils, in both acidic
and alkaline soils. Al-bearing minerals usually have high
solubility in acidic soils, resulting in a high concentration of
Al3+ in soil solution. Therefore, compared to circumneutral
soils, the acidic soil solution likely is abundant with relatively
hydrophobic compounds and the stabilized OM molecules on
mineral surfaces are relatively polar. Similarly, the high
dissolved Ca2+ concentration in alkaline soils due to the high
solubility of some Ca-bearing species, such as CaCO3, could
impose similar impacts on the composition of OM in soil
solution and solid phase. More importantly, DOM could
enhance the dissolution of these minerals through a ligand-
promoted process, exacerbating the impacts of mineral
solubility on the DOM adsorption and fractionation on
mineral surfaces. While Fe(III) oxides, and manganese(IV)
oxides as well, have low solubilities, they can also be partially
reduced by DOM with or without microbial mediation, which
releases Fe(II) and Mn(II) into a solution that can enhance
DOM fractionation.33,59,60

Our study highlights the dependence of the magnitude of
fractionation on DOM adsorption loadings or removal ratio. It
helps explain field observations that soil clay mineral and Fe
oxide contents3,4 and their crystallinity5 all correlated with
DOM composition partialy because a higher secondary mineral
content or lower crystallinity leads to a higher DOM removal
ratio, hence a higher fractionation degree. From a methodo-
logical perspective, we recommend using fractionation
isotherms to study DOM fractionation by mineral adsorption.

Moreover, future studies using DOM of other sources are
warranted to test the findings of the present study based on the
use of SRFA. DOM from different sources differ in
composition and may interact with minerals differently, as
recently shown for oxidation of DOM by manganese
oxides,33,61−63 although adsorption seemed not to depend
much on the source of DOM.64
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