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ABSTRACT: Adsorption by minerals is a common geochemical process
of dissolved organic matter (DOM) which may induce fractionation of
DOM at the mineral-water interface. Here, we examine the molecular
fractionation of DOM induced by adsorption onto three common iron
oxyhydroxides using electrospray ionization coupled with Fourier-
transform ion cyclotron resonance mass spectrometry (ESI-FT-ICR-
MS). Ferrihydrite exhibited higher affinity to DOM and induced more
pronounced molecular fractionation of DOM than did goethite or
lepidocrocite. High molecular weight (>500 Da) compounds and
compounds high in unsaturation or rich in oxygen including polycyclic
aromatics, polyphenols and carboxylic compounds had higher affinity to
iron oxyhydroxides and especially to ferrihydrite. Low molecular weight
compounds and compounds low in unsaturation or containing few
oxygenated groups (mainly alcohols and ethers) were preferentially
maintained in solution. This study confirms that the double bond equivalence and the number of oxygen atoms are valuable
parameters indicating the selective fractionation of DOM at mineral and water interfaces. The results of this study provide
important information for further understanding the behavior of DOM in the natural environment.

■ INTRODUCTION

Dissolved organic matter (DOM) is ubiquitous in the
environment and many chemical reactions such as complex-
ation, redox reactions and photodegradation occur between
contaminants and DOM.1−3 DOM therefore plays a role as a
microreactor of contaminants in the natural environment,4 and
its important influences on the environmental behavior of
contaminants have been widely reported. DOM has extremely
complicated constituents depending on various sources and
surrounding environments, and thus its molecular character-
ization is still elusive and interactions between DOM and
environmental matrices are poorly understood.
Interaction between natural organic matter (NOM) and

minerals is widespread in both aquatic and terrestrial
environments and acts as a key factor in the long term storage
of organic carbon, thus contributing to the global cycles of
carbon.5,6 It also modifies the mineral surface properties and
reactivity which further influence the transport and fate of many
organic and inorganic contaminants and nutrients.7−9 Accord-
ing to the supramolecular association concept, DOM is
composed of numerous small molecular components which
are self-assembled by hydrophobic interactions and hydrogen
bonds.10,11 We therefore hypothesize that such associations
may be destroyed when external forces from mineral surfaces to

some small molecules are greater than the intermolecular forces
between the molecular components of DOM. Molecules having
higher affinity to mineral surfaces will therefore be sequestered
while other molecule associations remain in water, leading to
the molecular fractionation of DOM at the mineral−water
interface. Previous studies have used spectroscopic methods
such as UV−visible absorption spectrum (UV−vis), Fourier-
transform infrared (FTIR), nuclear magnetic resonance (NMR)
and C K-edge near-edge X-ray absorption fine structure
(NEXAFS) spectroscopy to investigate the interactions
between various DOM and minerals.12−16 In general, hydro-
phobic, aromatic, and carboxylic rich fractions are preferentially
retained on mineral surfaces. Spectroscopic methods provide
insight into the features and relative abundance of chemical
groups such as carboxylic, aromatic, and aliphatic moieties in
DOM, but are more limited in deriving information at the
molecular level.17 High-pressure size exclusion chromatography
(HPSEC) has been used to investigate size fractionation
resulting from the adsorption of DOM on minerals, and
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preferential adsorption of high molecular weight (HMW)
fractions has been reported.12,18 However, due to the
limitations of the method, the separated fractions are small
clusters instead of single molecules, and the molecular
components therefore remain unknown. Reiller et al.19 made
the first attempt to investigate fractionation of humic acid (HA)
on hematite induced by sorption using mass spectrometry.
Although the exact molecular formulas of HA were not given
due to the poor mass resolution of electrospray ionization
(ESI) quadrupole time-of-flightmass spectra (QToF-MS), their
work provides a new approach to study the fractionation of
DOM induced by sorption.
Recent advances have been made in high-resolution mass

spectrum techniques, particularly electrospray ionization
coupled with Fourier-transform ion cyclotron resonance mass
spectrometry (ESI-FT-ICR-MS) which has been shown to be a
very powerful tool for the analysis of DOM at the molecular
level. With the help of this technique, thousands of molecular
formulas in DOM can be obtained unambiguously and this has
greatly improved our understanding of the chemical nature of
DOM at the molecular level.20−22 Very recently, Riedel et al.23

investigated the molecular fractionation of peat leachate (PL), a
type of DOM, coagulated by metal salts such as Ca2+, Al3+ and
Fe3+ using ESI-FT-ICR-MS. Results indicate that Fe3+ and Al3+

preferentially removed the most oxidized compounds (O/C
ratio >0.4) of DOM, whereas Ca2+ displayed no preference for
distinct molecular fractions. Galindo et al.17,24 published two
papers reporting the sorptive fractionation of aquatic fulvic acid
(FA) and terrestrial humic acid (HA) on aluminum oxide by
ESI-FTMS using a linear ion trap Orbitrap mass spectrometer.
They demonstrated that molecule acidity and hydrophobicity
were the determining factors that controlled the adsorptive
fractionation of FA and HA on aluminum oxide. As far as we
know, these are the only two papers until now that describe the
fractionation of DOM due to its adsorption on minerals.
Fe oxyhydroxides are minerals that exhibit a great affinity for

DOM.9,25,26 Interactions between Fe oxyhydroxides and DOM
have been widely studied,27−30 but research focusing on the
fractionation of DOM on Fe oxyhydroxides at the molecular
level is still lacking. Fe oxyhydroxides have various crystal
structures and often display different thermodynamic stability
and reaction activity.31 We thus hypothesize that adsorption of
DOM on different types of Fe oxyhydroxides will induce
distinct molecular fractionation. Three common Fe oxy-
hydroxides, namely poorly crystalline ferrihydrite and crystal-
line goethite and lepidocrocite, were therefore selected in the
present study to investigate the molecular fractionation of
DOM at Fe oxyhydroxide and water interfaces using ESI-FT-
ICR-MS.

■ MATERIALS AND METHODS
Preparation and Characterization of Iron Oxyhydr-

oxides and Dissolved Organic Matter. The iron oxy-
hydroxides ferrihydrite, goethite, and lepidocrocite were
synthesized according to methods described in the litera-
ture32,33 and details are provided in the Supporting Information
(SI). Synthesized Fe oxyhydroxides were repeatedly washed by
centrifugation and resuspension in Milli-Q water and kept at 4
°C. Transmission electron microscopy (TEM) and X-ray
diffraction (XRD) patterns of the three iron oxyhydroxides
(Figure S1 in SI) indicate that the synthesized iron oxy-
hydroxides were consistent with standard 2-line ferrihydrite,
goethite and lepidocrocite, respectively. The N2 Brunauer−

Emmett−Teller (BET) specific surface areas (SSA) and pore
volumes of the ferrihydrite, goethite and lepidocrocite were
analyzed by nitrogen adsorption−desorption (Micromeritics
ASAP 2460). The density of surface hydroxyl groups of iron
oxyhydroxidesin water was measured according to a saturated
deprotonation method described in the literature.34 The surface
characteristics of the iron oxyhydroxides are presented in SI
Table S1.
DOM was extracted from Danish peat (supplied by

Northeast China Normal University). The composition of the
original peat was 45.9% total C, 0.68% total N, and 5.64% total
H as previously reported.35 The extract was obtained by end-
overend shaking 10 g of peat in 100 mL ultrapure water for 24
h. The supernatant was obtained by centrifugation at 5000 rpm
and filtered through 0.22 μm Nylon filters. The pH of the final
extract was 4.8 because of the acidic character of the water-
soluble compounds in peat. This DOM from PL was kept in
the dark at 4 °C until further use.

Sorption Experiments. Batch experiments for the sorption
of PL (0−100 mg L−1) onto iron oxyhydroxides (0.82 g
L−1ferrihydrite, 1.66 g L−1, goethite, 1.65 g L−1 lepidocrocite)
without background electrolyte were conducted in glass
centrifuge tubes. The initial pH was adjusted to 7.0 and no
further pH adjustment was made during the experiment
because there was only a slight change in pH value (less than
0.5 units) throughout the experiment. The suspensions were
equilibrated on a reciprocating shaker at 120 rpm at 25 °C for
24 h in the dark. Kinetic measurements show that 24 h was a
sufficient time period for PL to reach an equilibrium adsorption
on all three iron oxyhydroxides (SI Figure S2A). After
equilibration the samples were centrifuged for 40 min at
5000 rpm and filtered through 0.22 μm Nylon filters. UV−vis
spectroscopy analysis of the filtered supernatants was
conducted with a Shimadzu UV-2600 UV−vis spectrometer.
The concentration of organic carbon in the filtered super-
natants was determined with a TOC analyzer (Vario TOC,
Elementar, Hanau, Germany). The amount of PL retained by
the iron oxyhydroxides was calculated by the difference
between concentrations in the initial and equilibrium solutions.
50 mg L−1 PL solution without addition of iron oxyhydroxides
was used as the control. Experiments were carried out with
three replicates. The ζ potentials of iron oxyhydroxides before
and after adsorption of PL were measured at different pH
values with a Malvern Nano ZS (Malvern Instruments, UK).
FTIR spectra of selected freeze-dried solid samples were
recorded in the range 4000−600 cm−1 using a NICOLET 10
MX microinfrared spectrometer (Thermo Scientific, Waltham,
MA).

ESI-FT-ICR-MS Analysis. Selected filtered supernatants of
the sorption samples (circles in Figure 1A) and control samples
were analyzed by ESI-FT-ICR-MS. Solid phase extraction
(SPE) was performed on all the samples to desalinate and
concentrate according to Dittmar et al.36 using Varian Bond
Elute PPL cartridges (1 g per 6 mL). Briefly, the cartridges were
rinsed with 6 mL of methanol (MS grade) prior to use. The
samples were acidified to pH 2 with HCl (32%, ultrapure) to
increase the extraction efficiency for organic acids and phenols,
and 20−50 mL (depending on DOC concentration) were
passed through the cartridges by gravity at a flow rate of
approximately 2 mL min−1. Cartridges were rinsed with three
volumes of 0.01 M HCl for removal of salts, dried with a stream
of N2 and immediately extracted with two volumes of methanol
(MS grade). Eluted samples were blow-dried with N2 and kept
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in the dark at −20 °C. These dried samples were dissolved in 1
mL of 50:50 methanol/water (v/v) for ultrahigh resolution
mass spectrometry analysis. The extraction efficiencies of PL
exceed 75% (TOC) using this method.
Ultrahigh resolution mass spectra were acquired using a

Bruker SolariX FT-ICR-MS equipped with a 15.0 T super-
conducting magnet and an ESI ion source.37 Samples for ESI
FT-ICR-MS analysis were continuously infused into the ESI
unit by syringe infusion at a flow rate of 120 μL h−1. The ESI
needle voltage was set to −3.8 kV. All the samples were
analyzed in negative ionization mode with broadband detection.
Ions accumulated in a hexapol ion trap for 0.2 s before being
introduced into the ICR cell. 4 M words of data were recorded
per broadband mass scan. The lower mass limit was set to m/z
= 200 Da and the upper mass limit to m/z = 1000 Da. 100 mass
spectra were averaged per sample. The spectra were externally
calibrated with 10 mM of sodium formate solution in 50%
isopropyl alcohol using a linear calibration and then internally
recalibrated using an in-house reference mass list. After internal
calibration the mass error was <500 ppb over the entire mass
range. Peaks were identified with Bruker Data Analysis
software.
Molecular Formula Assignment. All possible formulas

were calculated with Formula Calculator software based on the
requirement that the mass error for a given chemical formula
between measured mass and calculated mass was <0.5 ppm.
Molecular formulas were assigned to peaks with a signal-to-
noise ratio (S/N) > 4, according to stringent criteria with
elemental combinations of C5−80H10−200O0−40N0−2. Elements P
and S were excluded because of the low levels found in PL
(<0.5%). The elemental ratios of H/C < 2.0 and O/C < 1.2
were used as further restrictions for formula calculation. The

following parameters for data analysis were calculated according
to previous reports:38−42 H/C ratio and O/C ratio, parameters
for constructing van Krevelen diagram;39 Kendrick mass (KM)
and Kendrick mass defect (KMD) in order to identify CH2−
homologous molecular formulas series;38 and double bond
equivalence (DBE), a measure of the number of double bonds
and rings in a molecule.40 An aromaticity index was calculated
from the formulas according to Koch and Dittmar41 to estimate
the fraction of aromatic and condensed aromatic structures.
Furthermore, four compound groups were delineated by the
aromaticity index (AI) and H/C cutoffs according to Kellerman
et al.:42 combustion-derived condensed polycyclic aromatics
(AI > 0.66), vascular plant-derived polyphenols (0.66 ≥ AI >
0.5), highly unsaturated and phenolic compounds (AI ≤ 0.50
and H/C < 1.5), and aliphatic compounds (2.0 ≥ H/C ≥ 1.5).
The calculated formulas of relevant parameters are provided in
the SI.

■ RESULTS AND DISCUSSION
Adsorption Isotherms of PL on Iron Oxyhydroxides

and UV Spectrum Analysis. Adsorption isotherms for PL on
ferrihydrite, goethite, and lepidocrociteare shown in Figure 1A.
Typical adsorption isotherms of DOM on iron oxide surfaces
showed an initial steep slope and reached a plateau at elevated
equilibrium C concentrations.7 However, a plateau of PL
adsorbed on sorbent was not observed for all the three iron
oxyhydroxides, indicating that saturation adsorption of PL was
not reached in the PL concentration range employed (0−100
mg CL−1) (Figure 1). As shown in Figure 1, goethite and
lepidocrocite exhibited similar adsorption capacity to PL, but
much lower than that of ferrihydrite. This is consistent with the
conclusion obtained from previous studies that DOM
preferentially interacts with poorly crystalline iron oxyhydr-
oxides in soils.43,44 Studies have demonstrated that the
adsorption of DOM on minerals is predominantly via ligand
exchange and/or electrostatic interactions with the surface
hydroxylated groups.18,45 Ferrihydrite is the hydroxylation
product of ferric ions with highly hydrated structure which
has higher surface area and contains more surface hydroxyl
groups than goethite or lepidocrocite46 (data presented in SI
Table S1). The high density of surface hydroxylated groups of
ferrihydrite therefore contributed to the higher adsorption
capacity of DOM compared with goethite or lepidocrocite.
Interaction with DOM also changes the surface charge of
minerals. The isoelectric points of goethite and lepidocrocite
decreased from ∼8.2 and ∼9.2, respectively, to about ∼2.0
while only a slight decrease was found for ferrihydrite after the
adsorption of PL (from ∼7.6 to ∼7.0, as shown in SI Figure
S3). This indicates that the surface hydroxyl sites in goethite
and lepidocrocite were almost completely occupied by the
negative DOM fractions, whereas many of those in ferrihydrite
remained unoccupied under the experimental conditions.
Specific UV absorbance at 254 nm (SUVA254, absorbance per

mg-C) can be used as an index of relative aromaticity of
DOM.14 Figure 1B shows that the SUVA254 of the PL
supernatant after adsorption on ferrihydrite decreased greatly
for all the PL-adsorbed samples and remained almost
unchanged (about 0.1 L mg C−1m−1) as the initial C
concentration (C0) increased from 5 to 100 mg C L−1. This
low SUVA254 suggests that a large amount of aromatic carbons
in PL were removed, indicating that adsorption of PL on
ferrihydrite resulted in its fractionation between aromatic
moieties and other C containing moieties without SUVA254.

Figure 1. Adsorption of PL on ferrihydrite (Fh.), goethite (Gth.),
lepidocrocite (Lep.) (A); SUVA254 values (B) of residual PL
suspension after adsorption on Fh., Gth., and Lep., dash circles F1,
F2, G1, G2, and L1, L2 in (A) are samples selected to analysis by ESI-
FT-ICR-MS.
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The SUVA254 of the PL supernatant after adsorption on
goethite or lepidocrocite first decreased at low concentration
(C0 < 10 mg C L−1) and then continued to increase with
increasing C concentration, and was much higher than the
corresponding value for the adsorption of PL on ferrihydrite,
indicating a similar but much poorer fractionation of aromatic
moieties in DOM after adsorption on goethite and
lepidocrocite. These results suggest component fractionation
of PL during its adsorption on the iron oxyhydroxides,
especially on ferrihydrite. Detailed fractionations of PL were
further investigated at molecular scale using ESI-FT-ICR-MS.
Molecular Characterization of PL by ESI-FT-ICR-MS.

The original PL and PL supernatants extracted from the
adsorption isotherm experiments (as shown in Figure 1A) for
ferrihydrite (F1, F2), goethite (G1, G2) and lepidocrocite (L1,
L2) were determined by ESI-FT-ICR-MS. As shown in Figure
2A, the ESI FT-ICR negative-ion mass spectrum of the original

PL contained 9472 peaks with S/N > 4 in the mass range 200−
800 Da and >90% of the peaks were detected below 600 Da.
Based on the occurrence of carbon isotope peak twins with a
distance of 1.0034/z, nearly all ions were singly charged.23 This
molecular weight distribution is consistent with the supra-
molecular association concept of humic substances in which
many relatively small and chemically diverse organic molecules
form clusters linked by hydrogen bonds and hydrophobic
interactions.10,11 Molecular formulas CcHhNnOo were assigned

to the peaks after quality assurance filtering, and 1923
molecular formulas were identified in the original PL, among
which only ∼10% of assigned molecular formulas contained
one or two N atoms and the relative abundances of these peaks
were relatively low. This agrees well with previous studies of
riverine DOM extracted by C18 solid phase disk in which >90%
of the compound formulas obtained by negative-mode ESI FT-
ICR MS were assigned to CcHhOo.

47 Considering the low level
of N in PL, the following analysis will focus on compounds
containing only C, H and O. The CH2−based Kendrick mass
analysis (SI Figure S4) reveals that PL was composed of
multitudinous −CH2 homologous series, suggesting that CH2
groups were the building blocks of PL, which is consistent with
the classic structure of natural DOM.20 Magnitude-weighted
average composition of the original PL was C20.3H19.1O11.6 with
magnitude-averaged H/Cw, O/Cw and DBEw values of 0.94,
0.58, and 11.7, respectively. More oxygen-rich and unsaturated
molecules were present in the PL compared to the riverine and
offshore coastal DOM reported by Sleighter and Hatcher.47

Calculation formulas of Cw, Ow, Hw, H/Cw, O/Cw, and DBEw
according to Sleighter and Hatcher47 are provided in the SI.

Molecular Weight Fractionation of PL Induced by
Adsorption. Molecular weight fractionation of PL was
evidenced comparing the ESI-FT-ICR-MS spectrum between
the original PL and PL supernatant after adsorption on the iron
oxyhydroxides with the most pronounced for ferrihydrite
(Figure 2B). The molecular weight (MW) above 500 decreased
from 39.8% for the original PL to 5.7% (F1) and 13.7% (F2),
while MW below 400 increased from 24.2% (original PL) to
61.5% (F1) and 44.3% (F2). A similar change was induced by
adsorption on goethite and lepidocrocite, but to a much lesser
extent. The MW above 500 decreased from only 39.8% to
31.2% (G1) and 28.8% (L1), respectively, and no appreciable
changes were observed for G2 and L2. This is ascribed to the
finite adsorptive capacities of goethite and lepidocrocite for PL
(as shown in Figure 1), making the differences between the
original PL and PL supernatant decrease with increasing
equilibrium concentration. In general, molecules with higher
MW were preferentially adsorbed on the surfaces of iron
oxyhydroxides, and this trend is much more noticeable for
ferrihydrite than for goethite or lepidocrocite. Some previous
studies have observed by size-exclusion chromatography with
UV detection (SEC-UV) that higher MW or intermediate MW
fractions of DOM are preferentially adsorbed on minerals. For
example, Davis and Gloor48 found that the DOM fraction with
MW 1000−3000 Da was the most strongly adsorbed fraction
among their three fractions of <500, 4000−500, and >4000 Da.
Zhou et al.12 observed preferential adsorption of an
intermediate MW fulvic acid fraction (MW 1250−3750 Da)
on goethite. Similar results were reported on the adsorption of
Suwannee River fulvic acid (mean MW = 2180 ± 14 Da) on
kaolinite and hematite.18 It is necessary to note that the
measured MW of DOM fractions by SEC are much larger than
that obtained by ESI-FT-ICR-MS in the present study. The
fractions separated by SEC are more likely molecular clusters
but not individual molecules. In addition, only fractions with
UV absorbance such as aromatic groups can be detected.
Therefore, the results obtained by SEC-UV are more likely size
fractionation of aromatic associates in DOM but not MW
fractionation. To our knowledge, this is the first study to reveal
the detailed MW fractionation of DOM induced by adsorption
on iron oxyhydroxides using ESI-FT-ICR-MS.

Figure 2. Broadband ESI-FT-ICR-MS spectrum (A) and molecular
weight distribution (B) of original PL and residual PL suspension after
adsorption on ferrihydrite, goethite, and lepidocrocite, F1, F2, G1, G2,
and L1, L2 are samples labeled in Figure 1.
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Molecular Component Fractionation of PL Induced
by Adsorption. The van Krevelen diagram is a useful tool
which can provide a visual graphic display of compound
distribution.39 Compounds such as aromatics, polyphenols and
aliphatics are located in different regions of the van Krevelen
diagram. Aromaticity Index (AI) has been widely used to
evaluate the aromaticity of a given molecular formula.41 By
using AI and element ratios of H/C, all the detected molecules
displayed in the van Krevelen diagram were divided into four
groups according to their molecular components as described
in the Materials and Methods (as shown in Figure 3A−E). For
the original PL the majority (∼85%) of the compounds were
polyphenols (18%, group 2) and highly unsaturated organic
acids and phenolics (67%, group 3), typical of soil-derived
DOM in rivers.49 The proportions of condensed polycyclic
aromatics (group 1) and aliphatic compounds (group 4) were
4.9% and 9.7%, respectively. Ferrihydrite exhibited more
pronounced difference in affinity to different groups of the
compounds and therefore resulted in more pronounced group
fractionation at its interface than goethite or lepidocrocite. After
adsorption on ferrihydrite, the chemical constituents of PL
supernatant changed, and about 62 and 43% of the total
compounds in the original PL did not further exist in the PL
supernatant (F1 and F2). Specifically, about 100 and 96% of
the compounds in group 1, 88 and 77% of the compounds in
group 2, 57 and 35% of the compounds in group 3, and 33 and
8% of the compounds in group 4 in the original PL disappeared
in the PL supernatant (F1 and F2), indicating that the affinities
of the compounds in these groups to ferrihydrite were in the
order: group 1 > group 2 > group 3 > group 4 (as shown in
Figure 3F). This further indicates the preferential adsorption of
aromatics and then polyphenols, while aliphatic compounds
were preferentially retained in the aqueous phase. Moreover,
the percentages of the compounds in groups 1 and 2 in the PL
supernatant increased and the percentages of the compounds in

groups 3 and 4 decreased and this may explain the reduction in
SUAV254 of PL after adsorption on ferrihydrite.
Compared with ferrihydrite, the differences in fractionations

between groups due to adsorption were much smaller for
goethite and lepidocrocite. Furthermore, the fractionation
behavior of PL due to adsorption on lepidocrocite was very
similar to that for goethite, and therefore will not be described
here. After adsorption on goethite, about 32 and 10% of the
total compounds of the original PL were undetectable in the PL
supernatant (G1 and G2), in which 55 and 24% of the
compounds in group 1, 34 and 11% in group 2, 27 and 6% in
group 3, and 50 and 28% in group 4 were sequestered by
goethite. In addition to polycyclic aromatic compounds,
aliphatic compounds were preferentially retained on the
surfaces of goethite and this was confirmed by the presence
of a strong infrared absorption band at ∼2920 cm−1 assigned to
C−H stretching of − CH3 and − CH2 groups

13 (as shown in SI
Figure S5). This may be attributed to hydrophobic interactions
between aliphatic compounds in PL supernatant and hydro-
phobic fractions adsorbed on goethite surfaces. Although the
major sorption contribution would be ligand exchange,45,50

studies have demonstrated the potential importance of
hydrophobic interactions between sorbed organic molecules
and organic molecules in solution via association of the
hydrophobic portions of the molecules.18,50 We assume that the
relative contribution of this hydrophobic interaction would
increase with increasing occupation of surface hydroxyl sites on
goethite by DOM components due to the decrease in available
surface hydroxylsites. As analyzed by adsorption isotherms and
surface charge, the surface coverage of PL fractions on goethite
was much higher than that of ferrihydrite under the
experimental conditions. Thus, the contribution of hydrophobic
interactions to the adsorption of PL was greater on goethite
than on ferrihydrite. This hydrophobic interaction was less
specific and reduced the adsorptive fractionation effect of PL.

Figure 3. Molecular composition of PL before and after adsorption on iron oxyhydroxides. A, B, C, D, and E are van Krevelen diagrams of PL, F1,
F2, G1, and G2, respectively; color bar represents the relative intensity of peak with % unit. Four groups in van Krevelen diagram are delineated by
the aromaticity index (AI) and H/C cutoffs: group 1 represents combustion-derived condensed polycyclic aromatics (AI > 0.66), group 2 represents
vascular plant-derived polyphenols (0.66 ≥ AI > 0.5), group 3 represents highly unsaturated and phenolic compounds (AI ≤ 0.50 and H/C < 1.5),
and group 4 represents aliphatic compounds (2.0 ≥ H/C ≥ 1.5); 1, 2, 3, 4 in A represent groups 1, 2, 3, and 4, respectively. F is the relative
percentage of total compounds and compounds in each group in F1, F2, G1, G2 compared to the original PL.
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Molecules present in the original PL but absent from the
supernatant after adsorption were considered to be completely
sequestered by iron oxyhydroxides. These molecules were
extracted by subtracting the supernatant molecules from the
original molecules, and the quantitative distributions of O/C,
H/C, and DBE values for the molecules in the original PL, PL
supernatant and sequestered PL are shown in Figure 4. This
mode of data presentation is advantageous for displaying the
abundance of compounds and provides a visualized picture for
molecular fractionation of PL at the mineral-water interface. It

is evident that PL supernatant was rich in compounds with low
O/C, low DBE, and high H/C, while the majority of PL
sequestered by ferrihydrite comprised compounds with high
O/C, high DBE and low H/C. With increasing equilibrium
concentration, the number of molecules remaining in PL
supernatant increased but their relative distribution remained
almost unchanged. The H/C and DBE values are directly
related to the saturation level of a compound. This indicates
that compounds with lower unsaturation level were likely rich
in aliphatic groups and preferentially retained in the aqueous

Figure 4. Quantitative distributions of O/C (A, D), H/C (B, E), and DBE (C, F) of molecules in PL before and after adsorption on ferrihydrite and
goethite; subscript suspension denotes molecules of PL remaining in solution after adsorption; subscript sequestered denotes molecules of PL sequestered
by iron oxyhydroxides.

Figure 5. Plot of DBE versus the number of O atoms (A, B, C, D) and the DBEw as a function of the number of O atoms (E) in molecular formulas
of PL before and after adsorption on ferrihydrite and goethite.
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phase, while oxidized compounds with higher unsaturation level
were preferentially sequestered by ferrihydrite. In contrast,
slight differences in the relative distributions of these
parameters were observed between the molecules in the PL
supernatant and sequestered molecules after adsorption on
goethite, although the number of molecules decreased
markedly, further indicating the less selective adsorption of
PL on goethite than on ferrihydrite. In order to further explain
this difference, the adsorption contents of DOM normalized to
the reactive surface hydroxyls were calculated (SI Figure S2B).
As shown in SI Figure S2B, more DOM was adsorbed on the
unit surface hydroxyl in ferrihydrite compared with goethite,
especially when the equilibrium concentration of DOM was
above 10 mg L−1. This indicates that reactive surface hydroxyl
sites in ferrihydrite and goethite displayed different affinity to
DOM. Therefore, we compared the types of the surface
hydroxyl groups in ferrihydrite and goethite from structural
chemistry as reported by previous studies.51−53 Goethite is
needle-shaped and consists of about 80−95% 110/100-like
faces, whereas spherical ferrihydrite was dominated by 001/
021-like faces. On the 110/100-like faces, triply coordinated
(Fe3OH) surface hydroxyl makes the main contribution to
reactive sites, while the reactive sites of 001/021-like faces are
dominated by singly coordinated (FeOH) surface hydrox-
yl.51−53 It is reasonable to expect that singly coordinated (
FeOH) groups exhibit a higher affinity to organic substances
with more selectivity than triply coordinated (Fe3OH)
surface hydroxyls, leading to different molecular fractionation of
DOM on ferrihydrite and goethite.
In addition, it appears that oxygen atom content and

unsaturation level of compounds are important parameters
governing their adsorption behavior. Graphics of the number of
O atoms versus DBE values in the molecular formulas of PL
before and after adsorption on ferrihydrite and goethite were
therefore investigated in detail. As shown in Figure 5A-D, most
of the oxygenated compounds in the original PL contained 3−
19 oxygen atoms with DBE values in the range 4−23. Almost
all the compounds containing over 14 O atoms or with DBE
values above 14 were sequestered by ferrihydrite (Figure 5A
and B). In the case of goethite, only compounds with O atoms
over 19 or DBE value above 21 disappeared in G1 (Figure 5C).
In general, one epoxy, acyl, carbanyl or carboxyl can induce a
unit increase in DBE value per compound while ether and
alcohol make no contribution to the DBE values. The overall
DBE distribution can be described in terms of the magnitude-
weighted average DBE (DBEw),

54 calculated as

∑ ∑= ×I IDBE ( (DBE) )/w
i

i i
i

i
(1)

where Ii and (DBE)i are the relative abundance and DBE value
of peak i, respectively. The relative abundance is calculated as
the abundance of the individual peak divided by the maximum
abundance in a given spectrum.
DBEw is presented in Figure 5E as a function of the number

of oxygen atoms obtained from molecular formulas of PL
before and after adsorption on ferrihydrite and goethite. Slopes,
y-intercepts, and R2 values were obtained by linear regression
analysis. Analysis indicates a strongly significant correlation
between the number of oxygen atoms and the DBE values of
DOM molecules (R2 > 0.97). Although the calculated equation
of DBE (c-h/2 + 1 for CcHhOo) does not contain the number
of oxygen atoms in a molecule, two oxygen atoms in the
carboxyl group can contribute to one DBE value. The

contributions of epoxy and acyl groups were neglected here
because of their rare low contents even if present in natural
organic substances.55,56

The slope of the line between DBE and number of O atoms
for original PL was 0.72, and slight decreases were found in the
slopes for G1 (0.68) and G2 (0.70). A slope approaching 0.7
indicates that the addition of two oxygen atoms resulted in an
increase of ∼1.4 DBEw. As explained above, two oxygen atoms
in a carboxyl group contributed to only one DBE value. The
extra 0.4 DBE can be explained by the presence of cyclic
structures or unsaturated chemical bonds if all oxygen atoms
were included in carboxyl groups. Considering the presence of
ether and alcohol groups in PL, the contributions of cyclic
structures or unsaturated chemical bonds to the DBE values
should be greater than estimated. After adsorption on
ferrihydrite, the slopes for F1 and F2 decreased to 0.39 and
0.40, respectively, indicating that the addition of two oxygen
atoms resulted in an increase of only ∼0.8 DBEw (below one).
This suggests that the contribution of oxygen atoms to DBE
decreased, and their actual contribution should be smaller
because of the presence of cyclic structures and unsaturated
chemical bonds in compounds. This indicates that the content
of carboxyl groups decreased while those of ethers and alcohols
in oxygenated molecules increased in the PL supernatant after
adsorption on ferrihydrite. Taking account of the low SUVA254
of the PL supernatant after adsorption by ferrihydrite and the
MW and group fractionation stated above, the PL supernatants
contained mainly low MW compounds rich in aliphatic and
alkyl groups substituted with ethers and alcohols. In other
words, compounds sequestered by ferrihydrite were mainly
high MW compounds rich in carboxyl groups and aromatic
rings as demonstrated in previous studies by spectroscopic
techniques such as FT-IR and nuclear magnetic resonance
(NMR)15,16

It is noteworthy that the slopes of the original PL and PL
supernatant after adsorption on goethite were close to the
inland riverine DOM (mainly as terrigenous DOM) and they
were close to the offshore coastal DOM after adsorptive
fractionation by ferrihydrite.54 This may explain the field
observation by Riedel et al.57 that redox interfaces containing
iron in sediment acted as selective intermediate barriers and
limited the flux of land-derived DOM to oceanic waters. The
present study highlights the role of poorly crystalline iron
oxyhydroxides in the selective fractionation of DOM at soil/
sediment and water interfaces.

Geochemical and Environmental Implications. DOM
is a labile organic carbon pool. Previous studies have
demonstrated the importance of minerals, especially iron
oxyhydroxides, for stabilization and preservation of labile
organic matter in soils and sediments.5,6 However, very few
studies have focused on the changes in molecular composition
of DOM at the mineral-water interface. Using ESI-FT-ICR-MS,
this study addresses molecular scale fractionation of DOM
induced by adsorption on iron oxyhydroxides. The results
indicate that poorly crystalline iron oxyhydroxides with surface
dominated by singly coordinated Fe−OH sites play a more
important role in molecular fractionation of DOM at mineral
and water interfaces. DOM compounds with low molecular
weight and low unsaturation or compounds containing few
oxygenated groups (mainly alcohols and ethers) are preferen-
tially maintained in solution, while adverse compounds are
preferentially sequestered by iron oxyhydroxides. Similar
molecular fractionation of FA and HA has also been observed
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at the surface of aluminum oxides.17,24 It is interesting to note
that NOM in natural waters and DOM in soil solutions largely
contains hydrophilic fractions including short chain aliphatic
carboxylic acids, hydrocarbons and amino acids but few high-
molecular-weight, aromatic compounds, and phenolic compo-
nents.58 This is highly consistent with the DOM fractions in the
supernatant after molecular fractionation by iron oxyhydroxides
that we observed in the present study and in aluminum oxides
reported by Galindo et al.17,24 Therefore, it is to be expected
that the adsorptive fractionation of DOM at hydroxylated
mineral surfaces to a great extent determines the chemical
components of DOM in labile phases such as surface water and
pore water, and a large scale field investigation is needed using
ultrahigh resolution mass spectrometry to reveal the molecular
composition of labile organic matter in the aquatic and
terrestrial environments. In addition, from an environmental
perspective, such fractionation led to changes in chemical
components of DOM as well as the surface characteristics of
the minerals, which will further impact the behaviors of
contaminants in the environment such as sorption, trans-
portation and transformation processes. Future studies are also
necessary to investigate the detailed mechanisms by which
molecular fractionation of DOM affects the behaviors of
contaminants in the environment.
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