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Abstract

Electrospray ionization (ESI) coupled with Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) has been
widely used for the characterization of dissolved organic matter (DOM) extracted by solid-phase extraction (SPE) from various
environmental waters. It is known that common SPE generally has a relatively low recovery and the non-polar and weakly polar
components are less likely to be ionized due to ionization discrimination. However, the molecular selectivity during SPE is not
clear so far. In this study, the Suwannee River natural organic matter (SRNOM) was fractionated by multi-step SPE with different
solvents and the fractions were characterized by negative ESI FT-ICR MS and trapped ion mobility spectrometry-mass spec-
trometry (IMS-MS). The sequential solvent elution increased the extraction recovery of DOM in water by SPE and enabled the
characterization of a weakly polar component, which cannot be detected in common SPE separation. The weakly polar compo-
nent accounts for 5.7% in TOC for the SRNOM, which has complex but different molecular composition with methanol- and/or
water-eluted fractions. Lipid-like compounds were enriched in this fraction. Compared with the polar molecules directly eluted
by one-step SPE from the SRNOM, the weakly polar fractions exhibit larger molecular size. The results are helpful for under-
standing of the molecular composition of SRNOM, as well as other environmental waters. In addition, the study demonstrates
that the combination of FT-ICR MS and IMS-MS has potential to characterize the chemical composition of a complex mixture,
like DOM, to a new depth.
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Introduction

Dissolved organic matter (DOM) is stable organic mixture
widely distributed in soil, sediment, surface water, ocean,
and other environmental systems [1]. It is generally believed
that DOM is formed by the process of enzymatic decomposi-
tion, oxidation, and microbial degradation of animals, plants,
and microbial residues in natural environment [2, 3]. DOM is
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a super-complex system which will keep challenging on
chemical characterization for analytical chemistry.

In the past two decades, molecular composition of DOM
was achieved with the development of high-resolution Fourier
transform ion cyclotron resonance mass spectrometry (FT-
ICR MS) [4-11]. It is considered that the molecular weight
of DOM is normally distributing in a range of about 100—
1000 Da with a central of around 400 Da [12]. The molecular
composition of DOM obtained by MS analysis heavily de-
pends on the ionization technique used [13]. Electrospray ion-
ization (ESI) is widely used before DOM analysis because it is
capable of ionizing polar compounds of the complex mixtures
[4, 8]. In order to reduce the effect of ionization discrimination
and to attain a full-scale understanding of the molecular com-
position of DOM, the application of an efficient separation is
essential. Dittmar et al. [14] developed a solid-phase extrac-
tion (SPE) method to extract DOM from water by a commer-
cial SPE product, namely PPL, which has been wildly accept-
ed for the separation of DOM from various water samples
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because of its ease of application and appreciable carbon re-
covery. The method uses methanol as solvent to eclute
adsorbed DOM from the sorbent; however, some component
could be lost in the extraction process [15, 16]. Separation
selectivity of different solvents for SPE has been investigated
by some researchers [17]. However, the molecular selectivity
in the extraction is rarely investigated. In addition, high-
resolution mass spectrometry only provides molecular com-
position, and structural information is unrevealed.

Ion mobility mass spectrometry (IMS), which has been
developed to different types of instrument [18-20], is a mod-
ern analytical technique used to separate and identify ionized
molecules in the gas phase based on their mobility in a carrier
buffer gas. The mobility of an ion is related to its size, shape,
mass, and charge. IMS can be used to provide information on
the structural diversity of compounds, as well as the collision
cross section (CCS) of the ion (molecule). Coupled with high-
resolution mass spectrometry, IMS is considered as a state-of-
the-art technique for the characterization of complex mixtures,
such as petroleum [21-28] and DOM [29-33]. Although the
resolution of mobility is unsatisfactory so far for the separa-
tion of isomers, IMS-MS should be one of the most powerful
techniques for the molecular characterization of DOM.

In this paper, we characterize DOM and its fractions by
using FT-ICR MS and IMS-MS. Molecular selectivity of the
SPE with different elution solvents was investigated. The
composition of the weak-polar fraction from a standard
DOM sample was interpreted based on the MS analysis.

Experimental section
Sample preparation

Ultrapure water (H,O) was obtained from Fisher Scientific,
USA. Methanol (MeOH) and dichloromethane (DCM) of an-
alytical grade and further distilled were used during all the
experiments.

The Suwannee river natural organic matter (SRNOM)
is a well-known reference material of the International
Humic Substances Society (IHSS). The 2R10IN
SRNOM was dissolved with ultrapure water (HPLC
grade) to a concentration of 50 mg/L before separation.
The solution was adjusted to a pH value of 2 by 2 M
HCI and then extracted by a Bond Elut PPL (500 mg,
Agilent Technologies, USA) cartridge. The cartridge was
firstly cleaned and conditioned using 20 mL methanol
and 20 mL acidic water (pH =2, diluted HCI solution).
The SRNOM solution was loaded on the cartridge and
passed through under gravity. The cartridge was then
rinsed with 20 mL acidic water and dried under N,
gas flow. For the common extraction, the cartridge
was directly eluted with 10 ml MeOH to obtain the
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M1 fraction. For another process, the cartridge was
flushed by 10 ml H,O/MeOH (50:50, v/v), 10 ml
MeOH, and 10 ml MeOH/DCM (50:50, v/v) to obtain
the fractions of WM, M, and MD, respectively.

The dissolved organic carbon (DOC) of the various frac-
tions were analyzed by total organic carbon (TOC) analyzer
(TOC-V, Shimadzu, Japan). All of the samples were dried
under N, gas flow and redissolved in 20 mL ultrapure water
for determining the DOC.

ESI FT-ICR MS

Molecular characterization was carried out on a Fourier
transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) (Apex-Ultra, Bruker, Germany) equipped
with a 9.4 Tesla superconducting magnet. The diluted
SRNOM with known homologous oxygen-containing
compounds was used for mass spectra calibration. The
SRNOM and its fractions diluted to 50 mg/L were
injected directly into electrospray ion source under nega-
tive ion mode. lons accumulated in the hexapole and the
collision cell for 0.001 s and 0.5 s, respectively, trans-
ferred into the ICR cell with a flight time of 1.0 ms.
The mass spectra were acquired over 128 scans and the
mass range was set to m/z 200~800.

Mass peaks with S/N higher than 6 were exported to a
datasheet for further processing. Assignment of molecular for-
mulas of DOM was performed using custom software. The
generated formulas were validated by setting sensible chemi-
cal constraints (element counts: C <60, 0 <30, N<5, S<3;
N rule; O/C ratio <2; H/C ratio <3 and mass accuracy win-
dow (set at £ 0.5 ppm)).

IMS-MS

Ion mobility MS characterization of the SRNOM and its frac-
tions was performed by a trapped ion mobility analyzer
coupled to a maXis Impact Q-TOF mass spectrometer (tims-
TOF MS, Bruker Daltonics Inc.) [34-36]. Fifty milligrams per
liter of DOM extracts (250 pL/h) was injected directly into
electrospray ion source under negative mode. The IM separa-
tion was performed using nitrogen as a bath gas at 200 °C and
the gas flow velocity was controlled at ca. 3 L/min. And the
voltage of the capillary was 3.5 kV. The mass range was set at
m/z 200~700 and the mass spectra were acquired over 1 min.
The scan rate is 3 Hz and the 1/K0 range is set from 0.5 to 1.5.
The ion accumulation time and ramp time were 10 ms and
300 ms. The deflector transfer to capillary exit (V4ep), funnel 1
to deflection discard (Vg,,), and ramp start to accumulation
exit (Viamp) voltages were set at Vger=150 V, Vg, =300 V,
Viamp=—100 V.
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Results and discussion
Total organic carbon analysis

The extraction efficiency of the multi-step SPE for DOM
was evaluated in DOC value. Figure 1 shows the DOC
recoveries of the various fractions. The recoveries of hy-
drophilic components of WM and M are 26.4% and
31.5%, respectively. The recovery of the hydrophobic
component of MD is 5.71%. The recovery of one-step
extraction M1 is 53.46%. The recoveries of one-step and
multi-step raffinates are 11.69% and 12.68%, respectively.
The total DOC of each fraction eluted by the multi-step
extraction is up to 63.59%, which is significantly im-
proved comparing with one-step extraction. The cumula-
tive results suggest that the multi-step extraction is a bet-
ter method of preliminary treatment for SRNOM (The
data are averages of three experiments.). A total of
24.7% loss in TOC in the multi-step extraction may be

Fig. 2 Broadband-ESI FT-ICR
mass spectra of SRNOM and its
fractions (M1, WM, M, and MD)

caused by the following reasons: (1) the part of DOM
remained on the PPL column and was not completely
eluted and (2) N, gas flow was used to remove the solvent
during experiments, which would cause a certain loss. In
the multi-step extraction, DOCs of WM and M are high,
because the SRNOM contains more polar components
which are easily retained in water and methanol. It should
be noted that the recoveries in this experiment are lower
than those reported previously [37, 38]; this is mainly
caused by excessive N, gas flows to remove the organic
solvents before TOC measurement.

Regardless of the total recovery, results shown in Fig. 1
indicate that about 12% TOC is not retained by the SPE cart-
age. Total TOC of W/M and M (57.88%) in the multi-step
SPE shows a little higher than that of the methanol one-step
SPE (53.46%), this little difference in TOC could be caused
by the operation, and we do not tend to give more interpreta-
tion on it due to the poor mass balance in the experiment.
However, it is confirmed that the total yield of WM and M
of the multi-step SPE must not less than M 1. In other words,
the fraction of MD is the component that adsorbed in the
cartridge and cannot be eluted out by water and methanol.
These compounds were not being characterized in most pre-
vious studies.

Molecular composition of different SPE fractions

Figure 2 shows the negative-ion-ESI FT-ICR MS spectra of
the SRNOM and its fractions. The mass spectra of SRNOM,
M1, WM, and M exhibit normal distributions. The range of
molecular weight distribution is mainly in 250-700 Da. The
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Fig. 3 Mass scale-expanded seg-
ments (m/z 369) of negative-ion
FT-ICR mass spectra of SRNOM
and its fractions
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weakly polar fraction, MD exhibits an overall lower peaks
intensity (values are not shown) than other fractions, which
should be due to the low ionization efficiency in negative-ion
ESI. The peaks of 311, 325, and 339 appearing in M1, M, and
MD are identified as O3S compounds with a DBE value of 4
corresponding to alkylbenzene sulfonates, which are

Fig. 4 Mass scale-expanded seg-
ments (m/z 370) of negative-ion
FT-ICR mass spectra of SRNOM
and its fractions
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considered as contaminants of anthropogenic activity and
widely present in various water systems.

Figure 3 shows mass scale-expanded segments (/7 369) of
the negative-ion ESI FT-ICR mass spectra of SRNOM and its
fractions. Molecular composition of each peak was assigned
based on accurate mass value. Detected compounds in
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Fig. 5 Relative abundance of class species assigned form the mass spectra of SRNOM and its fractions

SRNOM, M1, and WM are a series of CHO compounds with
oxygen numbers from § to 12 and DBE values from 6 to 10. In
addition, a series of low-intensity peaks with lower oxygen
numbers from 5 to 9 and higher DBE values from 10 to 14 were
also detected. The relative abundance of these compounds in-
crease in M and MD fractions indicates that they are hydropho-
bic CHO compounds. The intensity of the hydrophobic com-
pounds is higher than that of the hydrophilic oxygen-containing
compounds in MD, indicating that the hydrophobic compounds
are enriched in methanol and DCM fraction (M and MD). It
should be noted that compounds with very low DBE values
such as C,;H37,05, CxHy4,04, and Cy3Hys05 which were not

Table 1 The number of molecular formulas assigned from the FT-ICR
mass spectra of SRNOM and its SPE fractions

Class species Non- One-step SPE  Multi-step SPE

SPE

SRNOM Ml WM M MD  Total*
Ox 2239 2279 1340 2240 1758 3028
N,;O0x 769 804 505 829 468 1057
N,Ox 171 62 101 0 0 101
OxS; 237 175 115 114 50 250
Total 3416 3320 2061 3183 2276 4436

*Duplicates have been removed

detected in SRNOM and M1 were also detected in MD. The
result illustrates that a multi-step elution enables the enrichment
and detection of these weak-polar component.

Figure 4 shows the expanded spectra at m/z 370, in which
nitrogen containing compounds can be observed. Nitrogen-
containing compounds exhibit a very low relative abundance,
most of them are in the polar fractions (M1 and WM).
Abundant peaks are '*C isotope ions of CHO compounds
corresponding to mass peaks of m/z 369.

Assigned compounds were classified into several class spe-
cies and their relative abundance were shown in Fig. 5.
Compound classes include N;Ox, N,Ox, Ox, and OxS;, of
which Oy compounds are dominant. Class species are N;Og_
18 N207_13, O4 21, and O7.14S; for SRNOM; N Og_;7, NoO7-
12, O350, and 07148, for M1; N;Og_;5, N2O7_13, O3_19, and
07,]281 for WM, N1067157 03,19, and 03_1081 for M, N]Oé,
12, 0315, and O3S, for MD. With the decrease of solvent
polarity, the upper limits of the oxygen number gradually de-
crease and the most abundant class species shifts to a lower
value (from 12 in WM to 8 in MD). This is consistent with the
finding in previous studies which using sequential elution SPE
[39-41]. The N,Ox compounds are enriched in the WM and
not detected in M and MD, indicating that these nitrogen-
containing compounds have strong molecular polarity.

Amount of molecule assigned from the spectra of the DOM
and its fractions are listed in Table 1. More molecules were

@ Springer
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detected for the multi-step SPE except N,Oy class species.
The total assigned molecules of the multi-step SPE is 4436,
which is much higher than that from the one-step SPE (3320).

To investigate the compositional difference in SRNOM
and its fractions, ion relative abundance plots of DBE versus
carbon number for the Oy class species, as an example, were
plotted in Fig. 6. The size of the dot in the figure is related to
the ion relative abundance. The DBE value and carbon num-
ber of SRNOM, M1, WM, and M are in a relatively narrow
range, with values of 10-25 and 414, respectively. While for

SRNOM

MD, the carbon number and the DBE value ranges both shift
to higher values (C;(-C;o with DBE = 6-18). The result indi-
cates that the structures of compounds in MD (hydrophobic)
are largely different from that in other fractions (hydrophilic).
The high DBE values imply that the hydrophobic compound
has more condensed aromatic ring structures.

The van Krevelen diagrams of various fractions are
shown in Fig. 7, which showed the distribution of
assigned molecules in hydrogen to carbon (H/C) and ox-
ygen to carbon (O/C) ratios. Compounds in SRNOM, M1,

M1
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1.000E+07
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Fig. 7 Van Krevelen diagram of SRNOM and its SPE fractions
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for SRNOM. ¢ Mass scale-expanded mass spectra of MD and SRNOM
obtained from the tims-TOF MS at m/z 369

and WM mainly located in a region of O/C =0.2-1.0 and
H/C=0.5-1.5; compounds in M are mainly located in a
region of O/C=0.2-0.8, H/C=0.5-1.7; compounds in
MD are mainly located in a region of O/C=0.2-0.8,
H/C=0.4-2.0. With the decreasing of solvent polarity,
the eluted compounds shift toward lower O/C and higher
H/C region. Polar compounds of O/C more than 0.8 are
mainly enriched in WM, which correspond to tannins and
are strongly hydrophilic compounds [42-44].
Hydrophobic compounds cluted in MD are mainly in the
region of O/C =0.2-0.4 and H/C = 0.5-1.0, corresponding
to condensed aromatics. Compounds presented in the top-
left corner of MD with high H/C and low O/C (O/C=0-
0.3, H/C=1.5-2), which generally classified into lipids,
are cannot be detected without the separation. These com-
pounds corresponding the peaks close the right end of the
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MD mass spectrum in Fig. 3. The molecules of C,3H4503,
C,,H4104, and C,1H3705 are more likely 1-3 naphthenic
ring alcohols.

lon mobility characterization of SRNOM and its
fraction

Figure 8 shows the IMS-MS results of the SRNOM and MD
fraction. We just select a narrow mass range, m/z 369, which
has been analyzed by FT-ICR MS as shown in Fig. 3 for the
illustration. TOF MS generally is incompetent in mass resolu-
tion for DOM analysis, comparing with Fig. 3; however, the
mass peaks in Fig. 8¢ of SRNOM can be considered as a
complete separation of different molecular composition.
Most peaks of MD are also with exclusive molecular
composition.

The abscissa axis of mobility spectra shown in Fig. 8b uses
a unit of 1/K,, which can be replaced by CCS (collision cross
section) value. For the convenience of discussion, we gener-
ally use CCS in the following text. As shown in Fig. 8b,
mobiligram (ion mobility chromatogram) peak of each select-
ed ion exhibits a nearly normal distribution and expands a
large CCS value range (around 0.12 units), which is about 2
times in peak width to an individual compound (around
0.06 units). This is an evidence for the speculation based on
chromatographic analysis that the DOM molecule has enor-
mous isomers.

Figure 9 shows 1/K0 as a function of m/z for mass peaks of
the SRNOM and MD fraction at m/z 369. The 1/K0 and m/z
exhibit good linear relationship with equations of y =
0.5807x —213.42 (R=0.9876) and y=0.6709x —246.77
(R=10.9909) for MD and SRNOM, respectively. Two adjacent
points in each line have difference in molecular composition
of an O vs CH,. With the increasing of degree of oxidation,
one CHy replaced with an oxygen atom, CCS value of the
compounds decrease; in other words, the molecule is more
compact.

The equations of SRNOM and MD show different inter-
cepts and slopes, which means that hydrophobic oxygenates
and hydrophilic oxygenates have different stem-nucleus struc-
tures. For Oy class species, for example, when 12 hydrogen
atoms in the molecule are replaced by one carbon atom, the
accurate molecular weight changed obviously in high-
resolution mass spectrum but the change in CCS value is
hardly observed. For isobaric molecules, the oxidation degree
has higher influence than condensation degree of hydrocarbon
skeleton of the molecule on its CCS value. As shown in
Figs. 8 and 9, hydrophobic compounds as a whole have larger
CCS value than those of hydrophilic isobaric molecules. IMS-
MS can be considered as a two-dimensional mass spectrome-
try; however, most commercial instruments are based on TOF
MS, which cannot provide enough mass resolving power to
obtain a real two-dimensional analysis for complex mixture:

@ Springer

the mobiligram of a given mass value generally containing
different molecular compositions. IMS coupled with FT-ICR
MS is capable for an IMS analysis of an exclusive molecule,
but the interpretation of CCS profile is rarely discussed be-
cause the structures of the DOM and/or petroleum molecules
are unclear. The finding of this work is instructive for the
interpretation of IMS-MS spectra as well as the understanding
of the structural composition of the natural complex mixtures.

Conclusion

The sequential solvent elution increased the extraction recov-
ery of DOM in water by SPE and enabled the characterization
of weak-polar component, which cannot be detected in the
common SPE separation. The weak-polar component account
for a 5.7% in TOC for the SRNOM, which has complex but
different molecular composition with methanol and/or water
eluted fractions. Lipid-like compounds were enriched in this
fraction. Compared with the polar molecules directly eluted
by one-step SPE from the SRNOM, the weak-polar fractions
exhibit larger molecular size. The results are helpful for the
understanding of the molecular composition of SRNOM, as
well as other environmental waters. In addition, the study
demonstrates that the combination of FT-ICR MS and IMS-
MS is potential to characterize the chemical composition of
complex mixture, like DOM to a new depth.
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