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� A novel solid-phase extraction isola-
tion of dissolved organic matter is
proposed.

� Compounds are divided into three
fractions prior to FT-ICR-MS analysis.

� Molecules identified are 50% more
than those obtained by conventional
methods.
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Characterization of dissolved organic matter (DOM) at the molecular level will greatly improve our
understanding of its bio-geochemical role in controlling the fate of contaminants in the environment,
and Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) is the most powerful
analytical technique for this purpose. Before FT-ICR-MS analysis, isolation, desalination and concentra-
tion of DOM are necessary, and solid-phase extraction (SPE) is the most widely applied pretreatment
procedure. However, some molecular information is lost using conventional SPE methods. Here, we
propose a novel strategy of SPE enrichment using stepwise elution (SPE-SE). Compounds in DOM were
divided into three fractions by this SPE-SE procedure according to their polarity and ionization efficiency.
The diversity of DOM molecules identified by ESI-FT-ICR-MS using SPE-SE exceeded those using con-
ventional SPE methods by more than 50%. This method is feasible and has the potential to be used as a
pretreatment strategy for complex DOM matrixes prior to ESI-FT-ICR-MS analysis, especially for those
rich in nitrogenous molecules, carbohydrates, lipids and/or aromatic compounds.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

DOM is ubiquitous in aquatic environments and plays a
nvironmental Sciences, Chi-
085, China.
fundamental role in the physical, chemical, and biological processes
of almost all contaminants, such as heavy metals, pesticides,
persistent organic pollutants, radioactive contaminants, nano-
particles, etc [1e5]. The constituents of DOM are extremely
complicated and thus its molecular composition is still largely
unknown, which poses a barrier to understanding the molecular
mechanism of the interaction between DOM and environmental
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contaminants [6,7]. In the past decades, various techniques
including spectroscopic, chromatographic and mass spectrometric
methods have been established to investigate the composition and
characteristics of DOM. These techniques can provide some bulk
information such as elemental composition, apparent molecular
weight, and the characteristic functional group distribution of DOM
[6,8,9]. However, characterization of DOM components at the mo-
lecular level remains a challenge due to their highly complex and
heterogeneous natures [10,11]. Recent progress in Fourier trans-
form ion cyclotron resonance mass spectrometry (FT-ICR-MS) has
made it the most promising analytical technique to approach this
challenge. Combined with the softer ionization techniques, espe-
cially electrospray ionization (ESI), FT-ICR-MS is the only analytical
technique that currently can observe a majority of individual DOM
components [12e16].

In practice, pretreatment for sample concentration and desali-
nation is typically necessary prior to FT-ICR-MS analysis [17]. Solid
phase extraction (SPE) is the most popular method used for this
purpose [18e20], and different sorbents such as classical XAD-like
resins (Amberlite XAD-8 resin, DAX, etc.), silica-based sorbents (C8,
C18, etc.), and polymer-based sorbents (styreneedivinylbenzene
copolymer, PPL) have been tested for their ability to isolate DOM
from natural waters [18,19]. Among these, PPL sorbent has become
a widely accepted medium for the isolation of DOM from natural
waters due to its ease of application, high extraction efficiency and
the highly representative character of the DOM in isolates [18,21].
In the SPE pretreatment procedures, DOM is first retained by a
sorbent, and then eluted in one step using solvents such as meth-
anol. However, recent studies have observed that a great number of
compounds in DOM such as highly oxygenated tannin-like mole-
cules [22,23], nitrogenous compounds with high hydrophilic
character [23], and fatty-acid-like molecules [24] are preferentially
lost during the single-step SPE procedure for a variety of SPE sor-
bents, such as XAD, C18 and PPL [19,22e26]. To solve this problem,
combinations of different isolation methods such as dialysis and
SPE [24], ultrafiltration and SPE [25] or SPE with a combination of
different sorbents [19,23,26] have been attempted recently in order
to obtain a more accurate molecular representation of DOM.
Nevertheless, the combination of different isolation methods is
highly laborious, time-consuming, and hard to optimize and stan-
dardize. Therefore, development of a more accessible isolation
procedure to obtain a comprehensive molecular representation of
DOM is greatly needed [17].

In the present study, we proposed a procedure for the isolation
of DOM with PPL by using stepwise elution with a gradient of
methanol/water (MeOH/H2O) ratios prior to ESI-FT-ICR-MS anal-
ysis. The results indicated that it is a simple but efficient method for
pretreatment of DOM prior to ESI-FT-ICR-MS analysis, and
comprehensive molecular characterization of DOM in natural wa-
ters was successfully achieved by using the proposed method.
2. Experimental

2.1. Source of dissolved organic matter

Klasmann peat dissolved organic matter (DOMp) was extracted
from fen peat (Klasmann, Germany) in the laboratory. Briefly, the
DOMp was obtained by end-over-end shaking of 10 g of peat in
200 mL ultrapure water for 24 h. The supernatant was obtained by
centrifugation at 5000 rpm and filtered through 0.22-mm Nylon
filters. This extraction process was repeated in triplicate. The final
extracted DOMpwasmixed and kept in the dark at 4 �C until further
analysis. Suwannee River Fulvic Acid (SRFA, 1S101F) was obtained
from the International Humic Substance Society (IHSS).
2.2. Sample preparation

DOM samples were isolated by the SPE one-step elution (SPE-
1E) and SPE stepwise elution (SPE-SE) processes. Sample entrap-
ment and desalination were performed according to Dittmar et al.
[18]. Briefly, the SPE cartridges (Varian Bond Elute PPL, 1 g/6 mL)
were rinsed with two cartridge volumes (6 mL) of pure methanol
(MS grade) and 0.01MHCl immediately before use. Fifty mL of each
DOM sample (TOC ~20 mg L�1) was acidified with pure HCl to pH 2
and passed through the SPE cartridges by gravity at a flow rate of
about 2 mL/min. Then, the cartridges were rinsed with two car-
tridge volumes of 0.01 M HCl for the complete removal of salts, and
then dried under a stream of N2. DOM entrapped by the cartridges
was then collected by one-step elution and stepwise elution,
respectively. One-step elution, equivalent to the method conven-
tionally used [18,27], was performed by elutingwith three cartridge
volumes (18 mL) of pure methanol (MS grade) at a flow rate of
5 mL/min. Stepwise elution was performed by eluting with 12 mL
(two cartridge volumes) of 20:80 MeOH:H2O (v/v, 20% methanol),
12 mL 50:50 MeOH:H2O (50% methanol) and 12 mL 100:0
MeOH:H2O (100% methanol) at a flow rate of 5 mL/min, sequen-
tially. The eluted DOM samples were then lyophilized and stored in
the dark at �20 �C. These dried samples were re-dissolved in 50:50
MeOH:H2O for the ESI-FT-ICR-MS analysis. Sample treatment was
conducted in triplicate.

2.3. Negative ionization ESI-FT-ICR-MS analysis

Ultrahigh resolution mass spectra were acquired using a Bruker
SolariX FT-ICR-MS equipped with a 15.0 T superconducting magnet
and an ESI ion source as described in our previous study [27].
Samples for FT-ICR-MS analysis were continuously fed into the ESI
unit by syringe infusion at a flow rate of 120 mL h�1, and each
sample was injected twice. The ESI needle voltage was set
to �3.8 kV. All the samples were analyzed in negative ionization
mode with broadband detection. Ions were accumulated in a
hexapole ion trap for 0.1 s before being introduced into the ICR cell.
4M words of data were recorded per broadband mass scan. The
lower mass limit was set tom/z ¼ 200 Da and the upper mass limit
to m/z ¼ 1000 Da, respectively. One hundred mass spectra were
averaged per sample. The spectra were first externally calibrated
using a linear calibration based on sodium formate (10 mM) in 50%
isopropyl alcohol, and then internally calibrated using about 50
molecular formulaswith widemass range in themass list of normal
organic matter reference materials. The mass measurement accu-
racy for singly charged ions across the m/z range of 200e700 Da
was better than ±0.5 ppm. Peaks with a signal-to-noise ratio (S/
N) � 6 were used to identify C5e50H10e100O0e40 N0-2 molecular
formulas using Bruker Data Analysis software based on the
requirement that the mass error for a given chemical formula be-
tweenmeasured mass and calculatedmass was�0.5 ppm, and that
the formulas must be a part of a homologous series. Elements P and
S were excluded because of their low detection levels in all the
DOM samples. The elemental ratios of H/C < 2.2 and O/C < 1.2 were
used as further restrictions for formula calculation. The final
identified molecular formulas were obtained based on those pre-
sent in both of the replicates. The nominal oxidation state of carbon
(NOSC) per molecule was estimated from equation (1) assuming
that all other elements are in their initial oxidation states (H ¼ þ1,
O ¼ �2, N ¼ �3 and S ¼ �2) [28].

NOSC ¼ 4� ½ð4cþ h� 3n� 2o� 2sÞ=c� (1)

where c, h, n, o, and s refer to the stoichiometric numbers of carbon,
hydrogen, nitrogen, oxygen, and sulfur atoms per formula,
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respectively. Here, s equals 0 since S was excluded in the identified
molecular formulas.

3. Results

3.1. Molecular characterization of CcHhOo compounds in DOM by
ESI-FT-ICR-MS

Fig. 1A displays the negative-ion ESI-FT-ICR-MS spectra of DOMp
isolated by SPE-1E and SPE-SE (F1, F2, and F3 refer to DOM fractions
isolated by 20%, 50%, and 100% MeOH, respectively). The molecular
weight distributions of DOM varied from 200 to 700 Da, and the
most abundant intensities were distributed in the range of
300e500 Da. Expanded regions of individual nominal mass (Fig. 1B
and C) showed that the intensities of the peaks at low mass defect
Fig. 1. Negative-ion ESI-FT-ICR-MS spectra (A) of DOMp isolated by SPE-1E and SPE-SE (F1, F2
mass-expanded regions of the m/z range 574.95e575. 35, and D is the enlarged region of t
number of O is labeled in red, and underlined numbers indicate the molecular formulas ab
reader is referred to the web version of this article.)
decreased from F1 to F3, while the intensities of the peaks at high
mass defect increased from F1 to F3. The low-mass-defect species
were indicative of the compounds with high oxygen content and/or
low hydrogen content [29]. Fig. 1B shows the scale-expanded views
of the mass spectra at an odd mass of m/z 371. There were 10
CcHhOo molecular formulas identified in the SPE-1E spectra at a
nominal mass of 371, and 7, 10, 12 CcHhOo molecular formulas
identified in SPE-SE (F1, F2 and F3) spectra (Table S1), respectively.
All the molecular formulas identified in F1 and F2 were observed in
SPE-1E; however, four molecular formulas with low O content in F3
were not evident in SPE-1E (molecular formulas are presented in
Fig. 1B and Table S1). Fig. 1C shows the scale-expanded views of
mass spectra at an odd mass of m/z 575. Eleven CcHhOo molecular
formulas were identified in the SPE-1E spectra at a nominal mass of
575, and 8, 7 and 12 CcHhOo molecular formulas were identified in
, F3); B shows the mass-expanded regions of the m/z range 370.95e371. 30; C shows the
he pane outlined in C. Numbers at the peak tops denote the numbers of C, H, O. The
sent in SPE-1E. (For interpretation of the references to colour in this figure legend, the
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SPE-SE of F1, F2 and F3 spectra, respectively. In summary, eight
molecular formulas were not observed in SPE-1E (underlined
labeled molecular formulas presented in Fig. 1C and Table S1),
among which the molecular formulas with the highest O content
(18e19 O) were only observed in F1, and 4 molecular formulas with
lower O content (9e14 O) were only observed in F3. In particular, it
can be seen from the enlarged region ofm/z 575.04e575.10 (Fig.1D)
that an excellent m/z separation of F1 from F3, such as C21H19O19
(575.052602) from C28H15O14 (575.046729) and C22H23O18
(575.088988) from C29H19O13 (575.083114), was obtained, although
there was only a slight mass difference (0.005874 Da) between
thesemolecular formulas. However, overlap was observed between
some of the adjacent peaks in the SPE-1E spectra.

In summary, there were 1486, 1456 and 2126 CcHhOo molecular
formulas identified in F1, F2 and F3 of DOMp isolated by SPE-SE
respectively, and a total of 3191 CcHhOo molecular formulas (S/
N � 6) were uniquely identified, which was much larger than the
2061 CcHhOo molecular formulas (S/N � 6) obtained by SPE-1E (as
shown in Table 1). Comparing the CcHhOo molecular formulas ob-
tained, there were 1978 molecular formulas observed in both SPE-
1E and SPE-SE, and 1213 molecular formulas observed only in SPE-
SE. However, only 83 molecular formulas not found in SPE-SE were
observed in SPE-1E (Fig. S1, less than 4% of the total identified
molecular formulas in 1E) withweak peak intensity (S/N＜ 32). The
total number of molecular formulas observed in SPE-SE exceeded
the ones observed in SPE-1E by 55%. Fig. 2 shows the van Krevelen
diagrams for the total CcHhOo formulas observed in DOMp isolated
by SPE-1E and SPE-SE and the formulas only observed in F1-3,
respectively. In comparison, higher O/C compounds were abundant
in F1; medial O/C and H/C compounds were abundant in F2, and low
O/C compounds were abundant in F3. Molecular formulas obtained
only in SPE-SE mainly distributed at the margin of the van Krevelen
diagrams, especially in the left (low O/C) and right (high O/C)
regions.

To test the reliability of the SPE-SE, standard SRFA obtained from
IHSS was further analyzed by negative-ion ESI-FT-ICR-MS using the
same pretreatment methods. There were 1704 CcHhOo compounds
(S/N � 6) identified using the SPE-1E method, while there were
2536 CcHhOo compounds (S/N � 6) identified using the SPE-SE
method, among which 873 CcHhOo compounds were identified
only in SPE-SE, exceeding the total number of CcHhOo compounds
in SPE-1E by 49%. SRFA had fewer CcHhOo compounds identified
than DOM extracted from Klasmann peat, especially in the regions
of high H/C or high O/C, such as saturated aliphatic, carbohydrate
and tannic-like compounds, likely due to the complicated extrac-
tion process of SRFA [21]. However, the characters of molecules in
different eluted fractions were similar to those of DOMp (shown in
Fig. S2), with compounds with low O/C being dominant in F1 and
compounds with high O/C dominant in F3. In addition, the
Table 1
Numbers of CcHhOo and CcHhOoN1-2 molecular formulas observed in DOMp and SRFA
isolated by SPE-1E and SPE-SE.a

SPE-SE SPE-1E F1-3 1E only

F1 F2 F3 F1-3 only

DOMpb 1486 1456 2126 3191 2061 1213 83
DOMpc 494 491 296 947 620 463 136
SRFAb 1272 1704 1818 2536 1704 873 41
SRFAc 289 232 242 545 303 283 42

a Data were collected from one representative spectrum of ESI-FT-ICR-MS anal-
ysis due to the fact that the errors for the number of identified molecular formulas
(S/N � 6) of replicate samples were 2%e5%.

b Represents CcHhOo molecular formulas.
c Represents CcHhOoN1-2 molecular formulas.
abundances of the NOSC per CcHhOo formula in different DOM
fractions by SPE-1E and SPE-SE (F1, F2 and F3) are shown in Fig. 3A
and C. Similar distributions of NOSC for compounds in DOMp and
SRFA were observed. By using SPE-SE, all compounds in DOM were
divided into three groups with different NOSC distributions. Frac-
tion F1 was dominated by compounds with negative NOSC, while
Fraction F3 was dominated by compounds with positive NOSC.

3.2. Molecular characterization of CcHhOoN1-2 compounds in DOM
by ESI-FT-ICR-MS

Due to the low content of nitrogen in DOMp and SRFA (below
1.5%), only one or two nitrogen atoms per molecules werematched.
As a result, the peak intensities and the number of CcHhOoN1-2
compounds were much lower than the corresponding values for
CcHhOo compounds. Fig. 4 and Fig. S3 display the van Krevelen
diagrams for all the CcHhOoN1-2 formulas observed in DOMp and
SRFA isolated by SPE-1E and SPE-SE and the formulas observed only
in F1-3, respectively. In total, 620 and 303 CcHhOoN1-2 compounds
(S/N � 6) were identified in DOMp and SRFA using the SPE-1E
method; while there were 947 and 545 CcHhOoN1-2 compounds
(S/N � 6) identified in DOMp and SRFA using the SPE-SE method,
respectively. Compounds identified only in SPE-SE were 463 and
283 in DOMp and SRFA, exceeding the total CcHhOoN1-2 compounds
in SPE-1E by 53% and 80% (Table 1). Fig. 5 shows the mass-
expanded regions of the m/z range 473.0e474.25 for DOMp iso-
lated by SPE-1E and SPE-SE. Only three CcHhOoN1-2 molecular for-
mulas were identified in the SPE-1E spectra, whereas 8, 4 and 3
CcHhOoN1-2 molecular formulas were identified in SPE-SE (F1, F2
and F3) spectra, respectively. Five molecular formulas in F1 and 3
molecular formulas in F3 were not observed in SPE-1E (underlined
labeled molecular formulas presented in Fig. 5 and Table S2). As a
whole, the distribution of fractions isolated by SPE-SE was similar
to those of CcHhOo (as shown in Fig. 4 and Fig. S3), compounds with
low O/C being dominant in F1 and compounds with high O/C
dominant in F3. Furthermore, the abundances of NOSC per
CcHhOoN1-2 formula clearly indicated that, similar to the CcHhOo
compounds, CcHhOoN1-2 compounds in both DOMp and SRFA were
also divided into three fractions (F1, F2, and F3) by using SPE-SE
(Fig. 3C and D).

4. Discussion

DOM has been considered to be a supramolecular association
composed of thousands of small-molecule components, which are
self-assembled by hydrophobic interactions and hydrogen bonds
[30]. These small compounds display various physical and chemical
properties. FT-ICR-MS is becoming a powerful tool to analyze the
molecules of DOM due to its high mass resolution and because pre-
separation is not required [31,32]. For ESI-FT-ICR-MS analysis, the
ionization efficiency of a compound is a very important factor
influencing the detection efficiency [17,33]. The compounds in
DOM are distributed over a wide range of ionization efficiency.
Ionization of the low-efficiency compounds will be suppressed
with the increase of the high-efficiency compounds [33,34],
limiting the detection of compounds with low ionization efficiency
at low concentration [24,34]. Conventionally, one-step elution uses
an organic solvent such as methanol to elute all the DOM compo-
nents into one sample [18,19]. The present study provided a simple
method using stepwise elution byMeOH/H2Owith various ratios to
divide the compounds in DOM into three fractions with different
NOSC, a parameter representing the polarity of compounds in DOM
since it is directly related to the H/C and O/C ratios of a compound
[28]. In general, the ionization efficiency of a compound is posi-
tively correlated to its polarity. Therefore, the ionization efficiency



Fig. 2. van Krevelen diagrams for CcHhOo formulas observed in DOMp isolated by SPE-1E and SPE-SE (F1, F2, F3), and the total formulas obtained from stepwise elution (F1-3). Color
bars represent the S/N of peaks. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of the compounds in DOM divided by stepwise elution can be
divided into high (F1), medium (F2) and low (F3) fractions according
to their polarity, respectively. The difference in ionization efficiency
between compounds in the same isolated fractions also decreased
compared to the bulk DOM. This is especially favorable for detec-
tion of compounds with low polarity such as the compounds in F3,
so that more compounds with low O/C were detected in F3,
whereas they were absent in SPE-1E, and F1 and F2 as well. Another
plausible mechanism for the high signals of the compounds with
lowO/C is the special enrichment of these compounds in F3 factions
by SPE-SE.
On the other hand, the number of identified compounds with
high O/C, especially the carbohydrates, tannin-like CcHhOo com-
pounds and nitrogenous molecules, increased compared with SPE-
1E because they were mainly eluted by the high water content
eluting agent (80%, F1 in stepwise elution) due to their high hy-
drophilicity. In general, these very hydrophilic compounds are
likely to be lost by nonionic-sorbent-based SPE cartridges such as
PPL-, C18-, and Amberlite XAD-8 resin [19,22,26]. The weak anion-
exchange resin diethylaminoethyl (DEAE)-cellulose could extract
highly oxygenated compounds in natural water [19,26], but the
contents of aliphatic and aromatic compounds were reduced. In



Fig. 4. van Krevelen diagrams for CcHhOoN1-2 formulas observed in DOMp isolated by SPE-1E and SPE-SE, and the total formulas obtained from stepwise elution (F1-3). Color bars
represent the S/N of peaks. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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particular, nitrogenous molecules in DOM are hard to isolate from
aqueous samples on hydrophobic stationary phases due to their
hydrophilic and zwitterionic characters [23]. Here, by using the
SPE-SE procedure, the number of identified nitrogenous molecules
(S/N � 6) detected by ESI-FT-ICR-MS was highly improved
compared with the SPE-1E method (total CcHhOoN1-2 compounds
in DOMp and SRFA increased by 53% and 80%) even though the N
contents of these two DOM were low. The most abundant
CcHhOoN1-2 compounds are present in the F1 fractions due to their
high hydrophilicity, which is opposite to the CcHhOo compounds.
Therefore, the present method may have great potential for use in
the characterization of nitrogenous molecules in DOM as well, and
further investigations are necessary to provide more evidence by
using more kinds of DOM from different sources.
5. Conclusions

The present study proposed a simple and efficient strategy for
the isolation of DOM by a solid-phase extraction-stepwise elution
(SPE-SE) procedure. Using this method, compounds in DOM are
divided into three fractions according to their polarity and ioniza-
tion efficiency. As a result, more low O-containing compounds such
as condensed polycyclic aromatics, oxidized black carbon and lipid
can be detected by ESI-FT-ICR-MS. Meanwhile, the numbers of
identified O-rich compounds with high hydrophilicity, such as
carbohydrates and tannic-like compounds, were increased. In
particular, it is also an effective approach to fractionation of the
highly nitrogenous molecules in DOM. Although it is time-
consuming to some extent, the numbers of identified CHO and
CHON molecules were much improved (over 50%) by using the
proposed novel SPE-SE method compared with the conventional
SPE method. Therefore, it is a promising strategy for the isolation
and concentration of DOM from complex matrixes prior to ESI-FT-
ICR-MS analysis, especially for those rich in nitrogenous molecules,
carbohydrates, lipids and/or aromatic compounds.
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