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Abstract

We propose and demonstrate an approach involving use of C18 solid phase disk extraction coupled with high

resolution mass spectrometry for obtaining non-invasive molecular level information on dissolved organic matter
(DOM) from river water. With this approach, DOM extraction from acidified natural water can be achieved
rapidly with a simple filtration setup at a remote field site. From total organic carbon and UV-Vis absorbance

measurements, we show that a large portion (over 60%) of the original DOM in water is recovered without the
interference of salts. NMR analysis indicates that the C18-isolated material has a similar distribution of functional
groups as the original DOM but 2-D NMR details are greatly enhanced. Electrospray ionization mass spectrometry
and high resolution mass spectrometry were employed to study DOM at molecular level. Highly resolved mass spectra

of DOM (resolving power �m=m50%ð Þ > 80,000 at m/z <600) reveal that there are many pairs of peaks that differ by
the exact masses of –H2, –O, or –CH2 indicative of possible homologous series of structures.
# 2003 Elsevier Ltd. All rights reserved.
1. Introduction

Dissolved organic matter (DOM) in rivers and oceans
is comprised of a complex mixture of compounds
including degradation products from plants and ani-

mals. Understanding the chemistry and origin of DOM,
specifically riverine DOM, is important because it is a
major source of carbon flow to the oceans and plays an

important role in the global cycle of carbon. However,
there is currently little molecular level information
available for this material (Hedges et al., 2000). This is

attributed mainly to analytical difficulties arising from
DOM’s complexity, high polarity, low concentration in
natural water (ppm or ppb level) and lack of well-suited

non-invasive analytical methods. 13C NMR (Wilson,
1987; van Heemst et al., 2000) and gas-chromato-
graphy/mass spectrometry (GC/MS) (Bruchet et al.,

1990; Saiz-Jimenez, 1994; Schulten, 1999) connected to
pyrolysis, CuO (Ertel et al., 1984; Hautala et al., 1998;
Opsahl and Benner, 1995) degradation or tetra-

methylammonium hydroxide (TMAH) (del Rio et al.,
1998; Saiz-Jimenez et al., 1993) chemolysis have been
used extensively to characterize riverine DOM chemi-
cally. 13C 1D NMR is very effective in obtaining an

average functional group distribution of the mixture but
provides little information about the individual con-
stituents. Pyrolysis and chemolytic approaches (CuO
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and TMAH) are invasive techniques that are also selec-
tive in that only volatile products can be observed (Saiz-
Jimenez, 1994). Considering the inherent polar nature of
DOM molecules (a characteristic that strongly con-

tributes to its solubility in water) and the fact that ther-
molytic or chemolytic methods can be destructive for
most of the DOM, it is possible that only a small por-

tion of the DOM may be analyzed by GC-based meth-
ods. Therefore, it is very important to develop a
procedure that enables us directly to characterize the

individual component molecules of DOM in a relatively
non-invasive manner.
Electrospray ionization (ESI) is a soft ionization

technique that has been recently used to analyze trace
amounts of biomolecules (Mann et al., 2001). ESI-MS is
becoming an important technique for identification and
characterization of natural organic mixtures such as

humic substances (Brown and Rice, 2000; Fievre et al.,
1997; Hatcher et al., 2001; Kujawinski et al., 2002a,b;
Leenheer et al., 2001; Plancque et al., 2001; Solouki et

al., 1999; Stenson et al., 2002). Since riverine DOM is
composed of polar natural organic mixtures including
humic substances (Thurman, 1985), it is reasonable to

assume that ESI-MS can be an important analytical
method for obtaining molecular level information on
DOM. McIntyre et al. (1997) studied organic material

from ground water and showed that ESI-MS could be
used to study the material.
Because relatively small amounts of organic material

exist in natural water, sample pre-treatment is necessary

to concentrate the organic material, before ESI-MS
analysis can be performed. Traditionally, XAD resin
extraction (Leenheer, 1981; Thurman and Malcolm,

1981), freeze-drying and ultrafiltration (Burba et al.,
1995) have been used to isolate and concentrate DOM
from water. XAD extraction requires an extensive

and time-consuming procedure to clean the resin
before adsorption. Freeze-drying is another excellent
method to collect the non-volatile portion of DOM.
However, it often requires a significant amount of

time and the dried solids contain significant quantities
of nonvolatile salts. Since salts are known to interfere
in the electrospray ionization process (King et al.,

2000), extensive desalting may be necessary prior to
ESI-MS analysis.
Ultrafiltration is also widely used to fractionate DOM

according to nominal molecular weight. A variety of
membranes are used for this purpose, the lowest molec-
ular weight cutoff membrane being usually 1000 Dal-

tons (Da). Since a significant portion of DOM may be
composed of small molecules (less than 1000 Da), it is
very likely that the ultrafiltration retentate may not
represent the true molecular weight distribution or

composition of DOM. The low recovery of total organic
matter in most studies employing ultrafiltration may be
attributed to this loss of low molecular weight material.
In seawater, for example, only a maximum of 35% of
the total DOM is recovered (Aluwihare et al., 1997;
Benner et al., 1992). The whole process of isolation and
concentration requires a substantial amount of time, as

does XAD resin extraction.
C18 solid phase extraction (SPE) has been used to

concentrate and desalt trace organic molecules

including herbicides (Ferrer et al., 1999; Viana et al.,
1996), metal–organic complexes (Mills et al., 1982),
biodegradation products (Bielicka and Voelkel, 2001),

dissolved lignin (Louchouarn et al., 2000) and DOM
(Amador et al., 1990; Roubeuf et al., 2000) from
water. For DOM, C18 solid phase extraction is

reported to be more efficient than XAD-2 extraction
by 24–84% (Amador et al., 1990). C18 SPE and mass
spectrometry has been used to study carboxylic acids
(Frauendorf and Herzschuh, 1998), biological samples

(Malmstrom et al., 2002; Yang et al., 2002) and effect
of UV radiation on treated water (Magnuson et al.,
2002). C18 SPE is available as a disk or a cartridge. A

sample can be isolated and concentrated in a con-
siderably shorter amount of time with a disk because
higher flow rates can be used (Liska, 2000). Since

extraction rate is relatively independent of flow rate
(Liska, 2000), the experimental setup for disk SPE is
more flexible than for cartridge SPE. For example, a

simple filtration setup with an aspirator as a vacuum
source can be used to extract a sample. Because of this
flexibility and simple setup, disk SPE can be easily
adapted to field studies.

We propose that the C18 disk SPE may be a very effi-
cient extraction method for DOM, producing samples
that are well suited for direct molecular level high reso-

lution ESI-MS analysis of DOM. In this study, we
report the demonstration of this combined approach for
rapid processing by SPE disk extraction and molecular

level characterization of DOM from natural water sam-
ples using high resolution ESI-MS, primarily to
demonstrate that this approach can be used as an effec-
tive characterization protocol. In addition, we show that

the isolated salt-free DOM provides superior data from
2-D NMR spectroscopy.
2. Experimental section

2.1. Chemicals and materials

Nano-pure water was prepared from a water pur-

ification unit (UHQ, ELGA, Lowell, MA). HPLC grade
methanol was obtained from Fisher Scientific (Itasca,
IL). The standard 47 mm filter apparatus consisted of a
stainless steel mesh support on a Teflon1 base. Solid

phase C18 extraction disks (47 mm) were purchased
from 3M Empore (St. Paul, MN). Before extraction,
disks were conditioned according to the manufacturer’s
1326 S. Kim et al. / Organic Geochemistry 34 (2003) 1325–1335



recommendations that involved soaking with 10 ml of
MeOH. An aspirator or vacuum pump (Laboport,
Trenton, NJ) was used to draw the water samples
through the extraction disk.

2.2. Sample preparation

All the water samples were filtered through 0.3 mm
nominal pore size glass filters (Whatman, Clifton, NJ)
prior to extraction. The pH values of the samples

were adjusted to between 2 and 2.5 with tetra-
fluoroacetic acid (Applied Bio-Systems, Foster City,
CA) or hydrochloric acid (ACS grade, Fisher Scien-

tific) prior to extraction. DOM was extracted from
water samples collected from two streams. One
stream is a black-water stream located in the Pine-
lands of New Jersey (McDonalds Branch, DOC con-

tent averages 15–18 mg/l) and the other is a rainfall-fed
mountain stream located in the Guanacaste Conserva-
tion Area in Costa Rica (Rio Tempisquito, DOC con-

tent averages 0.5–1 mg/l) (Newbold et al., 1995). The
samples from New Jersey were frozen at the Stroud
Water Research Center (Avondale, PA), and trans-

ported to The Ohio State University (Columbus, OH)
and then thawed before DOM isolation. Aliquots of
300–500 ml of the water were sequentially loaded onto

the SPE disk to prevent breakthrough due to the rela-
tively high concentration of dissolved organic carbon.
In the case of samples from Costa Rica, up to 7 l of
stream water was passed through the SPE disk on site

because of the relatively low concentration of DOC. The
retentate was eluted twice with 10 ml of 90:10
MeOH:H2O solution and stored in the refrigerator to

reduce evaporation of solvent.

2.3. Instrumentation

To evaluate extraction efficiencies of the C18 disk,
absorbance spectra were obtained using a total organic
carbon analyzer (TC 5000, Shimadzu, Columbia, MD)

and spectrophotometer (UV-2501 PC, Shimadzu,
Columbia, MD). The raw water sample from McDon-
alds Branch, eluent (the water sample passed through

the C18 disk) and retentate were compared. The reten-
tate was eluted and diluted with nano pure water before
spectrophotmetric analysis.

Solution-phase NMR spectra of McDonalds Branch
samples were acquired using a Bruker Avance 400 MHz
NMR fitted with a QNP 1H, 13C, 15N, 31P probe. To

obtain enough (�30 mg) DOM for NMR analysis,
extraction of DOM was repeated at least five times. The
extracted samples were dissolved in D2O (0.75 ml)/
NaOD (10 ml). 1-D Proton NMR spectra (32 scans)

were obtained with 2 s recycle delay and processed with
1 Hz line broadening. Total Correlation Spectroscopy
(TOCSY) spectra (128 scans, 512 time domain data
points in F1, 1024 time domain data points in F2) were
acquired using 80 ms mixing time, with Time-Propor-
tional Phase Incrementation (TPPI). Processing was
carried out using a sine-squared function with phase

shift of 90� in both dimensions.
ESI quadrupole time of flight MS (Q-TOF, Micro-

mass) was used to analyze the C18-isolated DOM. In a

positive ionization mode, experimental parameters were
optimized with a capillary voltage of 3 kV, source tem-
perature of 90 �C and cone voltage of 50 V. In a nega-

tive mode, the capillary voltage was set to �3.2 kV with
same source temperature. Each sample was injected by
syringe pump with a flow rate of 10–20 ml/min. Data
were collected for about 5 min per sample.
All ESI FT-ICR MS experiments were conducted

on a Apex II 7e (Bruker, Billerica, MA) 7 T system.
Sample was injected continuously with a flow rate of

11 ml/h. The time domain signal was averaged at
least for 5 h (1500 scans) to obtain high resolution
MS spectra. Detailed information about the instru-

ment and optimized conditions for FT-ICR MS
experiments have been reported previously (Kujawinski
et al., 2002a,b). The instrument was externally cali-

brated with polyethylene glycol solution of 600 Da
average molecular weight purchased from Sigma. Mass
accuracies within 20 ppm were achieved by external

calibration.
Elemental analysis on solid samples was performed

by a NA 1500 C/N analyzer (Carlo-Erba, Millano,
Italy). C18 isolated DOM samples were subjected to

freeze-drying before elemental analysis.
3. Results and discussion

3.1. Extraction of DOM by C18 SPE disk on site

Transportation of water samples from a field site to
the laboratory can be problematic. Besides the difficulty
in transporting large amounts of water to the laboratory

for analysis, sample treatment such as freezing before
shipment can precipitate some material that can alter
the composition of DOM. Therefore it is beneficial if

samples can be extracted at the field site. Most proce-
dures currently used to isolate DOM either require long
extraction times or an instrument that is not easily

transported (Leenheer, 1981; Thurman and Malcolm,
1981; Burba et al., 1995). Due to its simple setup, the
SPE disk and filtration hardware were easily trans-

ported to a remote field station, in this case to Costa
Rica. The final preserved samples (20 ml in
MeOH:H2O for each extraction) were easily trans-
ported to the laboratory. The sample from McDonald’s

Branch was not extracted in the field due to the fact
that such an approach was not implemented at the time
of collection.
S. Kim et al. / Organic Geochemistry 34 (2003) 1325–1335 1327



3.2. Characterization of C18 SPE disk

To evaluate the C18 SPE disk as a tool for extraction
of DOM from acidified natural water samples, total

organic carbon (TOC) concentrations, UV-Visible
absorbance measurements and 1H-NMR were
employed. Extraction efficiency for different techniques

is usually measured by comparing total organic carbon
(TOC) concentrations of DOM samples (Mills and
Quinn, 1981; Roubeuf et al., 2000) before and after

extraction. However TOC analysis was difficult in this
study due to MeOH remaining within the C18 disk after
activation. From a blank experiment, TOC contributed

by MeOH (background TOC value) was 21 mg/l for the
first rinse using 500 ml of the nano-pure water. Since the
background TOC value is higher than the TOC value of
the original water sample (15 mg/l), TOC measurements

could not be conducted with any degree of accuracy,
especially if we employed the extraction procedure that
was recommended by the manufacturer (soaking the C18

disk in methanol right before extraction). Thus, for
TOC measurements, we chose to flush as much MeOH
as possible from the disk and at least 6 l of nano-pure

water was used for this purpose prior to extraction.
After this, 500 ml of acidified McDonalds Branch water
was loaded onto the disk. The eluents were collected and

TOC was measured (6 mg/l). The values were compared
with the TOC values of the raw water to obtain the
extraction efficiency of 60%. It should be noted that
60% might not fully represent the extraction efficiency

of the C18 disk. This is because MeOH, the activating
agent, was washed out before the extraction and
measurement of TOC. Therefore 60% should be con-

sidered a lower end of the extraction efficiency.
Because of this limitation, absorbance measurements

are probably a better approach to evaluate extraction

efficiency. Absorbance spectra from McDonalds Branch
raw water and eluent were compared to evaluate the
extraction efficiency of chromophoric substances
(Fig. 1a). To calculate extraction efficiency of the disk,

the absorbance values for each trace were integrated
from 250 to 400 nm and the values were compared.
Overall, 70% of chromophoric material was retained on

the disk after sample acidification. During sample load-
ing, the retained organic material changed the color of
the disk from white to brown. The color of the disk

reverted to white after elution with 90:10 MeOH:H2O.
The recovery of the extracted material into the eluent
solvent (90:10 MeOH:H2O) was calculated from absor-

bance spectra (Fig. 1b). To calculate the recovery effi-
ciency, the integrated absorbance values from 250 to
400 nm of the diluted and volume reconstituted reten-
tate were compared to the integrated absorbance differ-

ences of the same range from Fig. 1a. The absorbance
difference in Fig. 1a represents the amount of chromo-
phoric molecules extracted by the C18 disk SPE. About
90% of the colored material was recovered from the
disk into eluent solvent.

Changes in functional group distribution after C18

extraction were investigated by 1H NMR analysis. For
the McDonalds Branch sample, both raw water and C18

extracts were subjected to freeze-drying. Recovered

materials were redissolved into D2O for NMR analysis.
In general, the spectra display similar characteristics
with the exception of a broad lump centered around 2

ppm which is more prominent in the untreated sample
(Fig. 2). This band is likely to result from either short
chain acids such acetic acid or inorganic hydroxide spe-

cies. Both are known to be abundant in natural waters,
will be retained during freeze-drying, and neither will be
retained strongly by the C18 disk. The spectra show

broad profiles with contributions from aromatic/amide,
oxygen containing functionalities (such as sugars,
methoxy, aliphatic lignin linkages, peptides, esters and
ethers), and aliphatic units (Simpson, 2001; Simpson et

al., 2001a). From this, it appears that the C18 SPE disk
extracted samples retain large portion of the functional
group distribution of organic material in raw water.
Fig. 1. Extraction and recovery of C18 SPE disk by absorbance

experiments; each line represents absorbance values (1) from

raw water, (2) from eluent (raw water after extraction), (3) of

the difference between (1) and (2), and (4) from the diluted C18

SPE disk extracted sample reconstituted to an original volume.
1328 S. Kim et al. / Organic Geochemistry 34 (2003) 1325–1335



Several sharp peaks are observed in the spectrum of
the sample prepared by C18 disk in Fig. 2. Those peaks
are not from C18 material. Methylene protons in long

chains, as is present in the C18 resin, will resonate as a
fine and sharp resonance at 1.29 ppm. Even a small
quantity of C18 would be sufficient to completely swamp
the extremely weak signals from the DOM. Thus, the

NMR data indicate that there is no detectable con-
tamination of the DOM by the C18 material. The
appearance of sharp peaks in the treated DOM is likely

attributable to the removal of metals from the DOM by
the SPE. In the original DOM, metal species that are
commonly associated with the DOM can induce rapid

relaxation and are thought to lead to aggregation of
DOM (Simpson et al., 2001a). Simple molecules such as
methanol, formic acid, acetic acid and sugar species will

be less likely to be bound or associated with DOM
through metal bridging. Even small quantities of these
small molecules free in solution will produce sharp sig-
nals that will be superimposed on the broader back-

ground characteristic of the DOM. Furthermore, before
C18 isolation, the high concentrations of paramagnetic
metal species can interfere with spectrometer shimming
(homogenization of the magnetic field, carried out during
experiment set up) and this tends to broaden the lines.
Sharp signals will only appear in a highly homogeneous
field which cannot be achieved in freeze-dried DOM due

to the paramagnetic metal contents. Thus, appearance of
sharp signals from small molecules within the DOM mix-
ture is expected after a clean up procedure.

3.3. 2-D NMR analysis of DOM

Both the raw water and the C18 extract were further
analyzed by 2-D NMR spectroscopy. Fig. 3 compares
the TOCSY spectra of the materials. The TOCSY spec-

trum of the material obtained by freeze-drying of raw
water contains few if any cross peaks and provides little
structural information (Fig. 3a). The lack of cross peaks
results from an abundance of paramagnetic species that

cause the organic protons to relax during the mixing
time of the 2-D experiment. However, the freeze-dried
sample of the C18 isolated DOM exhibits longer relaxa-

tion times and thus results in higher signal-to-noise
ratios and improved spectral definition. The improved
2-D NMR spectrum is presumably due to the con-

siderably reduced salt content in the C18 isolated mate-
rial. Numerous cross peaks can be identified and general
assignments are given in Fig. 3b. The detailed inter-

pretation of the components present is beyond the scope
of this paper, and has been already discussed for similar
samples (Simpson et al., 2001a,b).

3.4. High resolution mass spectrometry of DOM

High ionic strengths can adversely affect the electro-

spray ionization process (King et al., 2000) and thus
decrease sensitivity and resolution of MS analysis. In a
previous study (Brown and Rice, 2000), it was observed

that the peaks from fulvic acid were reduced and dis-
appeared in high ionic strength solutions (> 0.001 M).
Therefore it is desirable to remove excess salt from the
sample prior to ESI-MS analysis. The retentate from

C18 SPE yielded high resolution mass spectra without
further purification. Spectra of McDonalds DOM sam-
ples extracted by SPE and analyzed by Q-TOF MS are

presented in Fig. 4. Both negative and positive modes of
ESI-MS were attempted for McDonalds Branch DOM
sample and almost identical spectra were obtained

(Fig. 4a, b). Since improved ionization current was
obtained in the positive mode without adding additional
acid or base in our study, positive ion mode was used in

this study. The sample from Costa Rica was also ana-
lyzed by Q-TOF MS and the spectrum is displayed in
Fig. 4c. The two spectra (Fig. 4a, c) show different dis-
tributions of mass to charge ratio; nonetheless they

clearly demonstrate that the extraction can be success-
fully performed at a remote field site as well as in the
laboratory. In the spectra, most peaks are located below
Fig. 2. Proton spectra of the DOM isolated by evaporation

(top) and after isolation with C18 SPE disk (bottom). The

major structural categories are labeled (top) as protons in aro-

matic and amides (A), sugars, amino acids, methoxy, aliphatic

hydroxy (B) and aliphatic, amine protons (C).
S. Kim et al. / Organic Geochemistry 34 (2003) 1325–1335 1329



1000 mass to charge ratio. This distribution of peaks is

consistent with previously published spectra of fulvic
acid from natural water (Plancque et al., 2001; Stenson
et al., 2002); however, it is lower than what it could be

expected from the previously reported average molec-
ular weight of DOM (Beckett et al., 1987; Chin et al.,
1994; Wagoner et al., 1997). The reason for the lower
than 1000 m/z distribution could be rising from selective

ionization and/or fragmentation in the ionization pro-
cess (Leenheer et al., 2001; Stenson et al., 2002). More
research is being conducted to address this issue.
The McDonalds Branch DOM sample was further ana-
lyzed by positive mode ESI Fourier transform ion cyclo-
tron resonance mass spectrometry (FT-ICR MS) for
enhanced resolution and sensitivity. A high resolution

positive ion spectrum (mass resolving power of m/�m50%

> 80,000 at m/z <600) was obtained (Fig. 5). This spec-
trum shows the molecular complexity of DOM. Not only

are there clusters of peaks at every nominal mass unit up to
1000 m/z but each cluster is further resolved into several
peaks. Similar results were observed in ESI FT-ICR

mass spectra of other humic substances (Kujawinski et
al., 2002a,b; Stenson et al., 2002). Nested within the
spectrum are series of intense peaks at odd mass to

charge ratio (m/z) and weak peaks at even numbered
m/z. This pattern was previously reported (Brown and
Rice, 2000) from negative ion spectra of fulvic acid and
interpreted as either chloride adducts or a homologous

series of molecules. If chloride adducts were responsible
for this pattern, hydrochloric acid used to acidify the
natural water samples would be the likely source. To

test this possibility, two DOM samples, one acidified by
trifluoroacetic acid and the other by hydrochloric acid,
were respectively extracted and compared (data not

shown). Identical spectra are obtained with and without
added chloride ions indicating that the pattern is not
necessarily due to chloride adduct formation from the

HCl.
Kendrick mass defect (KMD) analysis (Kendrick,

1963) can be used to identify patterns of elemental
composition within high resolution mass spectra of

complex mixtures (Hughey et al., 2001; Stenson et al.,
2002). The concept of Kendrick mass is to change the
mass scale into a CH2 mass-normalized scale [Eq. (1)].

Kendrick mass defect is then calculated as the difference
between the normalized Kendrick mass and the nominal
observed mass [Eq. (2)]. The values for Kendrick mass

defect are a reflection of the deviation of an exact mass
from that of homologous structures varying only by
CH2 groups. In other words, the exact mass of mol-
ecules varying by the same functional group (CH2)

would be different by multiples of the exact mass of
CH2, and, as a result, they will have the same Kendrick
mass defect value. Thus, two fatty acids with elemental

compositions of C20H40O2 and C21H42O2 will have the
same Kendrick mass defect. Kendrick mass defect can
be used to identify patterns of masses having the same

compositional differences (Stenson et al., 2002).

Kendrick mass ¼ observed m=z� 14=14:01565ð Þ ð1Þ

Kendrick mass defect ¼
�
nominal observed mass

�Kendrick mass
�
� 1000

ð2Þ

Kendrick mass defects for the many peaks in the
DOM sample were calculated from the FT ICR MS
Fig. 3. TOCSY spectrum of the DOC isolated by evaporation

(top-a) and after isolation with C18 SPE disk (bottom-b). Gen-

eral assignments included within text boxes are as follows (1)

aromatics; (2) sugars; aliphatic units bridging lignin aromatics;

amino acids a–b couplings); (3) methylene units adjacent to

ethers, esters, and hydroxyls in aliphatic chains; amino acids

(a–b–g couplings); (4) methylene in aliphatic chains; and

methyl units in amino acids and aliphatic chains.
1330 S. Kim et al. / Organic Geochemistry 34 (2003) 1325–1335



data and plotted (Fig. 6a). Four significant figures after
the decimal point were used to calculate the mass defect.

In a plot of Kendrick mass defect versus nominal
observed mass, molecules differing by a specific ele-
mental composition (due to exact mass of the con-

tributing atoms) are connected by lines. The slope of the
lines can be determined by the following equation:

Slope ¼
�
D Kendrick mass defect=

D nominal observed mass
�
� 1000

ð3Þ

where � is used to represent a difference.
Molecules separated by CH2 units will have same
Kendrick mass defect [the numerator in Eq. (3) will be

zero in these cases] and be connected by horizontal lines
with a slope of 0. The lower expanded mass range of the
spectrum of DOM is shown in Fig. 6b and numerous

series of molecules differing by CH2 can be identified.
Other series of molecules differing by H2 and O were
also identified (Fig. 6c,d). In these plots, the peaks dif-
fering by the corresponding masses of H2 or O can be

identified by parallel lines, each with a specific slope (a
slope of �6.7 and 1.4, respectively). The series are fur-
ther verified by calculating and comparing the exact
Fig. 4. Positive (a) and negative (b) ion mode ESI Q-TOF mass spectra of DOM isolated from McDonald’s Branch and (c) positive

ion mode spectra of DOM from Rio Tempisquito, Costa Rica.
S. Kim et al. / Organic Geochemistry 34 (2003) 1325–1335 1331



mass difference between the peaks to the theoretical

mass of H2 and O. The series representing CH2, H2 and
O result in even number differences between peaks and
this, along with the added H+ from ionization, is what

primarily contributes to the pattern of predominantly
odd mass peaks observed for DOM.
The predominant peaks in the spectrum occur at odd

m/z throughout most of the mass range. In ESI MS
spectra, even numbered peaks can arise from even elec-
tron ions that contain an odd integer number of nitro-
gen atoms. While the weak even m/z series in these

spectra are likely due to the 13C isotope peaks from the
odd m/z series, they may also be due to ions that contain
an odd number of nitrogen atoms. In order to determine
the nitrogen contribution, the elemental composition of

the freeze-dried McDonald’s Branch DOM sample was
obtained by combustion analysis (Table 1). The molar
ratio between carbon, hydrogen and nitrogen is 49:59:1.

While we expect that nitrogen containing ions will have
very high ionization efficiencies compared to other het-
eroatoms, it is reasonable to expect that with low ele-

mental nitrogen content the possibility of having
compounds with an odd number of nitrogen atoms will be
low. Therefore we conclude that the peaks observed at even
m/z are most likely due to isotopic contribution from the

more intense odd m/z series of ions. This was verified in
many instances by observing that the oddm/z predominant
peaks showed corresponding isotope peaks at exactly
Fig. 5. Positive ion mode ESI 7 T FT-ICR mass spectrum on McDonald’s Branch DOM (a) and expanded view of selected region (b).
1332 S. Kim et al. / Organic Geochemistry 34 (2003) 1325–1335



1.00335—the mass difference between an atom of 12C and
13C as has been observed by Stenson et al. (2002).
4. Conclusions

By employing a C18 disk SPE, DOM in acidified nat-

ural water can be isolated and desalted with a simple
filtration setup either in a laboratory or at a field site.
This protocol also efficiently removes inorganic materi-

als that may be problematic for analysis by NMR or
ESI-MS. The material obtained from C18 disk retained
the majority (over 60%) of DOM and reflected the ori-
ginal functional groups distribution. From the high

resolution mass spectrum and elemental analysis of
DOM, it was found that series of molecules with a mass
difference equivalent to –CH2, –H2 and –O and a low
content of nitrogen contribute to the observed odd mass

dominant peak pattern. In conclusion, the combination
of C18 SPE and high resolution ESI MS and 2-D NMR
spectroscopy is shown to be a very powerful approach

to obtain molecular-level information on DOM. More
studies are being conducted to obtain additional mole-
cular level information from the high resolution spectra.
Acknowledgements

The authors thank Dr. Louis A. Kaplan for providing
samples and Dr. Yu-Ping Chin and Sara Thomas for
their assistance in TOC measurement. This work was

supported by NSF grants (DEB-9904047, CHE-
0089147, and CHE-0089172).

Associate Editor—J. Rice
References

Aluwihare, L.I., Repeta, D.J., Chen, R.F., 1997. A major bio-

polymeric component to dissolved organic carbon in surface

sea water. Nature 387, 166–169.

Amador, J.A., Milne, P.J., Moore, C.A., Zika, R.G., 1990.

Extraction of chromophoric humic substances from sea-

water. Marine Chemistry 29, 1–17.
Fig. 6. Kendrick mass defect plot for the entire mass region (170<m/z <600) (a) and expanded plots with lines denoting the series of

peaks separated by CH2 (b), H2 (c) and O (d).
Table 1

Elemental analysis of freeze-dried, extracted DOM from

McDonald’s Branch
Element
 Weight percent (%)
 Molar ratio
C
 46.4
 49.2
H
 4.6
 58.5
N
 1.1
 1
S. Kim et al. / Organic Geochemistry 34 (2003) 1325–1335 1333



Beckett, R., Jue, Z., Giddings, J.C., 1987. Determination of

molecular-weight distributions of fulvic and humic acids

using flow field-flow fractionation. Environment Science &

Technology 21, 289–295.

Benner, R., Pakulski, J.D., McCarthy, M., Hedges, J.I.,

Hatcher, P.G., 1992. Bulk chemical characteristics of dis-

solved organic-matter in the ocean. Science 255, 1561–1564.

Bielicka, K., Voelkel, A., 2001. Selectivity of solid-phase

extraction phases in the determination of biodegradation

products. Journal of Chromatography A 918, 145–151.

Brown, T.L., Rice, J.A., 2000. Effect of experimental para-

meters on the ESI FT-ICR mass spectrum of fulvic acid.

Analytical Chemistry 72, 384–390.

Bruchet, A., Rousseau, C., Mallevialle, J., 1990. Pyrolysis-GC-

MS for investigating high-molecular-weight THM precursors

and other refractory organics. Journal of American. Water

Works Association 82, 66–74.

Burba, P., Shkinev, V., Spivakov, B.Y., 1995. Online fractio-

nation and characterization of aquatic humic substances by

means of sequential-stage ultrafiltration. Fresenius Journal

of Analytical Chemistry 351, 74–82.

Chin, Y.P., Aiken, G., Oloughlin, E., 1994. Molecular-weight,

polydispersity, and spectroscopic properties of aquatic humic

substances. Environmental Science & Technology 28, 1853–

1858.

del Rio, J.C., McKinney, D.E., Knicker, H., Nanny, M.A.,

Minard, R.D., Hatcher, P.G., 1998. Structural characteriza-

tion of bio- and geo-macromolecules by off-line thermo-

chemolysis with tetramethylammonium hydroxide. Journal

of Chromatography A 823, 433–448.

Ertel, J.R., Hedges, J.I., Perdue, E.M., 1984. Lignin signature

of aquatic humic substances. Science 223, 485–487.

Ferrer, I., Barcelo, D., Thurman, E.M., 1999. Double-disk

solid-phase extraction: simultaneous cleanup and trace

enrichment of herbicides and metabolites from environ-

mental samples. Analytical Chemistry 71, 1009–1015.

Fievre, A., Solouki, T., Marshall, A.G., Cooper, W.T., 1997.

High-resolution Fourier transform ion cyclotron resonance

mass spectrometry of humic and fulvic acids by laser deso-

rption/ionization and electrospray ionization. Energy &

Fuels 11, 554–560.

Frauendorf, H., Herzschuh, R., 1998. Application of high-

performance liquid chromatography/electrospray mass spec-

tromety for identification of carboxylic acids containing

several carboxyl groups from aqueous solutions. European

Journal of Mass Spectrometry 4, 269–278.

Hatcher, P.G., Dria, K.J., Kim, S., Frazier, S.W., 2001. Mod-

ern analytical studies of humic substances. Soil Science 166,

770–794.

Hautala, K., Peuravuori, J., Pihlaja, K., 1998. Organic

compounds formed by chemical degradation of lake

aquatic humic matter. Environment International 24, 527–

536.

Hedges, J.I., Eglinton, G., Hatcher, P.G., Kirchman, D.L.,

Arnosti, C., Derenne, S., Evershed, R.P., Kogel-Knabner, I.,

de Leeuw, J.W., Littke, R., Michaelis, W., Rullkotter, J.,

2000. The molecularly-uncharacterized component of non-

living organic matter in natural environments. Organic Geo-

chemistry 31, 945–958.

Hughey, A.C., Hendrickson, C.L., Rodgers, R.P., Marshall,

A.G., 2001. Kendrick mass defect spectrum: A compact
visual analysis for untra-resolution braodhand mass spectra.

Analytical Chemistry 73, 4676–4681.

Kendrick, E., 1963. A mass scale based on CH2=14.0000 for

high resolution mass spectrometry of organic compounds.

Analytical Chemistry 35, 2146–2154.

King, R., Bonfiglio, R., Fernandez-Metzler, C., Miller-Stein,

C., Olah, T., 2000. Mechanistic investigation of ionization

suppression in electrospray ionization. Journal of the Ameri-

can Society for Mass Spectrometry 11, 942–950.

Kujawinski, E.B., Freitas, M.A., Zang, X., Hatcher, P.G.,

Green-Church, K.B., Jones, R.B., 2002a. The application of

electrospray ionization mass spectrometry (ESI MS) to the

structural characterization of natural organic matter.

Organic Geochemistry 33, 171–180.

Kujawinski, E.B., Hatcher, P.G., Freitas, M.A., 2002b. High-

resolution Fourier transform ion cyclotron resonance mass

spectrometry (FT-ICR-MS) of humic and fulvic acids:

Improvements and comparisons. Analytical Chemistry 74,

413–419.

Leenheer, J.A., 1981. Comprehensive approach to preparative

isolation and fractionation of dissolved organic-carbon from

natural-waters and wastewaters. Environmental Science &

Technology 15, 578–587.

Leenheer, J.A., Rostad, C.E., Gates, P.M., Furlong, E.T., Fer-

rer, I., 2001. Molecular resolution and fragmentation of ful-

vic acid by electrospray ionization/multistage tandem mass

spectrometry. Analytical Chemistry 73, 1461–1471.

Liska, I., 2000. Fifty years of solid-phase extraction in water

analysis—historical development and overview. Journal of

Chromatography A 885, 3–16.

Louchouarn, P., Opsahl, S., Benner, R., 2000. Isolation and

quantification of dissolved lignin from natural waters using

solid-phase extraction and GC/MS. Analytical Chemistry 72,

2780–2787.

Magnuson, M.L., Kelty, C.A., Sharpless, C.M., Linden, K.G.,

Fromme, W., Metz, D.H., Kashinkunti, R., 2002. Effect of

UV irradiation on organic matter extracted from treated

ohio river water studies through the use of electrospray mass

spectrometry. Environmental Science & Technology 36,

5252–5260.

Malmstrom, J., Larson, K., Hansson, L., Lofdahl, C.G.,

Norregard-Jensen, O., Verga, G., Westergren-Thorsson, G.,

2002. Protoglycan and proteome profiling of central human

pulmonary fibrotic tissue utilizing miniaturized sample

preparation: A feasibility study. Proteomics 2, 394–404.

Mann, M., Hendrickson, R.C., Pandey, A., 2001. Analysis of

proteins and proteomes by mass spectrometry. Annual

Review of Biochemistry 70, 437–473.

McIntyre, C., Batts, B.D., Jardine, D.R., 1997. Electrospray

mass spectrometry of groundwater organic acids. Journal of

Mass Spectrometry 32, 328–330.

Mills, G.L., Hanson, A.K., Quinn, J.G., Lammela, W.R.,

Chasteen, N.D., 1982. Chemical studies of copper organic-

complexes isolated from estuarine waters using C18 reverse-

phase liquid-chromatography. Marine Chemistry 11, 355–

377.

Mills, G.L., Quinn, J.G., 1981. Isolation of dissolved organic-

matter and copper organic- complexes from estuarine waters

using reverse-phase liquid-chromatography. Marine Chem-

istry 10, 93–102.

Newbold, J.D., Sweeney, B.W., Jackson, J.K., Kaplan, L.A.,
1334 S. Kim et al. / Organic Geochemistry 34 (2003) 1325–1335



1995. Concentrations and export of solutes from 6 mountain

streams in northwestern costa-rica. Journal of the North

American Benthological Society 14, 21–37.

Opsahl, S., Benner, R., 1995. Early diagenesis of vascular

plant-tissues—lignin and cutin decomposition and biogeo-

chemical implications. Geochimica et Cosmochimica Acta

59, 4889–4904.

Plancque, G., Amekraz, B., Moulin, V., Toulhoat, P., Moulin,

C., 2001. Molecular structure of fulvic acids by electrospray

with quadrupole time-of-flight mass spectrometry. Rapid

Communications in Mass Spectrometry 15, 827–835.

Roubeuf, V., Mounier, S., Benaim, J.Y., 2000. Solid phase

extraction applied to natural waters: efficiency and selectiv-

ity. Organic Geochemistry 31, 127–131.

Saiz-Jimenez, C., 1994. Analytical pyrolysis of humic sub-

stances: pitfalls, limitations, and possible solutions. Envir-

onmental Science & Technology 28, 1773–1780.

Saiz-Jimenez, C., Hermosin, B., Ortegacalvo, J.J., 1993. Pyr-

olysis/methylation—a method for structural elucidation of

the chemical nature of aquatic humic substances. Water

Research 27, 1693–1696.

Schulten, H.R., 1999. Analytical pyrolysis and computational

chemistry of aquatic humic substances and dissolved organic

matter. Journal of Analytical and Applied Pyrolysis 49, 385–

415.

Simpson, A., 2001. Multidimensional solution state NMR of

humic substances: a practical guide and review. Soil Science

166, 795–809.

Simpson, A.J., Burdon, J., Graham, C.L., Spencer, N., Hayes,

M.H.B., Kingery, W.L., 2001a. Interpretation of hetero-

nuclear and multidimensional NMR spectroscopy as applied

to humic substances. European Journal of Soil Science 52,

495–509.

Simpson, A.J., Kingery, W.L., Spraul, M., Humpfer, E.,

Dvortsak, P., 2001b. The application of 1H HR-MAS NMR

spectroscopy for the study of structures and associations of
organic components at the solid-aqueous interface of a whole

soil. Environmental Science & Technology 35, 3321–3325.

Solouki, T., Freitas, M.A., Alomary, A., 1999. Gas-phase hydro-

gen/deuterium exchange reactions of fulvic acids: an electro-

spray ionization Fourier transform ion cyclotron resonance

mass spectral study. Analytical Chemistry 71, 4719–4726.

Stenson, A.C., Landing, W.M., Marshall, A.G., Cooper, W.T.,

2002. Ionization and fragmentation of humic substances in

electrospray ionization Fourier transform-ion cyclotron reso-

nance mass spectrometry. Analytical Chemistry 74, 4397–4409.

Thurman, E.M., 1985. Organic geochemistry of natural waters.

Martinus Nijhoff/Dr W. Junk, Boston.

Thurman, E.M., Malcolm, R.L., 1981. Preparative isolation of

aquatic humic substances. Environmental Science & Tech-

nology 15, 463–466.

van Heemst, J.D.H., Megens, L., Hatcher, P.G., de Leeuw,

J.W., 2000. Nature, origin and average age of estuarine

ultrafiltered dissolved organic matter as determined by

molecular and carbon isotope characterization. Organic

Geochemistry 31, 847–857.

Viana, E., Redondo, M.J., Font, G., Molto, J.C., 1996. Disks

versus columns in the solid-phase extraction of pesticides

from water. Journal of Chromatography A 733, 267–274.

Wagoner, D.B., Christman, R.F., Cauchon, G., Paulson, R.,

1997. Molar mass and size of suwannee river natural organic

matter using multi-angle laser light scattering. Environ-

mental Science & Technology 31, 937–941.

Wilson, M.A., 1987. NMR Techniques and Applications in Geo-

chemistry and Soil Chemistry. Pergamon Press, New York.

Yang, J.Z., Bastian, K.C., Moore, R.D., Stobaugh, J.F.,

Borchardt, R.T., 2002. Quantitative analysis of a model

opioid peptide and its cyclic prodrugs in rat plasma using

high-performance liquid chromatography with fluorescence

and tandem mass spectrometric detection. Journal of

Chromatography B-Analytical Technologies in the Bio-

medical and Life Sciences 780, 269–281.
S. Kim et al. / Organic Geochemistry 34 (2003) 1325–1335 1335


	High resolution electrospray ionization mass spectrometry and 2D solution NMR for the analysis of DOM extracted by C18 solid ph
	Introduction
	Experimental section
	Chemicals and materials
	Sample preparation
	Instrumentation

	Results and discussion
	Extraction of DOM by C18 SPE disk on site
	Characterization of C18 SPE disk
	2-D NMR analysis of DOM
	High resolution mass spectrometry of DOM

	Conclusions
	Acknowledgements
	References


