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of molecules for each molecular formula. Both samples 
showed clear compositional differences not only related to 
source (seawater or freshwater), but also to the extraction 
method applied (SPE or reverse osmosis).
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Introduction

Dissolved organic matter (DOM) in seawater and fresh-
water represents a carbon reservoir comparable to 
atmospheric CO2 (approx. 624 and 750 Gigatonnes, 
respectively) [1]. CO2 is a primary product of DOM min-
eralisation, therefore an intimate link exists between this 
dissolved carbon pool and the atmosphere [1–3]. DOM 
contains various classes of compounds that are heteroge-
neous, polyfunctional, polyelectrolytic and polydisperse 
in molecular weight (typically between 300 and 7000 Da) 
and range in concentration from sub-picomolar to micro-
molar [4–6]. Composition varies considerably depend-
ing upon source, season and also depends on the extrac-
tion protocols applied [7, 8], with much of this material 
remaining uncharacterised, in particular the innumerable 
species present at trace levels.

The extraordinary complexity of DOM often precludes 
the use of many liquid chromatographic techniques due 
to insufficient resolution [9–11] and problems associated 
with widely varying retention factors of such diversity of 
material onto most types of stationary phases [12–14]. In 
the case of gas chromatography (GC), there can also be 
significant compositional and conformational changes 
due to chemical degradation and the use of derivatisation 
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procedures, causing a subsequent loss of sample integrity, 
particularly for sensitive non-refractory material [9, 10, 
15]. Reversed-phase HPLC has been applied for the par-
tial separation of DOM, in particular for the stable and 
non-volatile fraction, which includes carboxylic-rich ali-
cyclic molecules (CRAM), molecules derived from lin-
ear terpenoids (MDLT), lignin derivatives, peptides and 
carbohydrates [16–18]. However, inadequate resolution 
necessitates the use of hyphenated approaches including 
information-rich detectors, such as high-resolution mass 
spectrometry (HRMS) and multidimensional NMR, to pro-
vide insight into the nature of unresolved material and fur-
ther the molecular characterisation of DOM [19–23].

Even with the considerable combined separation capac-
ity of hyphenated techniques such as HPLC-HRMS, the 
identification and isolation of unique structures within 
DOM still presents a significant challenge, due to the lim-
ited capacity and chromatographic resolution achievable 
[23–26]. Chromatographic methods with increased capac-
ity and separating power are required, including multidi-
mensional chromatographic approaches, with the capacity 
to fractionate sufficient quantities of DOM, as required to 
provide sufficiently concentrated fractions for further sepa-
ration and characterisation [14, 27–32].

In the present study, a new chromatographic approach 
is presented for the prefractionation and subsequent RP-
HPLC-HRMS characterisation of DOM from both marine 
and freshwater sources, based upon the use of a high (load-
ing) capacity and high efficiency monolithic RP-HPLC col-
umn, composed of eleven columns (total dimensions-110 
cm x 3mm) coupled in series [33]. This long monolithic 
column provided for the collection of 15 fractions from 
each DOM sample, each being subjected to further sepa-
ration and characterisation using RP-HPLC-HRMS. This 
approach confirmed the presence and distribution of major 
classes of material, such as CRAM, highlighting both gen-
eral fractional characteristics, such as average size and 
polarity, and more specific compositional information, such 
as H/C ratio and O/C ratio, each acting to confirm success-
ful fractionation. The results presented herein, obtained 
using this novel off-line multidimensional chromatographic 
approach, provide a dramatic illustration of the nature and 
overall complexity of DOM.

Materials and Methods

Chemicals, Standards and Reagents

Methanol (MeOH) and formic acid (HPLC and MS grade) 
were purchased from Sigma Aldrich (Sigma Aldrich, Syd-
ney, Australia). Deionised (DI) water was obtained from 
a Milli-Q water purification system (Millipore, Watford, 

UK). Nitric acid, sodium chloride and hydrochloric acid, 
used for preparation of washing solutions, artificial sea-
water and seawater acidification, respectively, were also 
obtained from Sigma Aldrich (Sigma Aldrich, Sydney, 
Australia). Suwannee River natural organic matter (NOM) 
reference material was purchased in dry form from the 
Humic Substances Society (Humic Substances Society, 
IHSS, Denver, CO, USA), having been extracted using 
reverse osmosis as described by Serkiz et al. and Sun et al. 
[34–36].

Seawater Collection and DOM Extraction

Coastal seawater samples (25  L volumes) were collected 
from the Tasman Peninsula (Koonya, Tasmania, 43.1000°S, 
147.7500°E, March 2014), and briefly stored in polypro-
pylene containers at 4 °C prior to extraction. The contain-
ers were prewashed with several volumes of 0.1 M HNO3, 
DI water, MeOH, acetone and DI water once more, before 
sampling. The DOM was isolated precisely as described by 
Dittmar et al. [37, 38]. The samples were filtered through 
Nucleopore (Agilent, Mulgrave, VIC, Australia) poly-
carbonate filter cartridges (3, 1 and 0.20 μm pore sizes, 
sequentially) and glass microfiber Whatman GF/F filters 
(0.70 μm pore size) (Agilent, Mulgrave, VIC, Australia). 
Samples were acidified using concentrated HCL to pH 2 
to improve recovery of organic and phenolic acids during 
subsequent SPE. The filtered water samples (25  L) were 
then gravity fed through Varian Bond Elut PPL cartridges, 
containing a non-polar surface modified styrene–divinylb-
enzene (S-DVB) sorbent (1 g, 60 mL) (Agilent, Mulgrave, 
VIC, Australia), with the retained DOM eluted using one 
cartridge volume of MeOH, and subsequently concentrated 
by rotary evaporation. The isolated DOM was stored in the 
dark at −20 °C, prior to chromatographic fractionation in 
order to preserve the sample from photochemical or micro-
bial based degradation.

Artificial (blank) seawater was prepared and used to 
identify and exclude artefacts or contaminants from sam-
ple storage and extraction protocols being evident within 
later HRMS spectra. Briefly, a 25  L saline solution of 
0.52 M analytical grade NaCl (≥99.5%), previously dried 
at 120 °C, was prepared, and treated, stored and extracted 
according to the procedure presented in Dittmar et al. [37].

DOM Fractionation

Eleven Onyx monolithic reversed-phase (C18) columns 
(each 100  ×  3.0  mm ID) were obtained from Phenom-
enex (Lane Cove West, NSW, Australia) and connected in 
series using minimum lengths of 0.254 mm ID PEEK tub-
ing (see ESI Figure S1). This coupled monolithic column 
(CMC) was connected to an Agilent 1200 series HPLC 
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system, consisting of a pump, a degasser and an autosam-
pler module (Agilent, Mulgrave, VIC, Australia). Sample 
injection volume was 10 µL of 25 mg/mL DOM solutions 
(MeOH/0.1% formic acid). A flow-rate of 0.27 mL/min was 
selected, based upon Hmin determined from a Van Deemter 
plot produced for a single solute (anthracene) separated on 
the full 110 cm long CMC. For DOM fractionation, a sim-
ple water/MeOH linear gradient was applied, from 10 to 
70% MeOH/0.1% formic acid over 360 min (details avail-
able within ESI Table S1). These CMC separations were 
carried out in triplicate, using UV absorbance detection 
at 210 nm with a Waters 486 UV detector (Milford, MA, 
USA), and specific sample fractions collected from each 
subsequent injection combined. Blank extracts from the 
artificial seawater were fractionated identically. Fractions 
were collected according to 30 min time intervals, with pre-
cise details being provided within ESI Table S2, and shown 
graphically within Fig. 1. Figure 1 shows the DOM chro-
matogram obtained following the electronic subtraction of 
the equivalent extracted artificial seawater blank sample.

Reversed‑Phase Liquid Chromatography‑High 
Resolution Mass Spectrometry

The fractions were collected in triplicate from the CMC, 
combined, and reduced in volume under nitrogen, and 
recovered in 150 µL in MeOH/0.1% formic acid, for fur-
ther separation using a Waters Alliance 2690 separation 
module (Milford, MA, USA). A 30  µL aliquot of each 
sample was injected onto a Waters Nova-Pak C18 column, 
150 ×  4.0  mm ID, particle size 4  µm) at a flow rate of 

0.8 mL/min. MS-grade solvents (0.1% formic acid in water 
and 0.1% formic acid in MeOH) were employed during a 
30  min linear gradient of 10–100% MeOH. The column 
was operated at ambient temperature (20 °C) and coupled 
to a hybrid Linear Trap Quadrupole/Orbitrap (Thermo 
Fisher Scientific, Bremen, Germany) mass spectrometer, 
for HRMS characterisation. Centroid mass spectra were 
acquired over the range m/z 50–1000 at a target resolution 
of 30,000, operating using the following parameters: capil-
lary temperature of 300  °C; sheath gas and auxiliary gas 
flow rates were set to 30 and 5 au (arbitrary units), respec-
tively. A capillary voltage of 7 V was used for negative ion 
acquisition.

From the RP-HPLC-HRMS total ion current (TIC) chro-
matograms obtained for the fifteen fractions collected for 
each sample, averaged mass spectra were obtained from 
the retained peaks of interest. From these averaged spec-
tra, molecular formulae were assigned using Xcalibur 
molecular formulae calculator (Thermo Fisher Scientific, 
Bremen, Germany). The following parameters were used: 
All detected ions were singly charged, as determined by the 
unit m/z, mass tolerance 2  ppm, 50 as maximum number 
of carbons, 100 as maximum number of hydrogens and 30 
as maximum number of oxygens, and a S/N ratio >20. In 
this study, other elements such as nitrogen, sulfur and phos-
phorus were not considered, in order to target the portion 
of DOM typically referred to as CRAM and CRAM-like 
material. Inconsistent formulae assignments or those not 
obeying the nitrogen rule were ruled out together with m/z 
reporting a relative signal intensity lower than 5%. Each 
fraction spectrum showed on average ~3000 peaks at S/N 

Fig. 1   RP-HPLC–UV fractionation of coastal seawater DOM. Column: coupled Onyx monolithic C18 columns (11 × 100 × 3.0 mm). Flow 
rate = 0.27 mL/min. Gradient: 10–70% MeOH/0.1% formic acid over 360 min
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>20. Of these, 2200 (~75%) were assigned with a molecu-
lar formula after complying with the limiting parameters.

Results and Discussion

DOM Fractionation

As seen with previous chromatographic approaches to 
DOM fractionation [12, 22, 39, 40], the complexity and 
diverse range of material present, results in a typically 
broad and poorly resolved chromatogram, best described 
as an ‘unresolved hump’ or ‘hump-a-gram’. This is par-
ticularly the case with past studies based upon the use 
of standard (in both capacity and efficiency) reversed-
phase columns for DOM fractionation [19]. Herein, in an 
attempt to improve upon the degree of DOM fractiona-
tion achieved, whilst simultaneously increasing the mass 
of DOM which could be fractionated per injection, a 
110 cm × 3 mm coupled reversed-phase monolithic col-
umn was applied. The maximum sample mass that can be 
loaded is dependent upon both the length and diameter 
of the column [41]. For standard bore columns, increas-
ing column length provides capacity for increased sam-
ple loading, particularly when gradient elution is applied, 
which provides band compression. Monolithic columns, 
with their relatively low column back pressures allow 
multiple columns to be coupled, without requiring ultra-
high pressure pumps. The use of the CMC provides both 
a high separation efficiency (N  >  100k) and sufficient 
sample loading capacity, both crucial in the fractiona-
tion of a complex mixture such as DOM.Additionally, 
the coupled column format allowed decoupling, wash-
ing and if necessary replacement of the leading monolith, 
should evidence of column irreversible fouling appear 
(common when dealing with DOM). Herein, the goal was 
to provide the desired fractionation of the DOM within 
the broadly eluting ‘hump’. The application of a simply 
shallow linear gradient provided just such an elution pro-
file, with continuous elution of material over the entire 

applied gradient, with the unretained highly polar com-
pounds (e.g. amino acids, sugars and small organic acids) 
marking the void time at 23 min. Figure 1 shows the full 
RP-HPLC–UV (210  nm) chromatogram obtained for 
the coastal DOM sample on the CMC, with the 15 frac-
tions collected highlighted. In the chromatogram shown 
the baseline from the applied solvent gradient has been 
subtracted, to clearly show the full breath of the eluting 
material over the period 20–290 min, with the last elut-
ing fractions presumably representing the most non-polar 
bulky materials (the long fractionation time could be 
reduced through increased flow rate given the low col-
umn pressure drop for the CMC relative to length, how-
ever here the fractionation time was not a priority param-
eter). A very similar profile was obtained for the sample 
of Suwannee River NOM reference material.

Based upon previous reversed-phase separations of 
DOM, it is reasonable to assume that the majority of the 
intermediate polarity material would begin to be eluted 
beyond 60  min (mobile phase ~50% MeOH 0.1% for-
mic acid and 50% water 0.1% formic acid), which would 
include the bulk of that classified as CRAM and CRAM-
like material. As discussed by Hertkorn et  al., CRAM 
molecules are characterised by condensed aliphatic rings 
with a varying degree of carboxylation and unsaturation, 
which result in these compounds displaying an inter-
mediate degree of polarity [16]. With RP-HPLC, highly 
carboxylated CRAM molecules would be expected to be 
eluted earlier, with less carboxylated counterparts show-
ing greater retention [14]. However, to date the chroma-
tographic separation of CRAM itself with any significant 
degree of resolution has not been demonstrated. Typical 
CRAM structural isomers, elucidated by means of both 
HRMS and NMR by Hertkorn et al. [16] can be seen in 
Fig. 2, where three isomers with formula C28H32O13 are 
presented. Within these series of molecules of same nom-
inal mass, sequential mass differences of 36.4 mDa (the 
difference between O and CH4) are observed, as well as 
series differing by 2.0157  Da, reflecting a difference of 
2H [16].

Fig. 2   Molecular structures for three C28H32O13 isomers. Image obtained from Hertkorn et al., with permission [16]
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Fractional Analysis: RP‑HPLC‑HRMS

Figure  3a, b shows the RP-HPLC-HRMS TIC chroma-
tograms obtained for a number of the individual frac-
tions collected from the CMC separation for both the (a) 
coastal seawater DOM sample and the (b) Suwannee 
River NOM reference material. Both samples (10  µL inj. 
vol.) were injected onto the CMC at a solution concentra-
tion of 25  mg/mL, collected, concentrated and reconsti-
tuted equally. The use of RP-HPLC as a second chroma-
tographic separation immediately reveals the success of 
the fractionation approach and produces a series of TIC 
chromatograms showing very clear similarities between the 
two samples. Here, the typical unresolved DOM ‘hump’ 
has been replaced with a series of relatively Gaussian 
shaped peaks, which appear from ~fraction 3 and increase 

in retention sequentially until ~fraction 10 (most clearly 
seen with the Suwannee River sample), and both show-
ing maximum intensity around fractions 6 to 7. Although 
clearly still a cluster of co-eluted material, these peaks are 
eluted in a relatively narrow elution window and demon-
strate a very obvious correlation between fraction number 
(retention on reversed-phase CMC) and retention on this 
second reversed-phase column. This is particularly evident 
with the Suwannee River NOM results, where the frac-
tions are remarkably clear of other eluted material, besides 
this increasingly retained broad peak. In the case of the 
coastal seawater sample, the TIC chromatograms display 
an overall lower concentration of this common composite 
peak. A plot of fractionation time (mid-point of the frac-
tion window) against retention time for the highlighted 
composite peaks in the second dimension chromatograms 

Fig. 3   RP-HPLC-HRMS TIC 
chromatograms for fractions 
1–10 (collected in triplicate, 
combined and reconstituted) 
for both a coastal seawater 
DOM and b Suwannee River 
NOM through. Column: Waters 
Nova-Pak C18 (150 × 3.9 mm 
ID), flow rate 0.800 mL/min of 
a 10–100% MeOH 0.1% formic 
acid in water 0.1% formic acid 
gradient in 25 min
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gave two linear plots (R2 = 0.975 for coastal seawater and 
R2 =  0.962 for Suwannee River), with both samples dis-
playing very similar slopes, as expected with the separation 
mode being reversed-phase in both cases, and so no signifi-
cantly selective orthogonality is evident (the use of similar 
phases in first and second dimensional LC analysis is not 
uncommon, particularly when the aim is to fractionate to 
reduce sample complexity for second dimension LC–MS 
analysis. Herein, the goal was not to generate complex 2D 
chromatographic profiles wherein column orthogonal selec-
tivity would be more beneficial). To clearly demonstrate the 
fractionation achieved, a sample containing unfractionated 
coastal seawater DOM was analysed directly with the RP-
HPLC-HRMS system, with the resultant TIC chromato-
gram shown as Fig. 4. Here the broad unresolved materials 
(typical DOM ‘hump-a-gram’) were eluted over the period 
from 4 to 12 min.

The highlighted composite peaks within Fig. 3 demon-
strate slight evidence of fronting, which could reflect some 
column overloading due to the complexity of the material 
(even following fractionation), or the equilibria of multiple 
species present within each peak [42]. With reversed-phase 
selectivity it was expected that more polar materials, i.e. 
compounds richer in carboxyl functional groups and double 
bonds, should be evident within the earlier fractions, com-
pared to that present within the later fractions. To investi-
gate the nature of each of the fractional peaks, an intensity 
versus m/z plot was produced for each fraction from both 
samples, containing all species present over the minimum 
intensity threshold. A selection of these plots is presented 
as Fig. 5.

The data show a number of significant compositional 
differences between the two sets of fractions. In the case of 
the Suwannee River sample fractions, there appears to be 
a much greater diversity of material, with a dense popula-
tion of low intensity (albeit above the set threshold) signals 
spanning the 100–700 m/z range. There also appears to be 
densely populated regions between m/z 100 to ~360 (all 
below int. 2000), most obvious within fractions 5–7 of the 
seawater sample, but also seen within fractions 7–9 of the 
Suwannee River material, which act to skew the otherwise 
normal distributions.

In the intensity versus m/z distributions for both sam-
ples, a gradual shift towards higher molecular weights 
could be observed from the early to later eluted fractions. 
However, to visualise this more clearly, the weighted 
means (x̄w) of the m/z distributions for each composite peak 
in each fraction (3–10) from both samples were calculated 
and then plotted against the retention time for the associ-
ated composite peak. These plots are shown as Fig. 6a, and 
confirm a number of points. Firstly, both samples show a 
correlation between their weighted average m/z values and 
retention time, with R2 =  0.983 for the coastal seawater 

sample, and 0.990 for the Suwannee River reference mate-
rial. For example, for the coastal seawater DOM sample, 
the weighted mean was equal to m/z 360 for the compos-
ite peak within fraction 3, m/z 373 for fraction 5, m/z 383 
for fraction 7, and m/z 405 for fraction 9. Similarly, regular 
increases in weighted average m/z values are seen with the 
Suwannee River sample (m/z 354 for fraction 3, m/z 381 
for fraction 5, m/z 393 for fraction 7, and m/z 417 for frac-
tion 9), thus confirming in both instances the success of the 
fractionation process. Figure 6b, c shows the full data set 
for each sample, further illustrating this selectivity.

Secondly, the plots clearly reveal differences in the 
retention times for the composite peaks within each respec-
tive sample fraction, which obviously reflects the compo-
sitional differences highlighted within the m/z distribution 
diagrams (Fig. 5). The overall nature of these compositional 
differences across the collected fractions is then revealed in 
the different slopes obtained within the above m/z vs reten-
tion plots (Fig. 6a). Of the two sets of data, the Suwannee 
River material exhibited the greater slope (SR  =  15.31; 
SW  =  12.43), together with the extended m/z range 
(weighted average m/z for SR F9 = 417; weighted average 
m/z for SW F9 = 405). This extended range is probably due 
to the reverse osmosis extraction process used to isolate the 
reference material, compared to the SPE-extracted seawater 
DOM sample. This observation would be consistent with 
results reported by Koprivnjak et al., and more recently by 
Tfaily et al., which emphasised that organic matter recov-
ered through reverse osmosis displayed a wider molecu-
lar weight distribution (200–1000  Da) compared to that 
obtained using alternative extraction techniques (i.e. ultra-
filtration and SPE) [43–46]. The differing slopes reveal that 
the compositional differences in the two samples are such 
that at the lower m/z range, greater retention is seen for 
the Suwannee River material, with this relative difference 

Fig. 4   RP-HPLC-HRMS chromatogram obtained for the unfraction-
ated coastal seawater DOM sample. Column: Waters Nova-Pak C18 
(150 × 3.9 mm ID), flow rate 0.800 mL/min of a 10–100% MeOH 
0.1% formic acid in water 0.1% formic acid gradient in 25 min
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decreasing with increasing m/z. Indeed, were the regression 
lines extrapolated further to higher m/z values, the slopes 
would reveal a reversal of this effect at ~445  m/z, where 
the composite peaks from the seawater DOM would show 
greater retention.

The observed differences in relative retention are likely to 
reflect differences in degrees of saturation and oxidation, as 
might well be expected for two samples of differing origin 
(and extraction procedures). Therefore, the datasets were 
further examined with regard to specific H/C and O/C ratios. 

For each C, H and O containing compound with an assigned 
formula, H/C and O/C ratios were calculated. These data 
were used to further elucidate the observed selectivity dur-
ing fractionation based upon molecular characteristics.

As expected the above formulae assignments revealed 
extensive fraction-to-fraction occurrences of the same 
molecular formulae; however, significant patterns could 
be identified. The data are presented here as Van Krevelen 
diagrams (Fig. 7), for coastal seawater DOM and Suwan-
nee River fractions 3, 5, 7 and 9, and also as the O/C ratio 

Fig. 5   Intensity versus m/z distribution of the compounds eluting within four representative CRAM-containing fractions from TICs represented 
in Fig. 3: a fraction 3, b fraction 5, c fraction 7 and d fraction 9 for Koonya seawater DOM (top) and Suwannee River NOM (bottom)

Fig. 6   a Plots of weighted average m/z versus retention time for the 
composite peaks isolated within fractions from the coastal seawater 
DOM and Suwannee River NOM. b 3D plots showing m/z distribu-

tion, intensity and fraction number for the isolated composite peaks 
obtained from the Suwannee River NOM and samples c coastal sea-
water DOM
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versus m/z for all of the same four fractions (Fig. 8). Mole-
cules are clustered according to their functional group com-
position, as every point represents each molecular formula 
assigned by mass spectra [46–48].

Taking the less complex coastal seawater DOM frac-
tions, the Van Krevelen diagrams reveal that the bulk of 
the typical CRAM and CRAM-like materials (highlighted 
region within Fig. 7 [47]) are presenting between fractions 
5 and 7. Materials of high O/C ratios above 0.7 are notably 
sparse (e.g. tannins, carbohydrates), and there is some evi-
dence for the elution of the majority of the low O/C—low 

H/C material between fractions 3 and 5. Somewhat simi-
lar elution behaviour can be seen with the Suwannee River 
material, although the highlighted region associated with 
CRAM and CRAM-like material extends further, being 
most evident within fractions 7–9. There is also clearly a 
far greater density of low O/C–low H/C ratio material, the 
majority of which is eluted within the later fractions. As 
already highlighted in previous studies, greater diversity 
and concentration of highly unsaturated compounds is usu-
ally observed in HRMS spectra from terrestrial and coastal 
marine samples [43]. The higher degree of unsaturation 

Fig. 7   Van Krevelen diagram of H/C versus O/C for the compounds 
eluting within four representative CRAM-containing fractions from 
TICs represented in Fig. 2: fraction 3, fraction 5, fraction 7 and frac-

tion 9 for coastal seawater DOM (SW) (top) and Suwannee River 
NOM (SW) (bottom). Typical CRAM and CRAM-like materials 
region highlighted [46]

Fig. 8   O/C versus m/z of homologous series from the compounds 
eluting within four representative CRAM-containing fractions from 
TICs represented in Fig. 2: fraction 3, fraction 5, fraction 7 and frac-

tion 9 for coastal seawater DOM (SW) (top) and Suwannee River 
NOM (SR) (bottom). Migration of densely populated regions (black 
into grey zones) is highlighted
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for compounds extracted from freshwater samples is com-
monly due to their higher degree of aromaticity, which is 
typical of terrestrially derived and lignin-like materials 
[49]. This can be seen in Fig. 7, where Van Krevelen dia-
grams for the Suwannee River reference sample fractions 
are more heavily populated with compounds with H/C 
<1.0, and O/C <0.5. However, in a recent comparison of 
Van Krevelen plots for DOM obtained using either SPE or 
dialysis based methods, carried out by Tfaily et al., this low 
O/C region was shown to be notably more populated when 
the sample was isolated using dialysis, and so herein is also 
likely to be reflective of differences in DOM isolation tech-
nique [46].

Comparison of fractional plots presented within Fig.  8 
reveals a common trend of decreasing O/C ratio and 
increasing m/z, with increasing retention. This is demon-
strated most clearly with the coastal seawater fractions, 
where the migration of densely populated regions is high-
lighted (black into grey highlighted regions). Again a simi-
lar effect is seen for the Suwannee River fractions, albeit 
at a somewhat less obvious level due to the much higher 
density of high m/z, low O/C material present in the later 
eluted fractions. Figure 8 dramatically reveals the substan-
tial number and extensive range of homologous series’ in 
each sample. Within fractions 3–9, series’ of molecules 
differing by one oxygen atom or one carbon atom and 
four hydrogen atoms can be seen, demonstrating a typical 
increase in oxidation with a decrease m/z (i.e. variation in 
methylene count). These differences, and assigned formu-
lae, within one such homologous series are highlighted 
within the Electronic Supplementary Material as Figure S2. 
Further to this, other recurrent mass differences between 
the observed ions are defined by the variation in double 

bond equivalents [16, 50, 51]. Typical series such as those 
shown have been described by Hertkorn et al. and defined 
as CRAM [16, 52]. In some instances series’ are predomi-
nantly present in specific fractions, for example direct com-
parison of fractions 3 and 9 for the coastal seawater sam-
ple, confirming that CRAM was fractionated according to 
its degree of oxidation.

Chromatographic Resolution

It should be noted here that each of the assigned formu-
lae covers a large number of structurally diverse isomers. 
Thus the degree of complexity existing across the collected 
fractions is truly remarkable. To demonstrate the chromato-
graphic resolution achieved herein, a number of relatively 
abundant masses were selected and the chromatographic 
retention/selectivity for peaks corresponding to those 
masses within each fraction was determined using RP-
HPLC-HRMS. These single ion chromatograms for these 
fractions, within which each ion was evident, were highly 
illustrative of the underlying resolution achieved on the 
long monolithic column. Figure 9 shows these overlaid sin-
gle ion chromatograms for two selected ions, namely m/z 
383.0985, (C17H19O10) and m/z 505.1145 (C27H21O10), for 
each sample.

For m/z 383.0985, (C17H19O10), Fig.  9 reveals the 
presence of peaks of this exact nominal mass eluted in 
fractions 3 through to 8 of the coastal seawater DOM, 
each showing increased (unique) retention on the second 
dimension reversed-phase column. Peak widths, com-
pared to those expected for a single reference standard, 
would indicate that each peak within each fraction was 
a composite isomeric peak of material of very similar 

Fig. 9   RP-HPLC-HRMS single ion chromatograms from the mono-
lith column fractions for m/z 383.0985  ±  1  ppm for the formula 
C17H19O10, and m/z 505.1145 ± 1 ppm for the formula C27H21O10, in 

coastal seawater DOM (SW) and Suwannee River NOM (SR). Data 
are normalised to the strongest signal in each case
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reversed-phase selectivity. Therefore, the overlaid frac-
tions contain potentially dozens of compounds with 
[M − H]− ions at m/z 383.0985, which given the resolu-
tion shown on this second dimension RP-HPLC separa-
tion (i.e. the composite isomeric peaks are not co-eluted 
across all the fractions), means these groups of isomers 
were indeed fractionated on the first dimension mono-
lithic column.

For the Suwannee River reference material, the pat-
tern for the same ion is very different, with the bulk of 
the material isolated within fractions 3–6. The efficiency 
(peak width) of the peak for fractions 3 and 4 for Suwan-
nee River NOM, confirm the composite nature of the 
other broader peaks, and indicate a much smaller iso-
meric diversity within these two fractions. Interestingly, 
there is no resolution observed for this particular smaller 
cluster of isomers on the first dimension separation (data 
not shown), which would indicate these collectively 
eluted at the boundary point of the two fraction collection 
zones.

Taking the ion m/z 505.1145, (C27H21O10) as a second 
example (Fig. 9), more similarities can be seen between 
the two samples. For both coastal seawater DOM and 
Suwannee River NOM, the ion is evident from fraction 3 
through to 8, with reasonable resolution of each isomeric 
composite peak provided during fractionation. The reten-
tion time correlation between the two sets of sample frac-
tions was also interesting to note (taking peak maximum 
of each composite fraction peak), with fraction 3 retained 
4.9 and 4.5  min for the coastal seawater DOM and 
Suwannee River NOM fractions, respectively, with frac-
tion 4 retained 5.30 and 5.20 min, fraction 5 retained 5.55 
and 5.50 min, fraction 6 retained 6.25 and 6.10 min, frac-
tion 7 retained 7.0 and 6.9  min, and fraction 8 retained 
7.8 and 7.9  min, respectively. These variations in reten-
tion times, although small, are greater than that seen for 
single standards and again reflect differences in the exact 
isomeric content of the two sets of fractions.

The significance of these overlaid chromatograms lies 
within the overall resolution possible through the com-
bined monolithic column fractionation, and subsequent 
RP-HPLC/HR-MS separation and detection. Similar 
resolution of specific groups of isomers could be seen 
across the mass spectrum for each sample. The chroma-
tograms shown in Fig. 9 certainly represent some of the 
most highly resolved separations achieved to-date for 
these complex DOM and NOM mixtures, and provide 
a basis for much greater examination and investigation 
of the complex isomeric nature of CRAM and CRAM-
like material. Clearly these resolved peaks on the second 
dimension separation would point to the presence of pos-
sibly dozens of isomers for each of the many hundreds of 
ions identified by HRMS.

Conclusions

A two-dimensional reversed-phase chromatographic 
approach to the fractionation and separation of DOM and 
NOM has been developed. A high-capacity 1.1  m long 
reversed-phase monolithic column was applied to fraction-
ate to the DOM and NOM, prior to further fractional separa-
tion using standard RP-HPLC coupled with HRMS. These 
combined separation steps resulted in unprecedented reso-
lution of isomeric material, typically present within CRAM 
and CRAM-like substances. Composite peaks observed in 
the second dimension separation of each collected frac-
tion were subjected to HRMS analysis and characterisa-
tion using Van Krevelen diagrams, which revealed decreas-
ing O/C ratios from earlier to later eluted fractions, and an 
increasing H/C ratio, indicative of an increasing degree 
of saturation. Plotting the weighted mean m/z for all ions 
observed in the composite peaks also revealed a very clear 
correlation between m/z and retention on the monolithic col-
umn, although interestingly the slopes from such plots for 
data recorded for a coastal seawater DOM and the Suwan-
nee River reference material differed, providing an early 
indication of differences in the composition of the two sam-
ples. These differences were highlighted on closer inspec-
tion of the entire MS datasets for each fraction, namely a 
broader molecular weight distribution, and a higher degree 
of unsaturation in the case of Suwannee River NOM. How-
ever, such differences can be related to the extraction tech-
nique used to isolate the sample, and obviously the source 
of the sample, with freshwater DOM samples commonly 
characterised by a higher degree of unsaturation [43].
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