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Abstract 

This thesis focuses on the study of dissolved organic matter (DOM) as one of the earth’s 

largest carbon reservoirs and one of the most complex naturally occurring mixtures of 

organic material. DOM is a critical component on biogeochemical processes which 

relevance, origin, fate and chemical composition, which are still relatively poorly 

understood. In chapter 2, a detailed review on the on the extraction, fractionation and 

chemical characterization of dissolved organic matter (DOM) from seawater and 

freshwater sources for the rapid and effective processing of this complex sample prior to 

mass spectrometry (MS) and nuclear magnetic resonance (NMR) analysis is presented. 

This thesis also explores new single- and multidimensional chromatographic approaches to 

the fractionation of DOM. Within chapter 3, a relatively new chromatographic method, 

high-performance counter-current chromatography (HPCCC), was applied to the study of 

DOM. A HPCCC method was developed for the quantification of solid phase pre-extracted 

low molecular weight dissolved organic matter (DOM) from natural water sources. The 

method was applied to the determination of the concentration of DOM in seawater and 

compared with traditional quantification, demonstrating a clear advantage for the 

determination of the amount of DOM in water by using small volumes of samples. 

Detailed within chapter 4, a new separation technique based on Eleven Onyx monolithic C18 

columns connected in series was developed in order to obtain a high capacity reversed- 

phase HPLC column providing 110,000 theoretical plates for the fractionation of the 

components of DOM. The method was complemented by coupling the main fractionation 

with a second dimension of reversed-phase HPLC and high-resolution mass spectrometry 

(HRMS) detection. Successful fractionation of the major compositional materials  within 



x 

DOM (i.e. carboxylic-rich alicyclic molecules, CRAM) in order of decreasing polarity was 

confirmed. 

This research also seeks to provide improve pathways to the characterization of DOM by 

addressing the extraction of DOM from fresh and marine waters by using three different 

solid phase extraction (SPE) adsorbents, the selectivity of, phenyl-hexyl functionalised silica 

gel, a novel in house prepared adsorbent, and the commercially available polystyrene di- 

vinyl-benzene (PS-DVB), and octadecyl-silica gel (C-18) based adsorbents was described in 

chapter 5. Compositional differences between DOM extracted using the three different 

types of adsorbents could clearly be seen. DOM obtained from phenyl-hexyl functionalised 

silica proved to be richer in aromatics, aldehydes and aliphatics molecules than the other 

adsorbents. 

Finally, within chapter 6, for the first time, the characterization of dissolved organic matter 

(DOM) from seafoam samples extracted via solid phase extraction SPE using C18 and PPL 

functionalised adsorbents was performed. The results highlight the different selectivity of 

the examined adsorbents and underlining the potential to isolate specific classes of 

compounds within complex mixtures such as seafoam. Furthermore, NMR and HRMS 

analysis of the seafoam samples, confirmed the presence of the following classes of 

compounds: aliphatics, unsaturated, aromatics, aldehydes, peptides and carbohydrates in 

high concentrations within DOM. 
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Chapter 1 Preface 
 

 

 

Dissolved organic matter (DOM) represents one of Earth’s largest carbon reservoirs, 

comparable to the amount of atmospheric CO2 (624 and 750 gT, respectively)1, 2. The origin 

and fate of DOM play a significant role in the global carbon cycle, including influencing the 

carbon present in the atmosphere, as CO2 is a primary source of DOM via the activity of 

phytoplankton, as well as the primary product of DOM mineralisation3-6. For this reason, its 

extraction, quantification and characterisation remains a significant focus of attention in the 

geochemical and environmental sciences. DOM is generally described as a highly complex 

and heterogeneous mixture of organic compounds found within all marine and fresh water 

systems. This collection of organic carbon comprises several classes of compounds, ranging 

widely in concentration (< ng L-1 to > mg L-1), molecular weight, size and polarity7-9, namely, 

proteins, peptides, lipids, amino acids, sugars, humic and fulvic acids, lignin-like materials, 

molecules derived from linear terpenoids (MDLT) and carboxylic rich alicyclic molecules 

(CRAM), to name a few. However, despite the considerable research attention and the vast 

amount of literature on the nature and classes of compounds present within DOM, a 

considerable percentage of its components remain uncharacterised, which clearly highlights 

its real complexity and the technological and methodological shortcomings in the analysis of 

such complex material10-12. 

When considering the composition of this complex organic matter, it is important to realize 

that DOM and DOM related processes are seasonal, weather dependant and 

geographically variable, which means that, a DOM sample collected from estuarine waters 

will differ considerably in composition to one from oceanic waters (e.g. revealing a greater 

fraction of material of terrestrial origin) and both will vary further in terms of their 

extraction profiles depending upon the sample matrix (e.g. degree of salinity and organic 

matter source)13. 
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In addition to natural variations, DOM is also affected by the method of extraction used for 

its isolation, meaning, a sample isolated using ultrafiltration will differ substantially from 

that obtained using a solid phase extraction (SPE) approach. Isolation, remains is a key step 

towards the understanding of DOM. To date, the most commonly applied isolation 

techniques are ultrafiltration (UF), reverse osmosis (RO), and SPE. However, each of these 

approaches exhibits some degree of inherent selectivity, which is highly variable for aech 

reported method 14-16. Due to its simplicity, cost and availability, SPE is currently one of the 

most popular techniques used to extract DOM2, 17. 

 

 
The variability of DOM composition, make the determination of its chemical composition at 

a molecular level extremely challenging. There have been several reviews that make clear 

the significant limitations of the available analytical techniques when applied to detailed 

characteriaation of DOM7, 12. It is common for non-selective analytical methods to either 

describe only bulk properties, or limited fractions of the total DOM pool, for example, total 

organic carbon (TOC) measurements, C:N ratios, or bulk fluorescence. Such approaches 

reduce DOM to an average theoretical material, with a characteristic fingerprint, which is 

often used for identification of the source, bulk transport and comparative studies of water 

bodies7, 18-21. For molecular level information, only mass spectrometry (MS) and nuclear 

magnetic resonance (NMR) (particularly HR-MS or multi-dimensional NMR) can begin to 

approach the level of selectivity required22-31 (although the complexity of the unfractionated 

material often results in extensive spectral overlap)32. Thus, the challenge currently sits in 

finding the right chromatographic approach to achieve DOM fractionation/separation prior 

to the above HR-MS and NMR characterization. 
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The challenge of this type of study arises from the difficulty in finding the right 

chromatographic method and characterisation technique to complement the spectrometric 

analysis.  Some of the chromatographic methods applied to the fractionation and separation 

of DOM include, reversed-phase and normal phase liquid chromatography (RP-HPLC, NP- 

HPLC)33-35, size-exclusion chromatography (SEC)36-38., hydrophilic interaction liquid 

chromatography (HILIC)28, 29, 39, ion exchange chromatography40, gas chromatography (GC)9, 

41, 42, and most recently, high-performance counter-current chromatography (HPCCC)43, 44. 

 
These various techniques have been applied in attempts to fractionate DOM into classes of 

compounds according to polarity (hydrophobicity/hydrophilicity), MW, charge, and degree 

of unsaturation43. However, due to the complexity of this organic mixture, no one- 

dimensional separation method can possibly resolve all DOM constituent classes. Therefore, 

new multi-dimensional separation approaches, have begun to emerge16,17 in order to 

improve chance to obtain molecular level information. 
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Scope of the Thesis 

 
This thesis is a compilation of work addressing different chromatographic approaches to 

achieve the chemical characterisation of DOM from freshwater and seawater sources. The 

overall objectives of this research were to develop new techniques for the targeted 

fractionation of DOM and to characterise the fractionated DOM using both classical 

spectroscopic techniques and advanced analytical techniques including NMR and HR-MS 

coupled with single and multi-dimensional chromatographic methods. The specific 

objectives were: 

Chapter 2: To review and present an overview of the separation techniques applied to the 

complex challenge of dissolved organic matter characterisation. The review herein therefore 

discusses and reviews methods for isolation of dissolved organic matter from natural waters, 

and the range of separation techniques used to further fractionate this complex material. 

Chapter 3: To develop, a high-performance counter-current chromatography (HPCCC) as a 

new chromatographic method for the analysis of DOM from small samples volumes using 

UV absorbance (254 nm) and evaporative light scattering detection (ELSD), and appliy the 

method to the detection of pre-extracted low molecular weight dissolved organic matter 

(DOM) from natural waters. 

Chapter 4: To develop a new multi-dimensional chromatographic approach for the pre- 

fractionation and subsequent RP-HPLC-HRMS characterisation of DOM, based upon the use 

of a high loading capacity and high efficiency monolithic RP-HPLC column, and assessment 

of the fractionation capabilities and selectivity such a column could provide. 
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Chapter 5: To compare the selectivity and efficiency of extraction of a novel adsorbent 

prepared in-house (phenyl-hexyl-functionalised silica), which was developed to provide 

combined selectivity for non-polar and aromatic species in DOM samples, and compare its 

performance with two different commonly applied SPE sorbents, namely the PS-DVB based 

PPL sorbent and a traditional C18-functionalised silica phase. 

Chapter 6: To gain a better understanding of how SPE can be applied for the analysis of 

seafoam for the first time, by comparing two commercially available and widely popular SPE 

cartridges, namely, octadecylsilica gel (C18) and polystyrene divinylbenzene (Bond Elut 

PPL)for the extraction of DOM from this concentrated source. The comparison was made 

using chromatography, and high resolution NMR and MS. 

Chapter 7: Presents the final part of the thesis, and as such it summarises the novel 

contributions of the research. It reviews and reiterates the findings during this project on 

the extraction, fractionation and characterisation of DOM. This chapter also discusses the 

limitations of the research and suggest opportunities for further research into 

understanding DOM and the benefits which might flow from those questions left 

unanswered. 
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Abstract 

The selectivity of three different solid-phase extraction adsorbents was investigated for the 

extraction of marine dissolved organic matter (DOM). A standard octadecylsilica gel (C18), 

the poly(styrene-divinylbenzene) (PS-DVB) based Bond Elut PPL adsorbent, and a novel 

phenylhexyl- functionalised silica gel, were each evaluated under the same conditions, with 

the subsequent extracted DOM characterised using reversed-phase liquid chromatography 

coupled to high resolution mass spectrometry (RP-LC-HRMS), two-dimensional nuclear 

magnetic resonance (2D NMR), and quantitative 1H NMR. Compositional differences between 

DOM extracted using the three different types of adsorbents could clearly be seen. In 

particular, DOM obtained from the new phenylhexyl- functionalised silica proved to be richer 

in aromatics, aldehydes and aliphatics, whereas the Bond Elut PPL phase was the most 

selective in the isolation of unsaturated compounds. The new phenylhexyl- functionalised 

silica adsorbent yielded a more heterogeneous sample, with Van Krevelen diagrams and 

intensity versus m/z ratios distributions showing a more comprehensive distribution for 

carbon, hydrogen and oxygen compounds, including carboxylic-rich alicyclic molecules 

(CRAM) and molecules derived from linear terpenoids (MDLT). The amount of extracted DOM 

from the three different types of cartridges was quantified using a high-performance 
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counter current chromatography (HPCCC) based method, coupled to both UV and 

evaporative light scattering detection (ELSD). This approach confirmed the Bond Elut PPL 

adsorbent provided the highest DOM mass recovery, followed by phenylhexyl- functionalised 

silica and C18-functionalised silica.  
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Introduction 
 
Marine dissolved organic matter (DOM) represents one of Earth’s most significant carbon 

reservoirs, and as such its origin, composition and fate remain important questions in 

understanding the global carbon cycle. Given the complexity of DOM, its representative 

extraction, quantification and characterisation presents a significant analytical challenge. 

Despite considerable ongoing research efforts in this area, the majority of isolated DOM 

remains only loosely characterised, which is a reflection of its aforesaid complexity, and 

also current practical and instrumental limitations in the detailed characterisation of such 

materials [1-3]. This pool of organic carbon is typically described as a complex mixture of 

several classes of compounds, ranging widely in concentration (< ng L-1 to > mg L-1), 

molecular weight (MW), size and polarity, and including proteins, peptides, lipids, amino 

acids, sugars, terrestrially derived compounds (i.e. humic and fulvic acids, together with 

lignin-like materials), molecules derived from linear terpenoids (MDLT) and carboxylic rich 

alicyclic molecules (CRAM). The latter classes represent the most prominent structures 

found within DOM, characterised by means of high resolution mass spectrometry (HRMS) and 

nuclear magnetic resonance (NMR) [4-7].  

When considering the composition of this complex organic matter, it is important to 

take into account its temporal (seasonal) and geographical variability, as well as the post-

extraction variation originating from the application of differing modes of DOM isolation. 

Obviously, DOM within estuarine waters differs significantly in composition to that within 

oceanic waters, e.g. revealing a greater fraction of material of terrestrial origin. However, 

DOM isolated from a single source using a dialysis-based method will also differ substantially 

from that obtained using a solid-phase extraction (SPE) approach, and further variation may 

arise in terms of extraction efficiency, depending upon the sample matrix (e.g. degree of 

salinity and source of the organic matter) [8]. This natural and procedural variability means 

there are also very few reference methods or materials available which can be applied to 

the chemical (molecular level) characterisation of DOM [3, 7]. 

DOM is commonly isolated using either ultrafiltration (UF), reverse osmosis (RO) 
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(with or without coupled electrodialysis), or SPE. However, each of these approaches 

exhibits some degree of inherent selectivity, the extent of which is highly variable [9-11].  

Due to its simplicity, cost and availability, SPE is one of the most popular techniques used 

to extract DOM. Three classes of adsorbents have been commonly applied in this regard, 

namely nonpolar polymeric resins (e.g. poly(styrene-divinylbenzene) (PS-DVB), surface 

modified PS-DVB), alkyl- and aryl- modified silica (e.g. C18-functionalised silica) and 

diethylaminoethyl (DEAE) cellulose anion-exchanger [12, 13]. These SPE adsorbents 

generally exhibit moderately hydrophobic properties, although secondary interactions with 

DOM based upon size and charge are also significant.  

Generally, pre-filtered seawater or freshwater samples are first acidified before 

extraction to improve the recovery of carboxylic- and phenolic-rich species [3, 12], with the 

adsorbed DOM then eluted using methanol (MeOH) or acetonitrile (MeCN). Potential 

problems associated with SPE include the contamination of isolated DOM resulting from the 

release of material from the sorbent (bleeding), uncharacterised selectivity and non-

quantitative recovery. Furthermore, it is not clear to what extent sample acidification 

modifies molecular structures and composition of the DOM [14-17]. A favoured SPE 

procedure to extract DOM is that in which prefiltered (0.22 µm pore size glass fibre filter) 

seawater samples are acidified to pH 2 and then passed through the extraction sorbent. A 

frequently used example of a commercially available sorbent is the surface modified PS-

DVB based Bond Elut PPL phase, which has been applied in this regard with reported yields 

of up to 65% [12, 18]. This polymer adsorbent is modified with a proprietary non-polar 

surface and is classified as a predominantly non-polar adsorbent. As such the Bond Elut PPL 

SPE cartridges exhibit moderate retention of polar classes of solutes, together with the 

majority of non-polar material. This extraction method has now been used extensively. For 

example, Swenson et al. reported coupling a Bond Elut PPL cartridge directly to a reversed-

phase (RP) HPLC chromatographic column with the aim of achieving fast extraction, 

separation and MS characterisation [19]. Sandron et al., recently used the Bond Elut PPL 
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cartridges to extract DOM prior to its fractionation on a 1.1 m long monolithic reversed-

phase column, followed by characterisation using another RP-HPLC system with MS 

detection [20]. 

As mentioned above, SPE has been commonly applied to the isolation of DOM due to 

its simplicity and acceptable extraction efficiencies [12, 21-23]. The focus now is to 

understand the molecular selectivity of the SPE sorbents used, rather than purely evaluating 

recovery. A large variety of phases has been evaluated, compared and reviewed [1, 3]. 

These studies have indicated that Bond Elut PPL cartridges tend to retain higher proportions 

of nitrogen-containing compounds from the DOM matrix [12], whereas traditional C18 

functionalised materials are more selective towards saturated molecules [18, 24]. Most 

recently, the selectivity of 24 relevant commercially available SPE sorbents for DOM 

extraction was reported by Li and Minor [13], including: 

i) Neutral non-polar: methylsilica (C1), ethylsilica (C2), cyclohexylsilica (CH), 

octylsilica (C8), octadecylsilica C18 and C18OH, copolymer of DVB and N-

vinylpyrrolidone (HLB), and PS-DVB (ENV, PPL);  

ii) Neutral moderate polar: cyanopropylsilica (CN-E, CN-U) and phenyl silica (PH); 

iii) Neutral polar: diolsilica (2OH), polyamide (DPA-6S); 

iv) Cation-exchangers of various polarity: silica (SI), carboxylic acid 

functionalised silica (CBA), benzenesulfonic acid functionalised silica (SCX), 

copolymer of DVB and and N-vinylpyrrolidone with sulfonic acid functional 

groups (MCX), carboxylated PS-DVB (WCX) and mixed-mode adsorbent (Strata 

X-C); 

v) Anion-exchangers of various polarity: aminopropylsilica (NH2), copolymer of 

DVB and and N-vinylpyrrolidone with teraakylammonium functional groups 

(MAX), PS-DVB based weak anion exchanger (WAX), trimethylpropylammonium 

silica (SAX); 

This study enabled each phase to be classified according to its selectivity into five distinct 

groups with each group being comprised of phases exhibiting similar sorption mechanisms 
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and analogous molecular interactions, e.g non-polar, polar, cation-exchange etc. The 

authors of this comprehensive study suggest that coupling of orthogonal phases could 

provide a more comprehensive DOM extract in future investigations. 

In the present study we evaluate a new, previously unreported extraction phase, 

namely an in-house prepared phenylhexyl- functionalised silica, which has been specifically 

developed to provide combined selectivity for non-polar and aromatic species, and compare 

this new phase with two commonly applied SPE phases, namely the PS-DVB based Bond Elut 

PPL sorbent and a traditional C18-functionalised silica phase, for extraction of DOM from 

seawater.  Bearing an alkyl chain and a benzene ring in the moiety immobilised to silica, 

this new sorbent should exhibit similar chemical properties, and hence associated 

selectivity, to both the Bond Elut PPL phase and the C18-functionalised silica sorbents.  

DOM extracted using the various phases was compared quantitatively and 

compositionally using liquid chromatography and high resolution NMR and MS. Finally, the 

amount of DOM extracted on each phase was quantified using high performance counter 

current chromatography (HPCCC). 

 

Materials and methods 

Chemicals  

Ultra-high performance liquid chromatography (UHPLC) grade MeOH and formic acid were 

purchased from Merck (Merck, Sydney, Australia). Deionised water was obtained from a 

Milli-Q water purification system (Millipore, Watford, U.K.). Nitric acid, acetone and 

hydrochloric acid, used during plastic container washing procedures, were obtained from 

Sigma Aldrich (Sigma Aldrich, Sydney, Australia). For the preparation of the phenylhexyl- 

functionalised silica, bare silica, toluene, phenylhexyltrimethoxysilane  and isopropanol 

were purchased from Sigma Aldrich (Sigma Aldrich, Sydney, Australia). 

Preparation of phenylhexyl- functionalised silica 
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Technical grade bare silica gel (230-400 mesh, 60 Å, surface area 550 m2/g) from Sigma 

Aldrich (Sigma Aldrich, Sydney, Australia) was activated in water by stirring at 100 oC for 24 

hours. After filtration, 1 g of the activated silica was suspended in 40 mL of dry toluene and 

mixed with 20 mL of phenylhexyltrimethoxysilane at 120 oC under reflux (Figure 1). The 

resulting product was then filtered, washed with toluene, isopropanol and MeOH. The 

material was left to dry overnight under vacuum and was subsequently used to pack an 

empty 60 mL SPE cartridge (Agilent, Mulgrave, VIC, Australia). 

 

Figure 1. Synthetic pathway followed to obtain phenylhexyl- functionalised silica. 

 

Seawater collection and sample extraction 

The seawater sample (180 L) was collected from the Tasmanian East Coast (Kingston Beach, 

42o 98’ 11” South, 147o 32’ 28” East) and was stored in polypropylene containers at 4 oC. 

The containers were prewashed with several volumes of 0.1 M nitric acid, deionised water, 

MeOH, acetone, and once more with deionised water. The seawater was pre-treated as 

described by Dittmar [12, 25]. Briefly, 20 L of seawater were filtered through Nucleopore 

(Agilent, Mulgrave, VIC, Australia) polycarbonate filter cartridges (3 μm, 1 μm and 0.20 μm 

pore size, sequentially) and glass microfiber Whatman GF/F filters (0.20 μm pore size) 

(Agilent, Mulgrave, VIC, Australia), and acidified using 32 % hydrochloric acid solution to pH 

2. For DOM extraction, equal volumes of the filtered seawater were passed through the 

various SPE cartridges, containing three different kinds of sorbents: PS-DVB Bond Elut PPL 

(5 gr, 60 mL, packed bed, 600 m2/g surface area, 125 m particle size, 150 Å) (Agilent, 
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Mulgrave, VIC, Australia), C18-functionalised silica cartridges (10 gr, 60 mL, packed bed, 

220 m2/g surface area, 40 m particle size, 70 Å) (Agilent, Mulgrave, VIC, Australia), and 

phenylhexyl- functionalised silica (1 gr, 550 m2/g surface area, 37 -63 m particle size, 60 

Å). Retained DOM was eluted by flushing the cartridge with one volume of MeOH, and the 

extracts were stored at -20oC prior to analysis in order to preserve the sample from 

significant degradation or microbial activity. This procedure was repeated a further two 

times, following reconditioning of the cartridges, and reloading a further 20 L of seawater 

in each case, to assess the variability in DOM recovery with multiple cartridge usage. In total 

three DOM extracts were obtained for each sorbent cartridge. 

For DOM quantification using HPCCC [26], Suwannee River natural organic matter (NOM) 

reference material was used, purchased in dry form from the Humic Substances Society 

(Humic Substances Society, IHSS, Denver, Colorado, USA), which had been extracted using 

reverse osmosis, as previously described [27-29]. 

 

Reversed-phase liquid chromatography-high resolution mass spectrometry 

0.15 mg portions of DOM from seawater obtained from each of the various SPE cartridge, 

was dissolved in 150 µL of MeOH/0.1 % formic acid, in order to obtain 1 mg/mL solutions. 

These were immediately analysed by RP-HPLC-HRMS using a Waters 2690 HPLC system. A 30 

μL aliquot of each sample was injected onto a Nova-Pak C18 column, 150 x 4.0 mm ID, 

particle size 4 µm (Waters, Milford, USA) held at 30 °C. The DOM samples were 

chromatographed using a flow-rate of 0.8 mL/min over 18 min, with mobile phase A = 0.1 % 

formic acid in water, and mobile phase B = 0.1 % formic acid in MeOH, applying a two-step 

gradient of 10-50 % B over 3 min, and 50-80 % B for 8 min, followed by a wash in 100 % B for 

2 min and re-equilibration at starting conditions for a further 4 min. Post-column solvent 

flow to the HRMS ionisation source was restricted to 0.25 mL/min using a T-piece. HRMS 

data were acquired using an Orbitrap mass analyser (LTQ-Orbitrap, Thermo Fisher Scientific, 

Bremen, Germany) over the m/z range 50-1000, at a target resolution of 30,000 operated 
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in negative ionisation mode, according to parameters described previously [30]. For data 

acquisition, processing and molecular formulae assignments, Xcalibur software (ver 2.1) was 

used (Thermo Fisher Scientific, Bremen, Germany). 

 

Nuclear magnetic resonance analysis 

Proton and carbon NMR spectra were recorded in d6-dimethyl sulfoxide (DMSO, Novachem, 

Melbourne, Australia) at 25 oC on a Bruker Avance II HD NMR spectrometer operating at 600 

MHz (Bruker, Fallenden, Switzerland). Chemical shifts were recorded as δ values in parts 

per million (ppm) and referenced to trimethylsilyl propanoic acid (TMSP - Sigma Aldrich, 

Sydney, Australia). Top Spin 3.2 software (Bruker) was used for data analysis and processing. 

1D 1H NMR spectra were recorded with spectral width of 15 ppm centred at 5,0 ppm, 90-

degree excitation pulses, 128 transients and a relaxation delay of 20 s between each 

transient to allow for complete longitudinal relaxation.  Data were recorded with 64 K 

complex data-points and zero-filled to 128 K in processing. 0.3 Hz line broadening was 

applied with an exponential multiplication apodisation. Spline baseline correction was 

applied with user-defined baseline points for each spectrum. 1H-13C multiplicity edited HSQC 

data were acquired as 2048 x 256 data-point matrices using a gradient version of the 

standard Bruker pulse program (hsqcedetpgsisp2.2) with 128 transients per increment. Data 

were zero-filled in both dimensions in processing to 4096 x 1024 data-points with sine 

squared apodisations applied in both dimensions. 

 

High-performance counter current chromatography 

A Mini-DE (HPCCC) system from Dynamic Extractions (Slough, UK), was used in this study. 

The Mini-DE was connected to a quaternary solvent delivery system Model Q-grad pump from 

Lab Alliance (State College, PA, USA). Detection was performed using an Alltech 3300 

evaporative light scattering detector (ELSD, Grace Davison; Columbia, MD, USA), operating 

at a gain value of 1, temperature 35 oC and 0.4 L/min nitrogen flow. For Data acquisition, 
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the detectors were connected to a PowerChrom Chromatography Data System (eDAQ Pty 

Ltd, Australia). The HPCCC system was equipped with a separation coil of 17.9 mL with 0.8 

mm I.D. tubing. The revolution radius was 5 cm, and the β values of the multilayer coil were 

from 0.5 at the internal terminal to 0.8 at the external terminal. The operating procedure 

for Mini-DE involved equilibration of the column prior to sample injection by pumping the 

stationary phase at a flow-rate of 5 mL/min with no rotation. The coil was then rotated at 

1900 rpm at 30 ⁰C. The separations were performed under conditions analogous to RP-HPLC, 

with a solvent system of water/MeOH (5:5) as the mobile phase, and hexane/ethyl acetate 

(3:7) as the stationary phase. Solvent system preparation methods were as described 

previously [26]. The separation flow-rate was set at 1 mL/min. Under these conditions the 

sample injection volume was fixed at 50 μL.  

 
Results and discussion 

Reversed-phase liquid chromatography-high resolution mass spectrometry (RP-HPLC-

HRMS) 

Based on earlier studies [20], RP-HPLC-HRMS was used to identify the main features and 

compositional differences within the extracted DOM samples. As a reversed-phase column was 

used, the components of DOM were eluted in order of decreasing polarity along the water/MeOH 

gradient. Irrespective of the type of SPE sorbent applied, generally similar chromatographic 

elution profiles were observed with total ion current (TIC) chromatograms for each extract, 

typically showing an unretained fraction at the beginning of the chromatogram (1.8 min), 

representing highly polar material (most likely, carbohydrates), followed by a retained but 

unresolved ‘hump’, eluted as the gradient composition approached 50 % MeOH (mid- to low-

polarity compounds, typically including CRAM and CRAM-like material) and a low polarity 

fraction at the end of the chromatogram (e.g. lipid-like materials). Figure 2(a-c) shows typical 

RP-HPLC-HRMS total ion chromatograms for the extracted DOM samples obtained using each of 

the three separate SPE phases.  

 Despite the general similarities within the three TIC chromatograms, obvious differences 

can also be seen, related particularly to the peak shape of the retained mid-low polarity 
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DOM (‘hump’), as highlighted within each of the three chromatograms shown in Figure 2. 

These differing ‘hump’ shapes were reproducible, each recorded in triplicate for the DOM 

samples extracted on the same sorbent type (data not shown), and so can be regarded as a 

primary indication of differing composition. Retention factors for this complex peak in the 

chromatograms for DOM extracted using the PS-DVB based PPL phase, C18-silica and 

phenylhexyl- functionalised silica sorbents were found to be k = 2.33  0.1, 2.29  0.1 and 

1.97 0.2, (n = 3), respectively.  In the case of DOM extracted using the PPL sorbent, the 

retained peak appeared more symmetrical (i.e. Gaussian), with a peak asymmetry factor 

(AsF) of = 1.71, whereas in the case of C18- and phenylhexyl- functionalised silica extracted 

DOM, this appears considerably more tailed, with AsF = 4.35 and 3.67, respectively.  
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Figure 2. RP-LC-HRMS chromatogram of DOM isolated using SPE through (a) PS-DVB Bond 

Elut PPL, (b) C18-functionalised silica and (c) phenylhexyl- functionalised silica sorbents. LC 

conditions: Waters Nova-Pak C18 column (3.9 x 150 mm), flow rate 0.8 mL/min, linear 

gradient ranging from 10 to 100 % MeOH/0.1 % formic acid in 25 min.  
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 To investigate the nature of the unresolved materials eluted, the composite mass spectra 

correspondent to the highlighted regions of the chromatograms are shown within Figure 2 

and were used to assign molecular formulae for compounds consistent with CHO 

composition. The following parameters were used: a mass tolerance of 2 ppm, and a 

maximum of 50 carbons, 100 as maximum number of hydrogens and 30 oxygens. All detected 

ions were singly charged, as determined by the unit m/z. In this study, other elements such 

as nitrogen, sulfur and phosphorus 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 data 

reporting a relative signal intensity lower than 5%. Each fraction spectrum showed on 

average ~3000 peaks at S/N >20. Of these, 2200 (~75%) were assigned with a molecular 

formula after complying with the limiting parameters. Figure 3 shows a Van Krevelen 

diagram containing the overlaid data for the three retained composite peaks from the 

extracted DOM, with the material dominated by CRAM highlighted within the central oval 

region, together with other typical group classifications. For each sorbent extract the region 

below an O/C of 1.2 is also shown separately. The degree of unsaturation (H/C) and 

oxygenation (O/C) shown in the Van Krevelen diagrams suggests that the peaks obtained via 

extraction with C18- and phenylhexyl- functionalised silica sorbents were compositionally 

very similar, providing a comprehensive distribution of CHO-containing compounds across 

the observation space, although both were dominated by low O/C material. This 

compositional similarity agrees with the similar peak profiles (asymmetry) observed for 

these two DOM samples in the TIC chromatograms (Figure 2 (b) and (c)). However, the Van 

Krevelen diagram for the peak obtained from the Bond Elut PPL extracted DOM exhibited a 

far less comprehensive distribution of materials, with the O/C region > 0.6 and H/C > 1.5 

appearing notably clearer of material.  
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Figure 3. Van Krevelen diagram of H/C versus O/C (top) and O/C versus m/z distribution 

plots and 3D representation (bottom) for mid- to low polarity compounds (‘hump’) separated 

using RP-HPLC and initially extracted using the C18-functionalised silica, phenylhexyl- 

functionalised silica and Bond Elut PPL sorbents. 
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 The above observation is confirmed by examining differences between the separated 

peaks using O/C versus m/z distribution plots (Figure 4). The low molecular weight region 

(< 250 m/z) within the plot for the PS-DVB-based Bond Elut PPL extracted material is notably 

less populated than with the C18- and phenylhexyl- functionalised sorbents, which again 

show very similar content across the observation space. This would suggest the Bond Elut 

PPL sorbent exhibits a lower affinity for this low molecular weight region, and particularly 

for the higher oxygenated material (O/C > 1).  

 

 

Figure 4. O/C versus m/z distributions for CHO containing compounds extracted using the 

C18-functionalised silica, phenylhexyl- functionalised silica and Bond Elut PPL sorbents. 
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 Overall the differences shown indicate that the C18- and phenylhexyl- functionalised 

silica sorbents displayed similar broad selectivity, both being generally less selective than 

the Bond Elut PPL sorbent. However, regardless of the selectivity differences shown in 

Figure 3 and 4, it should be noted that for the three highlighted retained composite peaks 

in Figure 2 in all cases the HRMS data revealed a very typical distribution of molecular 

formulae associated with CRAM, where formulae differ by mass increments of 13.6 mDa 

(variation in double bond equivalents) and 36.4 mDa (formal exchange of oxygen and 

methane) [7]. The results show that the three SPE sorbents belong to the group of non-polar 

sorbents recently classified by Li et al., (Li et al. 2017) and the clustering of DOM isolated 

material is arranged according to a decrease in average H/C and increase in average O/C 

ratio of DOM, following the order: C18-silica, phenylhexyl-silica and Bond Elut PPL (Fig. 5). 

Compared to Bond Elut PPL, the DOM compounds extracted by phenylhexyl- silica exhibited 

a slightly higher H/C ratio and lower O/C ratio, indicating higher saturation. The 

phenylhexyl- silica extracts also showed higher average O/C ratios than the DOM isolated by 

C18-silica, in accordance with previous findings for similar commercial sorbents [13]. Figure 

5 compares the composite Average H/C and O/C elemental ratios of (left panel): SR DOM 

extracts, and (right panel): NS DOM extracts derived from negative ESI FT-ICR mass spectra. 

Bubble size indicated the average intensity obtained by FT-ICR mass spectra. The data seen 

with the three sorbents evaluated herein for extraction of Tasmanian seawater DOM with 

data recently presented by Li et al. for both the Bond Elut PPL and similar C18-silica phases, 

and additional HRB and C18-OH sorbents [13]. The unique selectivity of the phenylhexyl- 

functionalised phase is clear, when the extracted DOM is observed as average H/C and O/C 

elemental ratios. 
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Figure 5. H/C and O/C elemental ratios of (left panel): Tasmanian Seawater DOM extracts, 

and (right panel): North Sea DOM extracts derived from published negative ESI FT-ICR mass 

spectra data  [13].  

 To determine both extraction reproducibility and the extent of non-eluted material 

retained by the SPE sorbents, the recovery and composition of DOM eluted from each of the 

three differing sorbents following three separate extractions (triplicate extractions using 

single SPE cartridge) were investigated. This is important as the effect of non-eluted 

material, as indicated by lower recovery values for subsequent applications, is rarely 

explored in DOM extraction methods using SPE. Here the same SPE sorbent was used to 

extract 20 L of seawater, the extracted DOM eluted, followed by procedural washing with 

MeOH, and then subsequent re-use of the same sorbent to extract DOM from a further 20 L 

seawater sample, and the process then repeated a third time.  

 From these sequential extractions on all three sorbents, a reduction in recovery of the 

retained material was evident from the first to the third extraction (highlighted peaks in the TIC 

chromatograms in Figure 6 for the phenylhexyl- silica extracted DOM). For the phenylhexyl 

functionalised sorbent, although encouragingly similar profiles were observed across the full 

chromatograms, it can be seen that the peak shape for the highlighted co-eluted material 

appeared slightly less asymmetrical with each subsequent extraction and separation.  
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Figure 6. RP-LC-HRMS chromatogram of three DOM samples extracted using a single 

phenylhexyl-functionalised silica cartridge, from three separate 20 L volumes of Tasman 

seawater (a-c). Column: Waters Nova-Pak C18 (3.9 x 150 mm), flow rate 0.8  mL/min, 

linear gradient ranging from 10 to 100 % MeOH 0.1 % formic acid in 25 min. 

 



89 

 

 

 To investigate further, the peak intensity versus m/z data for the material eluted 

within these peaks was once again plotted. Figure 7 shows these plots for each of the 

three sorbents, overlaid for the first (blue dots), second (white dots) and third (yellow 

dots) extractions. The plots again reveal some obvious compositional differences in terms 

of the mass distribution, with the low molecular mass (<200 m/z) region clearly more 

populated with the C18- and phenylhexyl- functionalised silica sorbents, as compared to 

the Bond Elut PPL phase. However, Figure 7 also reveals significant differences between 

sorbents in terms of their mass intensity after subsequent extractions, and thus potential 

irreversible absorption and sequential loss of capacity. This is particularly evident for the 

PPL sorbent, which shows an approximate 50% loss in extraction efficiency between the 1st 

and 3rd extractions, compared to the two silica-based phases which exhibit less dramatic 

reductions. Indeed for the sub-200 m/z region, the Bond Elut PPL sorbent demonstrates 

complete loss of capacity for the third application. 
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Figure 7. Top - Intensity versus m/z plots for the material eluted from the (a) phenylhexyl- 

functionalised silica, (b) PS-DVB Bond Elut PPL, and (c) C18-functionalised silica sorbents. 

First extraction (blue dots), second extraction (white dots) and third extraction (yellow 

dots). Bottom - Intensity versus m/z plots for the specific region of molecular mass between 

50 and 200 m/z. 
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Nuclear magnetic resonance  

 

2D and 1D 1H/1H-13C NMR experiments were run to assess (2D) and quantify (1D) the classes 

of compounds within the DOM samples extracted using the three different types of sorbents 

and also to aid identification of the classes of compounds which were depleted when the 

same cartridges were applied multiple times.  

 

 2D NMR spectra were divided into different areas according to the classes of compounds 

presenting within the extracted DOM samples (see Figure 8 a-c). Regions were selected with 

reference to previous studies [31]. All the samples extracted from the three different SPE 

cartridges provided evidence of the following typical DOM components; aromatics, peptides, 

aldehydes, carbohydrates, CRAM and MDLT. From a qualitative observation of the three 2D 

NMR spectra shown within Figure 8 ((a) phenylhexyl- functionalised silica, (b) PS-DVB based 

PPL, and (c) C18-functionalised silica phases), very similar composition and density can be 

seen for the CRAM/MDLT region for each sample, and little differences within the aromatic 

region. Once again the C18 and phenylhexyl-functionalised sorbents exhibited very similar 

patterns right across the observation space. There does appear to be a substantial 

difference between the spectra in the CH and CH2 (carbohydrate) regions of the spectra, 

where surprisingly the PS-DVB based Bond Elut PPL sorbent presents considerably greater 

density and a more complex profile.  
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Figure 8. 2-D NMR 1H-13C multiplicity edited HSQC data for DOM obtained from the  (a) 

phenylhexyl- functionalised silica, (b) PS-DVB based Bond Elut PPL, and (c) C18-

functionalised silica. Cyan contours represent CH2 groups. 
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 The 1H NMR spectra shown in Figure 9 were used to semi-quantitatively compare DOM 

extracted from the three different SPE cartridges and within the three multiple extractions 

made on the same type of sorbent.  However, despite the extracted DOM having undergone 

extensive multiple drying procedures under high vacuum prior to analysis, all the NMR 

spectra obtained (both Figure 8 and 9) presented an intense residual signal ranging from 4.5 

to 3.5 ppm, this being indicative of the presence of water in the sample. It was observed 

that this water signal appeared to decrease from the first through to the third extraction, 

meaning that water was adsorbed by the material rather than being present within the DMSO 

used to dissolve DOM samples prior to NMR analysis. Electronic corrections were performed 

to attenuate this signal, however, no procedure was found suitable to fully correct the 

spectrum. Trimethylsilylpropanoic acid (TMSP) was used as reference standard to predict the 

number of protons existing within prominent classes of compounds present within the samples, 

namely aromatics, aldehydes, unsaturated compounds, alcohols, esters and aliphatic. For this 

purpose, as shown within Figure 9, the NMR spectra were divided into three different ranges: 

2.5-0.5 ppm (aliphatics), 5.5-4.0 ppm (unsaturated compounds, alcohols and esters) and 9.5-

6.5ppm (aromatics and aldehydes). The number of protons in the three different sections of the 

spectra were obtained by comparing the area under the peaks from these portions to the 

equivalent from the TMSP standard, which was introduced to the sample before starting NMR 

analysis. The number of protons in the standard was 9, and this was given an arbitrary value of 

100 units. The concentration of TMSP was 18 mmol/L. This allowed the number of protons from 

the three spectral areas highlighted on Figure 9 to be obtained and this value can then be used 

to make observations on selectivity differences exhibited by the three phases and to reveal two 

interesting trends. Firstly, the reduction in extraction efficiency with each subsequent 

extraction is clear. For the Bond Elut PPL sorbent this reduction between 1st and 3rd extraction 

averages at 50%, which correlates well with that observed in Figure 7. For the silica-C18 sorbent, 

this average reduction in extraction efficiency is ~40%, while the phenylhexyl- silica surprisingly 

showed an average reduction of ~85 % across these three classes of compound. 
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Figure 9. 1H NMR spectra for DOM extracted using phenylhexyl- functionalised silica, C18-

functionalised silica and Bond Elut PPL based sorbents. Each cartridge was applied three 

times, for three consecutive extractions of 20 litres Tasmanian seawater. The highlighted 

sections represent the ranges: (a) 2.5-0.5 ppm (aliphatics), (b) 5.5-4.0 (unsaturated 

compounds, alcohols and esters) and (c) 9.5-6.5 (aromatics and aldehydes). 

 

 Secondly, in terms of extraction selectivity the phenylhexyl- functionalised silica 

extracted DOM exhibited the highest proton ratio for aliphatics (2.5-0.5 ppm), aromatics 

and aldehydes (9.5-6.5 ppm), whereas the Bond Elut PPL sorbent appeared more selective 

for unsaturated compounds, alcohols and esters (5.5-4.0 ppm). The aromaticity (  

selectivity) of the phenylhexyl- silica surface is likely to be the reason for this phase 

exhibiting the highest efficiency in recovering aromatic compounds (i.e. humic substances), 

which are also well represented within the PS-DVB based PPL extracted DOM. Dittmar et 

al., have previously reported how the aromatic section of the proton chemical shift (>6 

ppm) is commonly indicative of terrestrially derived DOM (Dittmar et al. 2008).  
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 The selectivity of the nonpolar Bond Elut PPL sorbent for the unsaturated compounds, 

alcohols and esters can be expected. Conversely, the C18-funtionalised silica reported the 

lowest extraction efficiencies for all the considered classes of compounds, especially for 

both aliphatics, and the aromatics and aldehydes. 

 

Quantification of DOM using High performance counter current chromatography method  

A challenge in the study of DOM is quantification of extraction mass yield. Common 

approaches involve total carbon content (TOC) analysis, with the TOC measurements of the 

sample taken before and after SPE. However, this approach can be rather imprecise at low 

DOM concentrations and also dependent on sample contamination, as well as being 

complicated by the presence of inorganic salts. A chromatographic approach to 

quantification provides for selective separation of the extracted DOM from other extracted 

material and so avoids these and other complicating factors, such as issues associated with 

incomplete drying and adsorption of moisture from the atmosphere.  

 In a recent publication, we have reported a new HPCCC method developed specifically 

for this purpose [26]. As HPCCC is based on liquid-liquid partitioning principles (both liquid 

mobile and stationary phases), the developed method avoids irreversible adsorption and the 

DOM can be retained selectively and eluted as a single and quantifiable peak, relative to a 

standard material. Herein, after DOM elution from the SPE cartridges with one volume (60 

mL) of MeOH, the solvent was evaporated under a nitrogen stream and the mass of obtained 

DOM noted. In the case of C18-functionalised silica, 12 mg of DOM was obtained, and 

considering this was eluted in 60 mL MeOH, it can be therefore calculated that the elution 

concentration was 0.20 mg/mL (Table 1). The same elution procedure was done for all 

sorbent types and for the two subsequent 20 Litres seawater extractions using the same 

cartridges.  
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 The elution concentration values so obtained were then compared to those using 

reversed-phase HPCCC with a water/MeOH (5:5) mobile phase and hexane/ethyl acetate 

(3:7) stationary phase. The critical chromatographic parameters were optimised, applying 

a revolution speed of 1900 rpm and a flow-rate of 1 mL min−1. Under these conditions, 50 μL 

of extracted DOM solution could be injected and quantified using calibration against a 

reference natural dissolved material (Suwannee River) with a calibration linearity 

coefficient of 0.999. 

HPCCC provided a single quantitative determination of the amount of DOM extracted from 

the three different types of cartridges when compared to that obtained following blow 

down, drying and weighing, using only 50 μL of sample and no extra treatment previous to 

analysis. Figure 10 shows the overlaid HPCCC chromatograms for the first, second and third 

extracts of DOM from the C18-, Bond Elut PPL and phenylhexyl functionalised sorbents. The 

results show that the concentration of obtained DOM decreases from the first to the third 

extraction, highlighting the evidence of irreversible adsorption issues, together with the 

difficulty in washing the SPE sorbents after the first and the following 20 L extractions. 

 



 

 

 

Figure 10. HPCCC quantification chromatograms of extracted DOM after first (blue), second (red) and third (green) extraction from Bond Elut 

PPL, C18-silica and phenylhexyl- silica cartridges). Conditions: reversed-phase solvent system with hexane/ethyl acetate (3:7) as stationary 

phase and water/MeOH (5:5) as mobile phase; Flow rate = 1 mL min−1; Rotation speed = 1900 rpm; and ELS detection.  
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Table 1: Quantification of DOM extracts using HPCCC for the three different SPE sorbents. 

 

Sorbent  Extraction 

Weighed  

Mass  

(mg mL-1) 

HPCCC 

(mg mL-

1) 

Loss 

Material 

2nd 

extraction 

(%) 

Loss 

Material 

3rd  

extraction 

(%) 

Phenyl-

hexyl  

1  20.2  19.4   

2  18.1  17.2 11.03  

3 17.6  16.8  13.34 

C18 

1  12.4 12.6   

2  10.8 10.5 16.69  

3 10.2 9.5  24.74 

PS-DVB 

1  11.0 10.6   

2  9.2 8.8 17.11  

3 8.6 7.9  25.72 

 

 

As can be seen from Table 1, a reduction in recovery arises from the differences in 

extraction efficiency and selectivity between the different SPE sorbents used for the 

isolation of DOM. Furthermore, the inclusion of a second and third extraction to the same 

SPE cartridge, as was the case herein, would see the loss of material present in the sample. 

This was evident as a loss of DOM material of approximately 13, 24 and 25% was reported 

for phenylhexyl-, C18 and Bond Elut PPL functionalised phases, respectively. For this reason, 

and as already mentioned by Dittmar et al., SPE extraction cartridges should not be 

overloaded because after several litres of seawater are processed, low to mid polarity 

molecules such as lipid-like material or CRAM are retained on the sorbent, thereby 

preventing more DOM sample from being extracted, with most of the material then being 

lost in the effluent from the cartridge [12].  
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Conclusions 

 PS-DVB based Bond Elut PPL, C18-functionalised silica, and a new phenylhexyl- 

functionalised silica were used to extract DOM from seawater with the aim to compare the 

chemical characteristics of the material extracted. The extracted material was 

characterised by means of RP-LC-HRMS and NMR. HRMS data obtained for the retained 

‘hump’ of DOM using RP-LC was compared using intensity versus m/z and O/C versus m/z 

distributions, and Van Krevelen diagrams. Selectivity differences seen were partially 

confirmed by 1H quantitative NMR spectra, showing that phenylhexyl functionalised silica 

had the highest selectivity towards aliphatics, aromatics and aldehydes. On the other hand, 

the PS-DVB based PPL phase was more selective towards unsaturated compounds, alcohols 

and esters, with the C18-functionalised silica phase showing the lowest selectivity for 

aromatics. This result was expected as the Bond Elut PPL and phenylhexyl functionalised 

silica can retain material through π-π interactions with the aromatic moieties within DOM. 

After washing and reloading the same cartridges with further seawater samples, the 

extraction efficiency for DOM decreased dramatically, as demonstrated by means of RP-LC-

HRMS and quantitative studies using HPCCC with both UV and ELSD detection. These data 

emphasise that irreversible adsorption occurs on each of the SPE phases after sample 

loading, therefore these cartridges should generally be limited to a single use. Using HPCCC 

it was found that the phenylhexyl-functionalised silica sorbent provided the highest 

extraction efficiency, followed by C18-functionalised silica and the Bond Elut PPL sorbent.  
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Abstract 

 

This article describes the application of two different types of adsorbents, a standard octadecylsilica 

gel and the polystyrene divinylbenzene based Bond Elut PPL sorbent, for the solid-phase extraction 

of dissolved organic matter from seafoam samples. These adsorbents were evaluated under the 

same conditions of extraction and the consequent extracted DOM was characterised using two- 

dimensional nuclear magnetic resonance (2D NMR), quantitative 1H NMR and reversed-phase liquid 

chromatography coupled to high resolution mass spectrometry (RP-LC-HRMS). Compositional 

characteristics of DOM extracted from the seafoam samples using the two different types of SPE are 

shown. In particular, the results clearly emphasise the complexity of the sample by showing multiple 

classes of compounds such as aliphatics, unsaturated, aldehydes, aromatics and, possibly, peptides 

and carbohydrates present in seafoam samples. 
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Introduction 

 
Dissolved organic matter (DOM) is a highly complex collection of organic compounds widely 

distributed in all aquatic ecosystems e.g. in rivers, lakes and oceans. DOM is large pool of carbon- 

based compounds which not only contains carbon (~50 %), but also oxygen, nitrogen, sulfur, 

phosphorus, and metals (Hertkorn et al. 2006, Ritchie and Perdue 2003) that play a key role in 

physical, chemical, and biological processes in water systems. For this reason, its extraction, 

quantification and characterisation remains of significant interest in the environmental sciences. 

Most of the understanding about DOM to date comes from numerous studies of marine and 

freshwater DOM (Dittmar et al. 2008, Jiao and Azam 2011, Sandron et al. 2015). However, typical 

elements present in DOM, such as proteins, peptides, lipids, sugars, anthropogenic compounds, 

humic and fulvic acids, carboxylic rich alicyclic molecules (CRAM) and lignin like materials, are also 

found in highly elevated concentrations within natural coastal seafoams. 

Seafoam is generated in coastal regions close to river and estuary zones, often following periods of 

high rainfall and storm events, formed by the agitation of seawater containing dissolved organic 

matter, where the churning action of breaking waves in the surf zone traps air, forming persistent 

bubbles which adhere together creating a foam (Koehn 1982). Seafoam typically results from the 

enrichment of surface active substances exuded by phytoplankton and algal blooms, seaweeds and 

terrestrial plants, such that the composition of seafoam is both location and seasonally dependent. 

For example, in areas close to large algal blooms, highly elevated concentrations of proteins and 

carbohydrates might be expected. Coastal seafoam can also result from either isolated pollution (i.e. 

from industry) or diffuse pollution sources (i.e. from agriculture), or indeed a combination of both 

(Schilling and Zessner 2011). This diverse range of organic material, makes seafoam an efficient 

natural concentrator of both terrestrial and marine DOM. Indeed, early investigations using carbon 

isotopic measurements have confirmed how dissolved organic carbon (DOC) concentrations in 

seafoam are considerably higher than found within seawater itself (Wissmar and Simenstad 1984). 
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Within the limited number of reported studies on seafoam, collection of the seafoam has typically 

been carried out manually using large pre-washed containers, followed by desiccation procedures, 

such as filtration and freeze drying (Harden and Williams 1989, Kesaulya et al. 2008, Meneses 1993, 

Wegner and Hamburger 2002). However, within these reports very little detailed characterisation 

has to date been reported, outside of bulk measurements, including spectroscopy, DOC and total 

organic carbon (TOC) (Schilling and Zessner 2011). 

Several techniques have been developed to isolate DOM in seawater samples that can be applied to 

the analysis of seafoam. Solid phase extraction (SPE) procedures are generally accessible and cost 

efficient. SPE techniques, involve separation based upon the chemical characteristics of the sorbent 

used for the extraction of the sample. Therefore, SPE provides the opportunity to introduce desired 

selectivity into the extraction procedure for more targeted studies. It was the goal of this study to 

gain a better understanding of how SPE can be applied for the analysis of seafoam by comparing two 

commercially available and widely popular SPE cartridges, namely, octadecylsilica gel (C18) and 

polystyrene divinylbenzene (Bond Elut PPL). The comparison was made using chromatography, and 

high resolution NMR and MS. Extraction of DOM using SPE from such samples (to the authors 

knowledge) has not yet been reported. 
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Materials and methods 

 

Chemicals and materials 

 

Ultra-high performance liquid chromatography (UHPLC) grade MeOH and formic acid were 

purchased from Merck (Merck, Sydney, Australia). Deionised water was obtained from a Milli-Q 

water purification system (Millipore, Watford, U.K.) and nitric acid, acetone and hydrochloric acid for 

washing procedures for the sample collection were obtained from Sigma Aldrich (Sigma Aldrich, 

Sydney, Australia). 

 

 
Seafoam collection and extraction 

 

Seafoam samples were manually collected from the Tasmanian East Coast (Bicheno Bay, 41o 52’ 44” 

South, 148o 17’ 19’ East), into 80 L low density polyethylene bags, prewashed with seawater. After 

three days of settling time, the solution (~6 L) was filtered through Whatman GF/F filters (0.20 μm 

pore size, Agilent, Mulgrave, VIC, Australia) and acidified using 32 % HCl to pH 2. The seafom sample 

was then treated according to the method described by Dittmar et al., which is normally applied for 

water samples (Dittmar et al. 2008). The 25 L of settled seafoam were filtered through Nucleopore 

(Agilent, Mulgrave, VIC, Australia) polycarbonate filter cartridges (0.20 μm pore size) and glass 

microfiber Whatman GF/F filters (0.70 μm pore size) (Agilent, Mulgrave, VIC, Australia) sequentially, 

then equal volumes of the filtered seafoam sample (~3 L) were passed through the C18- 

functionalised silica (10 gr, 60 mL, packed bed, 220 m2/g surface area, 40m particle size) and the 

PS-DVB Bond Elut PPL (5 gr, 60 mL, packed bed, 600 m2/g surface area, 125m particle size) (Agilent, 

Mulgrave, VIC, Australia) cartridges. The isolated DOM was eluted by flushing the cartridge with 60 

mL of MeOH, and subsequently concentrated by vacuum evaporation. The DOM obtained had a 

fluffy brownish powder appearance and was stored at -20 oC prior to analysis. 
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Reversed-phase liquid chromatography-high resolution mass spectrometry 

 

0.20 mg of DOM derived from seafoam obtained from each of the two SPE cartridges (PS-DVB Bond 

Elut PPL and C18-functionalised silica adsorbents), were recovered into 200 µL of MeOH/0.1% formic 

acid, to obtain 1 mg/mL solutions. The RP-HPLC-HRMS system consisted of Waters 2690 (Waters, 

Milford, USA) fitted with a 30 µL sample loop. Flow from the sample injector led to a 150 x 4.0 mm 

ID, particle size 4 µm, Nova-Pak C18 column (Waters, Milford, USA) held at 30°C. The sample was 

eluted at 0.8 mL/min over 18 min, with mobile phase A = 0.1% formic acid in water, and mobile 

phase B = 0.1% formic acid in MeOH, applying a two-step gradient of 10-50 % B over 3 min, and 50- 

80 % B for 8 min, followed by a wash in 100 % B for 2 min, and re-equilibration at starting conditions 

for a further 4 min. Post-column solvent flow to the HRMS ionisation source was restricted to 0.25 

mL/min using a T-piece. HRMS data was acquired using an Orbitrap mass analyser (LTQ-Orbitrap, 

Thermo Fisher Scientific, Bremen, Germany) over the m/z range 50-1000, at a target resolution of 

30,000 operated in negative ionisation mode, according to parameters previously described 

(Edwards et al. 2012). For data acquisition, processing and molecular formulae assignments, Xcalibur 

software was used (Thermo Fisher Scientific, Bremen, Germany). 

 
 

 
Nuclear magnetic resonance analysis 

 

Proton and carbon NMR spectra were recorded in d6-dimethyl sulfoxide (DMSO, Novachem, 

Melbourne, Australia) at 25 oC on a Bruker Avance II HD NMR spectrometer operating at 600 MHz 

(Bruker, Fallenden, Switzerland). Chemical shifts were recorded as δ values in parts per million (ppm) 

and referenced to trimethylsilyl propanoic acid (TMSP - Sigma Aldrich, Sydney, Australia). Top Spin 

3.2 software (Bruker) was used for data analysis and processing. 1D 1H NMR spectra were recorded 

with spectral width of 15 ppm centred at 5,0 ppm, 90-degree excitation pulses, 128 transients and a 
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relaxation delay of 20 s between each transient to allow for complete longitudinal relaxation. Data 

were recorded with 64 K complex data-points and zero-filled to 128 K in processing. 0.3 Hz line 

broadening was applied with an exponential multiplication apodisation. Spline baseline correction 

was applied with user-defined baseline points for each spectrum. 1H-13C multiplicity edited HSQC 

data were acquired as 2048 x 256 data-point matrices using a gradient version of the standard 

Bruker pulse program (hsqcedetpgsisp2.2) with 128 transients per increment. Data were zero-filled 

in both dimensions in processing to 4096 x 1024 data-points with sine squared apodisations applied 

in both dimensions. 

Results and Discussion 

 

Seafoam DOM Extraction and HPLC-HRMS analysis 

 

To effectively compare the two seafoam samples obtained from the different SPE cartridges, a RP- 

HPLC-HRMS was used to identify the main features and composition of the isolated DOM material. 

The data acquired in negative ionization mode using an Orbitrap mass analyser over the m/z range 

50-1000, at a target resolution of 30,000 operated in negative ionisation mode, show that the 

components of DOM for the seafoam samples are eluted in order of decreasing polarity along the 

water/MeOH gradient. Figure 1 (a-b) show the TIC chromatograms obtained for DOM extracted from 

the seafoam solutions using the Bond Elut PPL and C18-functionalised silica adsorbents, respectively. 

Both extracted DOM samples produced very similar TIC chromatograms, each with a small un- 

retained fraction at the beginning of the chromatogram (1.8 min), representing highly polar material 

(e.g. carbohydrates), followed by a broad composite continually eluting mass of material, over 5 min 

(from ~4 to ~9 min, highlighted section of the TIC chromatograms), eluted as the gradient 

composition approached 50 % MeOH, this being typically mid- to low-polarity compounds, including 

CRAM. Finally a low polarity fraction at the end of the chromatogram, that is then strongly retained 

elutes at the end of the applied gradient, were is common to expect lipid-like materials. 
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Figure 1: RP-LC-HRMS TIC chromatograms of seafoam sample extracted from (a) PS-DVB Bond Elut 

PPL and (b) C18-functionalised silica sorbent. Column: Waters Nova-Pak C18 (3.91 x 150 mm), flow 

rate 0.8 mL/min, linear gradient ranging from 10 to 100% MeOH 0.1% formic acid in 25 min. 

Highlighted section typically mid- to low-polarity compounds, including CRAM. 
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From the highlighted region of the TIC chromatograms from the (a) Bond Elut PPL and (b) C18 Silica 

extracted material, the data were processed and formulae was assigned. 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 phosphorus 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 >20. Of these, 2200 (~75 %) were 

assigned with a molecular formula after complying with the limiting parameters. 

For these two sea-foam extracts intensity versus m/z distributions, Van Krevelen diagrams and O/C 

versus m/z distribution graphs were plotted, Figure 2 (a-b) shows the intensity versus m/z 

distributions for the seafoam DOM samples extracted using the PPL and C18-functionalised silica 

sorbents (blue dots), overlaid with the similar plots obtained in a previous study for the seawater 

DOM samples extracted on the same adsorbents (yellow dots) (see chapter 5). The data shows a very 

clear shift to higher m/z material in both cases, although particularly noticeable in the case of the 

sample extracted using the C18-functionalised silica, which appears to exhibit an almost bimodal 

distribution, with one maxima at ~ m/z 500 and a second at ~ m/z 700, the latter of which is 

completely missing within the equivalent seawater DOM samples. Figure 2 (c) highlights the 

differences in the DOM extracted using the two sorbents from the sea-foam samples. There appears 

to be considerably more material extracted using the C18-functionalised silica between the 400-

600 and 600-800 m/z regions, with spread and density of data points below 400 m/z relatively 

similar for both sorbents. 



Chapter 6 Seafoam 

112 

 

 

 
 
 
 
 

 
 
 
 
 

Figure 2. Overlaid Intensity versus m/z distributions for CHO containing compounds obtained from (a) 

PS-DVB Bond Elut PPL and (b) C18-functionalised silica adsorbents from seawater (yellow) and from 

seafoam (blue). (c) Overlaid Intensity versus m/z distributions for CHO containing compounds from 

seafoam samples extracted from (grey) C18-functionalised silica adsorbents and (red) PS-DVB Bond 

Elut PPL. 

Viewing the two DOM samples in the form of their Van Krevelen diagrams in Figure 3 (top), a 

number of composition differences between samples can be seen, and also differences between 

these data sets and that observed with the seawater DOM samples. The bulk of the isolated material 

lies within the 1.0 to 2.0 H/C region and below the O/C ratio of 0.6. This was evident for the material 

extracted from both sorbents. However, the distribution of the compounds obtained from C18- 

functionalised silica appeared to be denser. This may reflect greater selectivity toward the more 

apolar or weakly polar material (i.e. aliphatics). The highest density of material sits across the zones 

typical of lipidic material, CRAM/MDLT and lignin. There would appear a greater density of material 

in the low H/C – low O/C region present in PS-DVB Bond Elut PPL derived extract, which would 

include the more aromatic materials, and indeed across the more polar region of O/C > 0.8. 
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Figure 3: Van Krevelen diagram of H/C versus O/C (top) and O/C versus m/z distribution plots and 

3D representation (bottom) for mid- to low polarity compounds (‘hump’) separated from 

seafoam samples using RP-HPLC and initially extracted using the C18- functionalised silica and 

Bond Elut PPL sorbents. 
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Focussing more closely in the extended lipidic region (<0.4 O/C and >1.3 H/C), as shown as Figure 3 

(bottom), the dense central core of material is very clear, this distinctive feature, indicates that both 

samples are rich on what would likely be terrestrially derived material (Koch et al. 2005). 

 
 

 
O/C versus m/z distributions appear relatively similar for both phases. However, once again 

significant differences could be seen between the sea-foam DOM samples and the seawater 

equivalents (see chapter 5). Figure 4 shows the sea-foam DOM sample data for O/C ratio as a 

function of m/z, with the blue transect line indicating a highly oxygenated high m/z region, well 

populated for the sea-foam DOM but missing completely in the seawater derived samples. Also, 

notable from this results, is the behaviour of the PS-DVB sorbent in the region of the low molecular 

weight region, < 250 m/z, which is considerably less populated than with the C18-, indicating that 

the PPL sorbent has less affinity for low molecular weight compounds during extraction, particularly 

for the higher oxygenated material (O/C > 1). 
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Figure 4. C/O versus m/z distributions for CHO containing compounds, Blue transect line indicating a 

highly oxygenated high m/z region in foam samples extracted with PS-DVB Bond Elut PPL (blue) and 

C18-functionalised silica (yellow) adsorbents. 

 

 
Nuclear magnetic resonance 

 
2D 1H NMR experiments were run to assess the classes of compounds within the DOM samples 

extracted using the two different types of adsorbents. The NMR spectra were divided into different 

areas, according to the classes of compounds presenting within the extracted DOM samples, as 

shown on Figure 4. The Regions were selected with reference to previous studies (Lam and Simpson 

2008) on seawater DOM and compared to our results on a previous study (see chapter 5). All the 

seafoam samples extracted from the C18 and Bon Elut PPL cartridges provided evidence of the 

typical constituents of DOM, namely, aromatics, peptides, aldehydes, carbohydrates, and CRAM. 

As expected the increased diversity of the materials extracted from the seafoam samples is clearly 

evident from the comparison of the 2D NMR spectra with those from seawater DOM shown in 

Figure 4. 
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Figure 4. 2D 1H NMR spectra for DOM extracted from marine waters using (a) Bond Elut PPL and (b) 

C18-functionalised silica phase cartridges, and from seafoam using (c) Bond Elut PPL and (d) C18- 

functionalised silica phase cartridges. 

 

 
These spectra clearly emphasise the complexity of the sample and the presence of classes of 

compounds such as aliphatics, unsaturated, aldehydes, aromatics and, possibly, peptides and 

carbohydrates. The latter can be related to the presence of cellulose in the sample, whereas 

aromatics, aliphatics and unsaturated compounds to terrestrially derived materials. The PS-DVB 

based PPL phase showed the highest affinity for unsaturated and aromatic compounds, whereas 

C18-functionalised silica demonstrated selectivity towards aliphatics. Given the nature of sea-

foam, which is known to contain a wide range of terrigenous compounds such as lignin and humic 

substances, of differing degrees of unsaturation and aromaticity, such finding appears to be 

reasonable. The PS-DVB based PPL phase has the potential to retain these classes of compounds 

through hydrogen bonding and π-π interactions in the case of aromatics. 

 
 
 
 
 

c 
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Conclusion 

 

For the first time, seafoam samples were investigated using the same methodology reported for 

seawater DOM. Seafoam samples were successfully extracted from PPL and C18-functionalised silica 

was for the first time characterised by means of NMR and RP-LC-HRMS. In this case, m/z obtained 

from C18-functionalised silica showed higher intensities compared to PS-DVB extracts. The core of C, 

H and O containing compounds within the Van Krevelen diagram for the sea foam sample, appeared 

to be between H/C 1 to 2 and O/C from 0.1 to 0.5, in the case of C18-functionalised silica extracts 

and H/C 1 to 1.7 and O/C from 0.2 to 0.5 for PPL, this is probably due to lower extraction efficiency 

towards CHO containing compounds for seafoam samples extracted using PPL sorbent. 

 
Interestingly, both C18-functionalised silica extracts showed a bimodal distribution when Intensity 

was plotted against m/z, with two apexes: one ranging from m/z 400 to 600 and a second from 600 

to 800. In the case of the PPL extracted material, the distribution appeared fronted, with an apex 

from m/z 500 to 600 and a shoulder from 700 to 800. These observations again demonstrate the 

different selectivity of the examined phases, underlining the potential to isolate specific classes of 

compounds within complex mixtures such as DOM from such a rich source, as seafoam. Furthermore, 

NMR and HRMS analysis of the seafoam samples, confirmed the presence of the following classes of 

compounds: aliphatics, unsaturated, aromatics, aldehydes, peptides and carbohydrates in high 

concentrations within the seafoam matrix. 
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This thesis explores the extraction, separation and fractionation of dissolved organic matter. 

The research undertaken so far, towards the understanding of this complex sample, has 

emphasised that the elucidation and characterization of its chemical composition are not 

unimportant and remain a real scientific challenge. Research in this area is a very important 

part in the investigation of global biogeochemical cycles and its effect in the environment1. 

Clearly, as discussed in Chapter 2., separation science remains central to greater 

understanding of this complex sample, especially multi-dimensional and multi-selective 

approaches, which may provide a more comprehensive solution. The review highlights how 

no one approach individually is capable of providing the immense resolution required for 

molecular level separations. Nevertheless, DOM fractionation and subsequent separation 

(off-line multi-dimensional chromatography), has been proven to provide some level of 

resolution prior to high-end detection techniques, such as HR-MS or NMR2, and a 

combination of both techniques. The review suggest that much more work remains to be 

done before obtaining a true understanding of the complexities of this abundant material. 

However, over the past decade this field has progressed rapidly, and the solid basis of 

understanding DOM and its role in the carbon cycle have been laid down by these 

pioneering studies. 

In Chapter 3, high performance counter current chromatography (HPCCC), which is a form 

of liquid–liquid chromatography that uses a support-free liquid stationary phase, held in 

place by centrifugal forces, was successfully implemented as a technique for the 

quantification of DOM by developing a simple and fast chromatographic method for DOM. 
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In the analysis of complex samples, such as DOM, HPCCC provides the advantage that all 

sample material can be quantitatively recovered from the separation, as the stationary 

phase itself can be flushed from the column and collected/analysed post-separation, 

representing no virtual loss of the sample. 

The method uses UV absorbance (254 nm) and evaporative light scattering detection (ELSD) 

for the quantification of pre-extracted low molecular weight dissolved organic matter 

(DOM), extracted via SPE using Bond Elut PPL cartridges, from natural waters using 

calibration against a reference of natural dissolved material from Suwannee River (SR-NOM). 

The developed method was applied to the determination of the concentration of DOM in 

seawater, based upon initial sample volumes as small as 20 mL., the significance of this work 

lies in its potential for aiding investigations of DOM distribution in natural waters through 

provision of an alternative quantification method requiring only minimum sample volumes. 

Future work will involve the demonstration of this new method for the rapid analysis of 

large numbers of water samples for DOM content in an extended survey of different water 

bodies. 

In chapter 4., the multi-dimensional chromatographic approach for the fractionation of 

DOM samples was achieved, by using a high-capacity 1.1 m long reversed-phase monolithic 

column comprised of eleven Onyx monolithic C18 columns connected in series. This setup 

allowed a higher resolution providing 110,000 theoretical plates and a greater injection of 

sample mass. Fifteen fractions were successfully isolated and each fraction was further 

separated using a second dimension reversed-phase HPLC coupled with high resolution 

mass spectrometry (HRMS). This method rendered the successful fractionation of the major 
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compositional materials within DOM in order of decreasing polarity and the unprecedented 

resolution of isomeric material, typically present within CRAM in DOM. 

The study also revealed decreasing O/C ratios from earlier to later eluted fractions, and an 

increasing H/C ratio, provided by the HRMS analysis and the Van Krevelen diagrams of the 

peaks observed in the second dimension, which indicates an increase in the degree of 

saturation in the fractions obtained from the first dimension. 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 column, the slopes from such plots for data 

recorded for a coastal seawater DOM and the Suwannee River reference material differed, 

providing an early indication of differences in the composition of the two samples, such 

differences can be related to the extraction technique used to isolate the sample, and 

obviously the source of the sample. 

Further work on this subject is necessary for the fractionation of a wider variety of DOM 

samples, which will be helpful for the profiling of DOM according to the source and season 

in which the sample is obtained to gain information about the molecular composition of 

DOM in a variety of environments. Major focus of this new research should point toward 

rivers (e.g. Amazon River) that are responsible for discharging most of the terrestrially- 

derived DOM into the world. 

In chapter 5, the objective was to evaluate the selectivity of three different solid phase 

extraction adsorbents for the extraction of DOM. In this study, two commercially available 

cartridges, namely, octadecylsilica gel and polystyrene divinylbenzene Bond Elut PPL 

adsorbent, were compared against a novel phenyl-hexyl functionalised silica gel prepared in 

the laboratory. 



Chapter 7 Conclusion and Future Perspectives 

123 

 

 

 
 
 
 

 

This approach was used due to the combined selectivity for non-polar and aromatic species 

that this particular composition possesses, due to an alkylic chain and a benzene ring at the 

end of this chain, this non-commercial SPE shows similar chemical properties and associated 

selectivity, to both, the Bond Elut PPL and the C18-functionalised silica. 

The cartridges were evaluated under the same conditions of extraction, with the 

subsequent extracted DOM characterised by using two-dimensional nuclear magnetic 

resonance (2D NMR), quantitative 1H NMR and reversed-phase liquid chromatography 

coupled to high resolution mass spectrometry (RP-LC-HRMS). The results showed distinct 

differences between the different sorbents, phenyl-hexyl functionalised silica was proven to 

have the highest selectivity towards aliphatics, aromatics and aldehydes compared to C18 

and more selective towards unsaturated compounds, like alcohols and esters, compared to 

PPL cartridges. This result was expected as phenyl-hexyl functionalised silica shows more 

selectivity to this class of compounds, which can be extracted through π-π interaction 

between the stationary phase and the aromatic moieties within DOM and the affinity of the 

hexyl chain towards the unsaturated portion of DOM components. 

In addition, for the first time the two traditional extraction phases were also applied to 

DOM extraction from sea-foam, and their selectivity compared and characterised by means 

of NMR and RP-LC-HRMS, in this case, m/z obtained from C18-functionalised silica showed 

higher intensities compared to PS-DVB extracts. The core of CHO containing compounds 

within the Van Krevelen diagram for the sea foam sample, appeared to be between H/C 1 to 

2 and O/C from 0.1 to 0.5, in the case of C18-functionalised silica extracts, and H/C 1 to 1.7 
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and O/C from 0.2 to 0.5 for PPL, this is probably due to lower extraction efficiency towards 

CHO containing compounds for sea-foam samples extracted using PPL sorbent. 

These observations again demonstrate the different selectivity of the examined sorbents 

and highlights the necessity for more studies in DOM extraction, which still represents a 

major challenge in marine chemistry research. Moreover, the finding in this thesis 

emphasises how multi-dimensional chromatography approaches coupled with high 

resolution spectroscopy detection, represents a vital step in the understanding of DOM. 

Fortunately, over the past decade this field has progressed rapidly, and the future seems 

bright for new developments and advances towards resolving DOM. Future studies 

should focus on the advantages of using new chromatographic approaches for the 

understanding of DOM, like the inclusion of the HPCCC method developed in this 

thesis, in the evaluation of the role of the different extraction procedures of DOM 

that already exist (UF – ultrafiltration, RO + ED – reverse osmosis coupled to 

electrodialysis, PS – passive sampling, SPE – solid phase extraction) and are widely 

used by oceanographers.  
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Appendix 1 

 

 
Supporting Information - Chromatographic methods for the isolation, separation and 

characterisation of dissolved organic matter 
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Appendix 2 

Supporting Information - Simple, quantitative method for low molecular weight dissolved organic 

matter extracted from natural waters based upon high performance counter-current 

chromatography 
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Figure A1. Linear regression graphs of SR-NOM using (a) UV-254 nm and (b) ELSD detection. 1, 

1.1250; 2, 0.5625; 3, 0.2813; 4, 0.1406; 5, 0.0703; 6, 0.0352; 7, 0.0176 mg mL-1. All experiments were 

performed by triplicate. 
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Table ESI 1. Experimentally determined and theoretical mass numbers 

from negative ion HR mass spectra of Kingston seawater DOM with molecular formula CcHdOe. A: 

experimentally determined mass numbers; B: signal intensity; C: number of carbons; D: number of 

hydrogens; E: number of oxygens; F: theoretical mass number based on IUPAC nominal masses; G: 

Difference between A and F. 

 
A B C D E F G 

267.1241 14865.4 14 19 5 267.1471 0.023 

281.1034 15137.4 14 17 6 281.1307 0.0273 

281.1398 14392.7 15 21 5 281.1629 0.0231 

283.119 14648.2 14 19 6 283.1465 0.0275 

293.1398 15307.3 16 21 5 293.1629 0.0231 

297.0983 15890.5 14 17 7 297.1301 0.0318 

297.1347 15861.2 15 21 6 297.1623 0.0276 

307.119 15203.7 16 19 6 307.1465 0.0275 

309.0983 15635 15 17 7 309.1301 0.0318 

309.1347 19234.1 16 21 6 309.1623 0.0276 

321.1348 15717.4 17 21 6 321.1623 0.0275 

323.114 19748.7 16 19 7 323.1459 0.0319 

323.1504 16256 17 23 6 323.1781 0.0277 

325.0933 16516.5 15 17 8 325.1295 0.0362 

325.1297 21217.7 16 21 7 325.1617 0.032 

327.1089 18674.6 15 19 8 327.1453 0.0364 

335.1505 17676.1 18 23 6 335.1781 0.0276 

337.1297 22952.9 17 21 7 337.1617 0.032 

337.1661 14820.9 18 25 6 337.1939 0.0278 

339.109 24605.3 16 19 8 339.1453 0.0363 

339.1453 19733.3 17 23 7 339.1775 0.0322 

341.1246 20313.2 16 21 8 341.1611 0.0365 

349.1297 17847.4 18 21 7 349.1617 0.032 

349.1661 15890.5 19 25 6 349.1939 0.0278 

351.109 20708.7 17 19 8 351.1453 0.0363 

351.1454 25782.1 18 23 7 351.1775 0.0321 

353.0884 14690.6 16 17 9 353.1289 0.0405 

353.1247 30133.2 17 21 8 353.1611 0.0364 

353.161 18821.7 18 25 7 353.1933 0.0323 

355.104 22275.2 16 19 9 355.1447 0.0407 

355.1402 20371.4 17 23 8 355.1769 0.0367 

357.1195 14897.1 16 21 9 357.1605 0.041 

363.1454 20650.6 19 23 7 363.1775 0.0321 

365.1247 28133.7 18 21 8 365.1611 0.0364 

365.161 24079.5 19 25 7 365.1933 0.0323 

367.104 24349.1 17 19 9 367.1447 0.0407 
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367.1403 33195.8 18 23 8 367.1769 0.0366 

369.1196 27834.5 17 21 9 369.1605 0.0409 

369.1559 18723.1 18 25 8 369.1927 0.0368 

371.1351 14532.1 17 23 9 371.1763 0.0412 

377.125 16236.6 19 21 8 377.1611 0.0361 

377.1611 18768.3 20 25 7 377.1933 0.0322 

379.1045 16981.5 18 19 9 379.1447 0.0402 

379.1403 29618.7 19 23 8 379.1769 0.0366 

379.1767 18357 20 27 7 379.2091 0.0324 

381.1197 31245.1 18 21 9 381.1605 0.0408 

381.1559 28977.9 19 25 8 381.1927 0.0368 

383.099 21022.2 17 19 10 383.1441 0.0451 

383.1353 28949.3 18 23 9 383.1763 0.041 

385.1147 18198.6 17 21 10 385.1599 0.0452 

391.1404 17508.3 20 23 8 391.1769 0.0365 

393.1199 21577 19 21 9 393.1605 0.0406 

393.156 26811.1 20 25 8 393.1927 0.0367 

395.0994 21540.3 18 19 10 395.1441 0.0447 

395.1354 34580.4 19 23 9 395.1763 0.0409 

395.1718 23231.5 20 27 8 395.2085 0.0367 

397.1147 27513.7 18 21 10 397.1599 0.0452 

397.151 25700.5 19 25 9 397.1921 0.0411 

399.1302 20081.5 18 23 10 399.1757 0.0455 

405.1561 15831 21 25 8 405.1927 0.0366 

407.1355 23604.8 20 23 9 407.1763 0.0408 

407.1717 20206.1 21 27 8 407.2085 0.0368 

409.1148 24969.4 19 21 10 409.1599 0.0451 

409.151 30304.2 20 25 9 409.1921 0.0411 

409.1874 14389.6 21 29 8 409.2243 0.0369 

411.0941 14769.4 18 19 11 411.1435 0.0494 

411.1304 30565.7 19 23 10 411.1757 0.0453 

411.1666 20628.4 20 27 9 411.2079 0.0413 

413.1097 17562.3 18 21 11 413.1593 0.0496 

413.1459 19039.3 19 25 10 413.1915 0.0456 

419.1719 14298 22 27 8 419.2085 0.0366 

421.1152 14746.7 20 21 10 421.1599 0.0447 

421.151 21923.2 21 25 9 421.1921 0.0411 

421.1874 15736.1 22 29 8 421.2243 0.0369 

423.1304 27311.8 20 23 10 423.1757 0.0453 

423.1667 23837.3 21 27 9 423.2079 0.0412 

425.1098 20860.2 19 21 11 425.1593 0.0495 

425.146 28397.9 20 25 10 425.1915 0.0455 

425.1823 14180 21 29 9 425.2237 0.0414 
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427.1254 20282.3 19 23 11 427.1751 0.0497 

427.1617 15536.6 20 27 10 427.2073 0.0456 

435.1307 15700.8 21 23 10 435.1757 0.045 

435.1668 18914.7 22 27 9 435.2079 0.0411 

437.1101 14898.5 20 21 11 437.1593 0.0492 

437.146 24619.2 21 25 10 437.1915 0.0455 

437.1824 17996.5 22 29 9 437.2237 0.0413 

439.1255 22446.9 20 23 11 439.1751 0.0496 

439.1617 22119.5 21 27 10 439.2073 0.0456 

441.1411 18382.9 20 25 11 441.1909 0.0498 

449.1462 14966.2 22 25 10 449.1915 0.0453 

449.1824 14406.3 23 29 9 449.2237 0.0413 

451.1256 15320 21 23 11 451.1751 0.0495 

451.1618 20276.1 22 27 10 451.2073 0.0455 

453.1411 19984.8 21 25 11 453.1909 0.0498 

453.1775 16128 22 29 10 453.2231 0.0456 

455.1575 15353.4 21 27 11 455.2067 0.0492 

465.1411 14253.4 22 25 11 465.1909 0.0498 

465.1775 15058.9 23 29 10 465.2231 0.0456 

467.1568 16452 22 27 11 467.2067 0.0499 
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Table ESI 2. Experimentally determined and theoretical mass numbers 

from negative ion HR mass spectra of Suwannee River freshwater NOM with molecular formula 

CcHdOe. A: experimentally determined mass numbers; B: signal intensity; C: number of carbons; D: 

number of hydrogens; E: number of oxygens; F: theoretical mass number based on IUPAC nominal 

masses; G: Difference between A and F. 

 
 
 

A B C D E F G 

163.0768 5066.6 10 11 2 163.0857 0.0089 

177.056 4983.8 10 9 3 177.0693 0.0133 

177.0924 5110.6 11 13 2 177.1015 0.0091 

179.0717 5124.3 10 11 3 179.0851 0.0134 

191.0716 5362 11 11 3 191.0851 0.0135 

193.0873 4818 11 13 3 193.1009 0.0136 

205.0873 5224.7 12 13 3 205.1009 0.0136 

219.0666 4710.8 12 11 4 219.0845 0.0179 

219.1029 4819.3 13 15 3 219.1167 0.0138 

221.0822 4856.4 12 13 4 221.1003 0.0181 

233.0822 5171.6 13 13 4 233.1003 0.0181 

235.0978 5356.3 13 15 4 235.1161 0.0183 

237.1135 4755.3 13 17 4 237.1319 0.0184 

247.0978 4832.5 14 15 4 247.1161 0.0183 

249.0771 4678.9 13 13 5 249.0997 0.0226 

249.1135 5229.7 14 17 4 249.1319 0.0184 

251.0928 5419.2 13 15 5 251.1155 0.0227 

253.1084 4765.5 13 17 5 253.1313 0.0229 

263.0928 5250.2 14 15 5 263.1155 0.0227 

265.1084 6241.6 14 17 5 265.1313 0.0229 

267.0877 5983.4 13 15 6 267.1149 0.0272 

269.1033 4973.9 13 17 6 269.1307 0.0274 

277.1084 5223.1 15 17 5 277.1313 0.0229 

279.0877 5464.9 14 15 6 279.1149 0.0272 

279.124 5522.4 15 19 5 279.1471 0.0231 

281.1033 7219.8 14 17 6 281.1307 0.0274 

283.0826 6125.2 13 15 7 283.1143 0.0317 

293.1033 6519.4 15 17 6 293.1307 0.0274 

295.0826 6509.5 14 15 7 295.1143 0.0317 

295.119 7472.4 15 19 6 295.1465 0.0275 

297.0983 8043.2 14 17 7 297.1301 0.0318 

299.0775 4982.9 13 15 8 299.1137 0.0362 

307.0826 4905.4 15 15 7 307.1143 0.0317 

307.119 6054.2 16 19 6 307.1465 0.0275 

309.0983 8493.9 15 17 7 309.1301 0.0318 
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309.1346 5258.4 16 21 6 309.1623 0.0277 

311.0775 6483.2 14 15 8 311.1137 0.0362 

311.1139 8550.8 15 19 7 311.1459 0.032 

313.0932 6390 14 17 8 313.1295 0.0363 

321.0983 5313.5 16 17 7 321.1301 0.0318 

321.1347 5275.5 17 21 6 321.1623 0.0276 

323.0776 5258.2 15 15 8 323.1137 0.0361 

323.1139 7876.8 16 19 7 323.1459 0.032 

325.0932 8495 15 17 8 325.1295 0.0363 

325.1296 5865.6 16 21 7 325.1617 0.0321 

327.0725 4696 14 15 9 327.1131 0.0406 

327.1088 6550.4 15 19 8 327.1453 0.0365 

335.1139 6021.3 17 19 7 335.1459 0.032 

337.0932 6305.7 16 17 8 337.1295 0.0363 

337.1296 7170.8 17 21 7 337.1617 0.0321 

339.073 6337.5 15 15 9 339.1131 0.0401 

339.1085 10042.8 16 19 8 339.1453 0.0368 

341.0881 6124 15 17 9 341.1289 0.0408 

341.1245 4886.4 16 21 8 341.1611 0.0366 

349.1296 6154.7 18 21 7 349.1617 0.0321 

351.1089 7684.2 17 19 8 351.1453 0.0364 

351.1453 6152.4 18 23 7 351.1775 0.0322 

353.0882 6624.1 16 17 9 353.1289 0.0407 

353.1246 8443.2 17 21 8 353.1611 0.0365 

355.1038 6957.2 16 19 9 355.1447 0.0409 

363.1088 5532.3 18 19 8 363.1453 0.0365 

363.1452 5698.3 19 23 7 363.1775 0.0323 

365.0882 5396.1 17 17 9 365.1289 0.0407 

365.1245 8297.2 18 21 8 365.1611 0.0366 

367.1038 7858 17 19 9 367.1447 0.0409 

367.1402 7204 18 23 8 367.1769 0.0367 

369.0831 5339.3 16 17 10 369.1283 0.0452 

369.1195 6798.6 17 21 9 369.1605 0.041 

377.1246 5961.5 19 21 8 377.1611 0.0365 

379.1038 6106 18 19 9 379.1447 0.0409 

379.1402 7411.6 19 23 8 379.1769 0.0367 

381.0831 4941.4 17 17 10 381.1283 0.0452 

381.1195 8150.3 18 21 9 381.1605 0.041 

381.1558 4897.5 19 25 8 381.1927 0.0369 

383.0988 6029.7 17 19 10 383.1441 0.0453 

383.1352 5620.2 18 23 9 383.1763 0.0411 

391.1402 5526.7 20 23 8 391.1769 0.0367 

393.1196 6859.7 19 21 9 393.1605 0.0409 
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393.1559 5613.2 20 25 8 393.1927 0.0368 

395.0245 4698.2 16 11 12 395.0797 0.0552 

395.0993 6538.7 18 19 10 395.1441 0.0448 

395.1353 8044 19 23 9 395.1763 0.041 

397.1145 6300.9 18 21 10 397.1599 0.0454 

405.1195 4723.5 20 21 9 405.1605 0.041 

407.1352 6810.9 20 23 9 407.1763 0.0411 

409.1145 6726 19 21 10 409.1599 0.0454 

409.1509 6087 20 25 9 409.1921 0.0412 

411.1302 6302 19 23 10 411.1757 0.0455 

419.1352 4946.7 21 23 9 419.1763 0.0411 

421.1145 5315 20 21 10 421.1599 0.0454 

421.1509 5894.9 21 25 9 421.1921 0.0412 

423.1301 6759.4 20 23 10 423.1757 0.0456 

425.1095 5177.1 19 21 11 425.1593 0.0498 

425.1458 5212.1 20 25 10 425.1915 0.0457 

435.1302 5407.7 21 23 10 435.1757 0.0455 

437.1459 5818.1 21 25 10 437.1915 0.0456 

439.1253 5077.4 20 23 11 439.1751 0.0498 

449.1459 4920.4 22 25 10 449.1915 0.0456 

451.1255 4723.9 21 23 11 451.1751 0.0496 
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Appendix 3 

Supplementary information - Fractionation of Dissolved Organic Matter on Coupled Reversed-Phase 

Monolithic Columns and Characterisation Using Reversed-Phase Liquid Chromatography-High 

Resolution Mass Spectrometry 

 
 
 

 
Fig. S1: The eleven Phenomenex Onyx monolithic C18 columns (100 x 3.0 mm ID each) connected in 

series used for DOM fractionation. 

 
 

Table S1: water/MeOH gradient used during DOM fractionation. 
 
 
 
 

 

Time 

 
Flow rate 

(mL/min) 

 
% H2O 0.1% 

formic acid 

 
% MeOH 0.1% 

formic acid 

0 0.27 90 10 

15 0.27 90 10 

300 0.27 30 70 

360 0.27 30 70 

360.1 0.27 90 10 

420 0.27 90 10 
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Table S2: Fraction timesfor the collected fractions from Koonya DOM and Suwannee River NOM. 

 

FRACTION 

NUMBER 

COLLECTION 

TIME (from-to) 

1 0 - 20 mins 

2 20 - 26 mins 

3 26 - 55 mins 

4 55 - 85 mins 

5 85 - 115 mins 

6 115 - 145 mins 

7 145 - 175 mins 

8 175 - 205 mins 

9 205 - 235 mins 

10 235 - 265 mins 

11 265 - 295 mins 

12 295 - 325 mins 

13 325 - 355 mins 

14 355 - 385 mins 

15 385 - 420 mins 
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Fig. S2: Assigned formulae for homologous series identified within F5 of the seawater derived DOM 

sample. 
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Table S2: m/z, assigned formulae and O/C ratio for peaks within a homologous series identified 

within F5 of the seawter derived DOM sample. 

 
 

m/z Formula O/C 

161.0463 C6H9O5 0.833 

171.0301 C7H7O5 0.714 

181.0144 C8H5O5 0.625 

203.0934 C9H15O5 0.556 

215.0925 C10H15O5 0.500 

231.1242 C11H19O5 0.454 

245.1401 C12H21O5 0.417 

259.1553 C13H23O5 0.385 

269.1395 C14H21O5 0.358 

283.1551 C15H23O5 0.333 

299.187 C16H27O5 0.313 

313.2035 C17H29O5 0.294 

333.1708 C19H25O5 0.263 

513.4914 C32H65O4 0.125 

609.5843 C39H77O4 0.1023 
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