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Dissolved organic matter (DOM) from Baltic Sea water has been isolated
and fractionated by adsorption chromatographic XAD method. The XAD-4
and XAD-2 resins were connected in sequence for increasing the adsorption
efficiency. The obtained hydrophilic and hydrophobic fractions were charac-
terized by size exclusion chromatography (SEC) with fluorescence detection
at 350 nm excitation and 450 nm emission. The percentages of each fraction
were estimated using indirect method via size exclusion peak areas. The in-
creased separation efficiency obtained in the present study allowed to sepa-
rate exclusion peak into several molecular weight fractions. The average mo-
lecular weights (weight-average and number-average) were calculated for
different size fractions using polystyrene sulfonates as standard substances.
The weight-average molecular weight for the fraction of humic substances
was found to be characteristic to aquatic fulvic acids.

Introduction

Separation and fractionation of natural organic matter (NOM) are important
topics in environmental and analytical sciences because of NOM role in the
carbon cycle and of its influence on heavy metal mobility in water systems.
The NOM fraction dissolved organic matter (DOM) constitutes the major
part, nearly 90 %, of organic matter in seawater. One part of DOM consists
of humic substances (HS). This fraction is present in all natural waters
where it constitutes between 10-20 % and more than 80 % of dissolved or-
ganic carbon (DOC) for open ocean, and river and lake waters, respectively
[1, 2]. HS influence groundwater properties and the process of formation of
fossil fuels.
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HS form an intermediate phase in the transformation process of living
matter (organic carbon), which continue in the organic carbon cycle, or they
are deposited as fossil materials. In the environment the transformation
processes of HS are influenced by several factors, including plants, fungi,
bacteria, plankton, algae, mosses, etc. The organic part in oil shale, kerogen,
is known to participate in humus formation. Kerogen is typically enriched in
aliphatic carbon, and hence HS originating from kerogen have a greater car-
bon content and aromaticity than those found in surface waters [3].

The classification of DOM into humic and non-humic substances is op-
erational and based on the isolation method. The Amberlite XAD copoly-
mers (XAD-2, -4, -7, -8, -16 and -2010) have been used for the isolation of
humic substances [4-9]. According to the XAD method, the DOM is iso-
lated and fractionated in acidic solutions basing on hydrophobic and hydro-
philic interactions between DOM and the surface of the resin. The organic
substances that do not interact with resin are referred to as hydrophilic (Hi)
and non-humic compounds. The part of DOM that retained onto resin is
called hydrophobics. The hydrophobic organic compounds can be further
fractionated depending on their elution properties. The exact mechanism of
the XAD technique is still unknown, but related to the molecular size of the
solutes and to the exclusion properties of the resin.

Historically, XAD-8 resin has been mostly used for isolation and frac-
tionation of DOM [6, 9]. In the case of high-salinity waters, XAD-2 resin
had increased adsorption efficiency among other polystyrene resins [10].
The adsorption efficiency of DOM has been improved by connecting differ-
ent XAD columns in sequences [11, 12], e.g. the recovery obtained by the
XAD-7-2-4 column system was up to 65 % of the DOC from a seawater
sample.

Although the XAD resin-based fractionation procedure has been used
widely in humus chemistry, not much data are available concerning seawater
DOM. The studies on Baltic Sea water DOM have focussed on isolation of
hydrophobic acid fraction — humic substances — with those resins [13].

Size exclusion chromatography (SEC) is the most convenient and widely
used technique for determination of molecular weight distributions of DOM.
Molecular weights are estimated with polymer standards, since any proper
standard of DOM or HS is not available, with the assumption that the rela-
tionship between standards and molecular weight is the same for the stan-
dards and samples being analysed. This work has been performed with Bio-
sep SEC column, not widely used for SEC of HS. The only study so far has
compared the TSK (Japan) and Biosep columns for characterization of a soil
HS [14]. The Biosep column has been applied for aquatic HS characteriza-
tion by the present author in another study [5].
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The objectives of this study were:

1) to employ a modified chromatographic fractionation procedure by apply-
ing the XAD-4 and XAD-2 resins connected in sequence for the frac-
tionation of the DOM from different samples of the Baltic Sea

i) to get information about the molecular size distribution of the eluted
various organic fractions by means of the size exclusion chromatography

iii) to estimate the percentages of the various hydrophobic and hydrophilic
fractions separated from the DOM of the Baltic Sea

Experimental

Chemicals

XAD-2 and XAD-4 resins were obtained from Sigma-Aldrich (USA). Those
polystyrene-based resins had almost the same density (1.07 g/mL) but dif-
ferent pore sizes (330 and 725 m*/g, respectively) and pore diameters (90
and 50 A, respectively) according to the manufacturer. The XAD resins
were cleaned by washing in batch with dichloromethane, methanol, 0.2M
NaOH and 0.01M HCI. The XAD-4 and XAD-2 resins were then packed as
water-slurry to the 23-mL glass columns and connected in sequence, and
further cleaned by 100 mL of dichloromethane, methanol, 0.2M NaOH and
0.01M HCI. Methanol was removed by rinsing with 2 L of MilliQ water.
The cleaning with 0.2M NaOH and 0.01M HCI was repeated until the UV
absorbance at 254 nm of the column system effluent coincided with the Mil-
1iQ blank. The XAD column system was left in acid state (pH 2) before
separation procedures.

Equipment

Glass chromatographic columns of 300 mm with the volume 23 mL and
with teflon valves, fittings and tubing were used for separation experiments.
SEC was carried out using the Jasco HPLC system, consisting of Jasco 880-
PU solvent pump, Jasco 851-AS autosampler and Jasco 821-FP fluorescence
detector coupled with the biocompatible BIOSEP-SEC-S2000 column
(7.5 x 300 mm, Phenomenex, USA) with a precolumn (7.5 x 75 mm). The
column packing consisted of hydrophilic bonded silica with particle size 5 p
and pore size 145 A. Column efficiency using a protein mixture with 0.1M
phosphate buffer, pH 6.8, was 75,900 plates/m. The total permeation volume
of the column (V,, 11.58 mL) was determined with glucose, the void volume
Vi was 6.43 mL as determined with blue dextran.

Samples

Samples were collected in March 1995 from the Baltic Sea during the expe-
dition with research vessel (RV) Argos. The Baltic Sea is a brackish water
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with the salinity of bottom water between 3-15 mgL™'. The Baltic Sea is in-
fluenced by freshwater input from surrounding rivers and by seawater input
from Atlantic ocean. From each sampling site the water samples were taken
from two different depths (the first from ca 38 m and the second from near
the bottom). Samples were stored in 1-L polyethylene bottles, refrigerated in
the dark at 4 °C and prefiltrated through 0.45-mm Millipore filters. Some
physical-and-chemical characteristics of seawater samples are shown in Ta-
blcHlE

Table 1. Physical-and-Chemical Characteristics
of Fractionated Seawater Samples

Sampling Latitude |Longitude |Sampling | Salinity, |pH |Oxygen, | TOC, | SEC peak
point depth, m [ mg/L mg/L uM | area (AU)
BY1.1 il ey 46 179 6.42 151 | 505,878
BYLII B 31 88 |82| 875 | 148 | 498909
BY2.1 e o 44 149 |80 .7.73 120 | 436,679
BY2.1I i e 21 82 |[8.1]| 885 106 | 404,582
BY4.1 e s 84 17:1 173 | “09 160 | 527,087
BY4.11 e 120 38 T9: 198 +|.-8483 124 | 445364
BYS5.1 B Fo 84 16.7 7.3 1.04 192+ {1:598: 775
BYS5.1I el L 40 7.8 8.1 817, 234 | 694,210
BCSIII/10.1 o Sl 80 83 |75 | 487 92 | 372,948
BCSIII/10.1T AL i 52 7.3 | 8.1 | ‘886 174 | 516,974
BYI5.I i Ve i 208 120 |73] 1.72 | 169 | 546,923
BY15.11 Helaglon 2 48 72 | 81| 896 | 207 | 633,685

The salinity and oxygen were measured by SMHI (Swedish Hydrological
and Meteorological Institute) according to their standard methods. TOC data
were supplied by University of Goteborg (Analytical and Marine Chemistry
Department) and recorded on a Shimadzu TOC-5000 analyser.

Separation Procedure

Separation and fractionation of DOM was performed as follows. Water

samples were acidified to pH 2 with HCI and passed through the column

system filled with XAD-4 and XAD-2 resins in sequence (flow rate of

0.35 bed volumes/min). The resins were eluted with different solvents to

fractionate adsorbed DOM. The effluent of the XAD column system was

named hydrophilic (Hi). DOM adsorbed onto the XAD resins was further

fractionated by elution with different solution.

e Step 1: elution with 100 mL 0.01M HCI. This fraction was named as hy-
drophobic basic (HoB)

e Step 2: 100 mL of 0.2M NaOH was passed through the columns and the
hydrophobic acid (HoA) fraction was collected
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e Step 3: 100 mL of MilliQ water was passed through the columns and wa-
ter fraction (HoW) was obtained

e Step 4: elution with 100 mL of methanol. This fraction was named hy-
drophobic neutral (HoN)

The pH of all the eluted aquatic fractions was immediately adjusted to
neutral with NaOH or HCI. The methanol fraction (HoN) was first freeze-
dried for evaporation the solvent and then dissolved back in MilliQ water
for SEC experiments.

Analysis by SEC

All the DOM fractions collected were analysed by SEC to get information
about the molecular size of eluted compounds. The following procedure was
used: a 100-puL sample was injected into the size exclusion column, the flow
rate of 0.020M phosphate buffer with pH 6.8 was 0.5 mL/min.

The fluorescence at 350/450 nm (excitation/emission) was used for de-
tection. Chromatograms were recorded and processed by using HPLC soft-
ware Borwin (JMBS Developpements, France).

The SEC column was calibrated using the polystyrene sulfonate sodium
salts (NaPSS) (American Polymer Standards Corp.). The PSS standards
have narrow relative molecular weight distribution and are characterized by
weight — ( M, ) and number-averaged ( M, ) molecular weights. For the cali-
bration the semi-logarithmic relationship between the logarithm of the PSS
molecular weight and the retention time was used. The M, and M, for
PSS were 1430/1200; 4800/4400; 6500/5900 and 16000/14500. The average
molecular weights were calculated using a method where the relative fluo-
rescence intensity after equal retention times was recorded.

The average M, and M were calculated using the formulas

A—/I_n = Z(hi *Mi)/zhi
and
M,=%(h*M)IZh*M,)

where A; is the detector output;
M; is the molecular weight both on i-th retention time [15].

The results obtained by the used method are to be considered PSS-related
average molecular weights because the standards used (PSS) did not have
exactly the same conformation and structure as the real seawater DOM.

The percentages of hydrophobic and hydrophilic fractions were calcu-
lated using the following formulas:

Hi = (Aui/Asw) x 100 (%) (1)

where Ay; and Agy are the total SEC peak areas of the Hi fraction (effluent
after the XAD columns) and natural seawater, respectively.
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Ho = [(An,/10)/Asw] % 100 (%) )

where Ay, is the total SEC peak area of the hydrophobic fraction (either
HoB, HoA, HoW or HoN);
10 is the concentration factor (from 1,000 mL seawater to 100 mL
fraction volume).

Results and Discussion

XAD Separation

In the present study the XAD-4 and XAD-2 resins have been connected in
sequence. This experimental set-up increased the adsorption efficiency of
humic substances from seawater up to 65 + 1.1 % compared to the applica-
tion of the individual resins, 55.2 = 2.1 % for XAD-2 and 54.4 + 1.7 % for
XAD-4 [5]. XAD-4 and XAD-2 resins have been reported to be effective for
isolation of small molecules with molecular weights below 500 [16]. For
isolation of humic substances (HoA) the sorptive power of the XAD-2 resin
has been found to be greater than that of XAD-4 [9].

The pore size of the resin in question is the important parameter. Both
XAD-2 and XAD-4 have relatively small pore sizes, and for that reason they
can exclude some larger-size humic-substance aggregates occurring espe-
cially in the fresh water environments. A more detailed discussion about
factors influencing the XAD resin separation can be found in the literature
[S, 7]. The overall isolation procedure, including the careful cleaning of the
resins for obtaining accurate results, is very time-consuming. The acidifica-
tion of the water samples to pH 2 prior to separation can change some prop-
erties of the aquatic DOM. However, it has been reported [17] that this
obligatory acidification procedure does not change the fluorescence proper-
ties of the marine DOM.

Characterization of DOM by SEC

Fluorescence detection is quite frequent for obtaining more detailed infor-
mation about humic substances at their natural concentrations in the ocean
samples [17]. Two types of fluorescence signals have been observed in sea-
water: 1) a humic-like which occurs at 420-450 nm at excitation of 230-260
and 320-350 nm, and 2) a protein- or amino acid-like fluorescence [17].
Since humic substances contain a mixture of fluorophores such as aro-
matic carboxyl and phenolic groups, the fluorescence detection is used in
humus chemistry. The number of fluorophores and their individual charac-
teristics are, however, not well-known. The differences between the fluores-
cence properties of various humic substances originating from different
sources may depend on the organic constituents and functional groups form-
ing the humic aggregates. The detection is also sensitive, and a detection
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limit of 15 ng has been reported in a fluorescence study of humic substances
[18].

It is essential to note that humic substances in seawater consist mainly of
fulvic acid. Fulvic acid-type humic aggregates are more aliphatic and their
average molecular sizes are significantly smaller than those of their humic
acid homologues. Fulvic acids are generally more intensely fluorescent than
humic acids. This has been attributed to the highly substituted aromatic
structure, higher degree of conjugation, inter- and/or intramolecular bonding
or self-quenching of humic acid solutions [19]. It has been reported that the
SEC retention times and elution profiles for river-water fulvic acids are
similar both for fluorescence and UV detection. The analysis of humic acids
revealed the existence of extra peaks at low elution volumes compared to the
UV detection. This phenomenon indicates that the fluorescence intensities
of humic acids with high molecular weights are lower than those of lower
molecular weight humic constituents [20].

Humic substances have anionic groups in their chains, and the stationary
phases of SEC columns also have anionic groups on the surface. Therefore
the elution of humic substances is affected by ionic exclusion effects. The
ionic strengths of the SEC samples in the present study were fairly high but
the application of ionic strengths as large as 1.35M has been reported for
anionic natural polymers separation with phosphate buffer solutions
(pH 8.0).

The low ionic strength, for example 0.003M, is reported to cause elution
near the exclusion limit of the column [15]. The early exclusion is due to the
ionic exclusion effect between dissociated silanol groups and anionic poly-
mers. With increasing ionic strength, the ionic exclusion effect is suppressed
but adsorption effects become remarkable. This effect was observed when
the concentration of neutral salt was over 0.1M [21]. Ionic strengths of 0.02
to 0.05M and pH 6.5 to 7.0 have been chosen for SEC elution of humic sub-
stances in order to minimize both ionic exclusion and hydrophobic interac-
tion effects [14, 21].

The acidity of the mobile phase and that of the sample solution must be
in range of 2-8 because above this pH range the silica-based packing mate-
rials will degrade. The acidities of the isolated DOM fractions in the present
study were adjusted to neutral (pH 6.8), similar with the buffer solution, be-
ing close to acidities characteristic for natural waters. The pH change from 7
to 3.5 has been reported to modify substantially the elution profiles reducing
considerably absorbance values and causing variations in elution volumes.
The low pH induces the formation of intra- and intermolecular hydrogen
bonding between protonated acidic groups and complementary oxygen-
containing groups present in humic molecules [22]. This means that under
acidic conditions the conformational rearrangements of humic molecules
occur, i.e. the original individual constituents will be attached to each other
forming larger aggregates causing the decrease of elution volumes.
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Fig. 1. Size exclusion chromatograms of sea water DOM fractions of BYS.I after
XAD-4 + XAD-2 separation; fluorescence detection (A,, = 350 nm; A,,, = 450 nm);
a — original sample and its hydrophilic (Hi) fraction; b — hydrophobic basic (HoB)
and hydrophobic acid (HoA) fractions; ¢ — water (HoW) and hydrophobic neutral
(HoN) fractions
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In the present study the NaPSS have been used as calibration compounds.
NaPSS are typical ionic water-soluble polymers. Their elution behavior de-
pends on the ionic strength of the mobile phase and the type of the column
packing [15]. It has been found in several studies that the charge densities of
the standards influence the molecular size, i.e. the compounds with small
charge density will generate a higher calculated average molecular weight.
The charge density of PSS is quite similar with that of NOM, however, its
molecular conformation is totally different from NOM. The PSS calibration
gives the average molecular weights approximately four times smaller than
with a calibration with globular proteins [23, 24].

The chromatograms of the whole water samples and of the various DOM
fractions were recorded in the present study by using fluorescence detection
because 1) the concentration range of the seawater DOM is low, and 2) the
aquatic organic matter exhibits maximum fluorescence at excitation wave-
lengths of 327427 nm yielding emission at wavelengths of 450-520 nm
[25]. This application allows studying the whole water samples directly. It
has been reported [26] that excitation at 350 nm and emission at 450 nm are
characteristic for chromophores occurring in the Baltic Sea DOM. The pre-
cision of the triplicate SEC procedures in the present study was less than
5 % as calculated with the Equations (1) and (2).

Typical examples of the SEC chromatograms obtained for different iso-
lates and for the corresponding original seawater DOM are shown in Fig. 1.
Depending on the sample in question one to four peaks were detected within
the retention times of 18 to 28 min. The peak at ca 25 min was identified by
the aid of a synthetic seawater sample to represent salts. Although in a re-
cent study [23] the usage of upper (1 % of maximum chromatograms height)
and lower (2 %) cutoff is suggested, in the present study the whole peak ar-
eas were taken into account both in calculations of the Hi and Ho fraction
percentages and in calculations of the average molecular weights.

Fractions of Seawater DOM

The seawater DOM was fractionated into five different organic classes. The
hydrophilic Hi fraction, the effluent of the column system, contained com-
pounds classified as non-humic matter containing, e.g. simple carbohy-
drates, aliphatic amines and short-chain dicarboxylic acids.

Despite the humification itself is a dynamic process with no unique uni-
directional vector, it has been supposed [27] that the Hi fraction indicates
the humification process and it is simply formed via a linear, one-way,
stepwise pathway of the biological transformation of HS and is at least de-
graded into CO,.

The large variation of Hi fraction, from 2 to 48 % of DOM, was observed
after data analysis (Fig. 2). Hi fraction was higher at sampling sites BY4,
BYS5, BCSII/10 and BY 15, which are situated in the central part of the Bal-
tic Sea. Despite the Hi fraction was not further divided into distinct basic
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and acid fractions, the results obtained in the present study are in accordance
with other studies of fresh water samples carried out with the XAD-8 resin
and resulting the Hi fraction of ca 26 % of the DOC [28].

The hydrophobic basic fraction (HoB) that was eluted with hydrochloric
acid and supposed to contain salts and aromatic amines was relatively small,
about 14 % of the total DOM (see Fig. 2). Small variations in the content
indicate that the HoB fraction was randomly distributed in seawater, since
neither site- nor depth-specific differences were observed.

The major isolated fraction was hydrophobic acid HoA that was eluted
with sodium hydroxide and operationally defined as humic substances (Ta-
ble 2).

For sampling points BY 1, BY2 and BY4, it was characteristic that the
relative amount of HoA fraction was bigger in deep water, 73—88 % of the
DOM. The opposite was observed for other sampling sites BYS and
BCSIII/10 (see Fig. 2). The difference can be explained with seasonal dif-
ferences or with the high-salinity water influence which causes flocculation
of humic substances and thus explains the increased levels near the bottom
at the first-mentioned points.

The hydrophobic water fraction (HoW) was eluted with MilliQ water and
was relatively small: 2-10 % of total DOM (see Fig. 2). Like HoB fraction,
uniform distribution was observed depending on site or depth, except for
site BY2.

The hydrophobic neutral fraction (HoN) was eluted with methanol, and it
may represent the least soluble organic molecules in DOM. This fraction has
been found to be close to conventional HS and constitute 4 % of DOC, and
thus has been regarded as a part of acidic HS [8]. The same author states
after principal component analysis of several lake-water HS fractions that
HoN fraction was dominated by N-acetylamino sugars, N-derivatives of
polypeptides/proteins and lignin derivatives. In the present study the HoN
fraction consisted 11-18 % of DOM in the samples BY 1, BY2 and BY15. In
BY4 and BYS this fraction was much smaller, 3-5 % of DOM (see Fig. 2).
The depth differences were minor.

The correlation coefficients between relative amounts of Hi and Ho frac-
tions (see Fig. 2) and some physical-and-chemical characteristics (see Table
1) were calculated. The correlation coefficients between the Hi, HoB, HoA,
HoW and HoN fractions and the sampling depth were: 0.661, 0.322, —0.282,
0.121 and —0.238, respectively. Thus, the amount of Hi and HoB fractions
seems to depend on sampling depth, while HoA and HoN behave similarly
(negative correlation) and correlation is not strong.
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Fairly good but opposite correlation was obtained with the salinity and
the amount of HoA and HoN fractions: 0.452 and —0.442, respectively. The
salinity is known to be valuable for water mass analysis and defined as all
dissolved ions that contribute to the mass of seawater. High salinity has been
reported to cause flocculation of humic acids and the removal of largest
molecules [13]. Oxygen content, which is considered to be an indicator for
biological and chemical processes, showed good correlation with the amount
of HoN fraction (0.662) and fairly good opposite correlation with the Hi
fraction (-0.424).

Molecular size distributions were similar for HoB, HoW, and HoN frac-
tions, where average M, and M, values statistically coincided (see Ta-

ble 2). The HoA fraction differed from other fractions, having /W“, 00255
(average for all analysed samples + confidence, n = 12, o = 0.05) and A_/Tn

576=55:

The average molecular weights (/\7“,) for HoB and HoW fractions, re-
ported in Table 2, showed fairly good correlation with sampling depth:
r=0.63 for HoB fraction, and r = 0.45 for HoW fraction. No correlation
with depth was observed for HoA and HoN fractions. Molecular size charac-
teristics (IW“, and Mn) of the HoB and HoW fractions from BY 15 sample
were clearly different from the characteristics of all other sampling sites.
Possibly the physical-and-chemical characteristics of seawater in BY 15 in-
fluenced the DOM molecular sizes.

The HoA molecular size characteristics were similar for sampling sites
BY2, BY4, BYS and BY15. The fraction from BY 1 and BSCIII/10 sites had
higher M, and M, values, possibly indicating river water input.

Large variation in /\7“,(177 to 787) was indicated for HoN fraction in

general. The samples from the sites BY1, BY2 and BY 15 had quite similar
sizes but the fraction from BY4 had extremely low M values (ca 180) and

showed no dependence on the sampling depth.

Conclusions

1. Increased adsorption efficiency was obtained by the used separation
procedure, associated XAD-4 and XAD-2 resin sequence.

2. Improvement in size fractionation of XAD eluted DOM fractions was
achieved by the used experimental conditions, thus permitting to resolve
the broad SEC peak into four molecular weight fractions.

3. Due to the enhanced detection sensitivity and separation efficiency, new
data about Baltic Sea water DOM operational fractions were obtained.
Since the knowledge of relative amounts of hydrophilic and hydrophobic
fractions is important for understanding the humification process (decay
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of organic matter), the indirect estimation method presented in this study
is useful for environmental applications.

4. The average molecular weights of HoA/HS fraction were close to those
of aquatic fulvic acid.
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