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Abstract

Natural dissolved organic carbon (DOC) consists of different bio-molecular classes
of compounds that are currently very difficult and time-consuming to isolate as indi-
vidual compounds. However, it is possible to separate natural DOC into hydrophob-
ic and hydrophilic fractions. Such characterisation approaches are becoming increa-
singly important because, over the past 20 years natural DOC concentrations have
been rising rapidly in many parts of the world, most likely influenced by climate
change. Higher DOC concentrations in drinking water catchments present a serious
problem for the water industry because DOC can form disinfection by-products
DBPs during water treatment (e.g. chlorination). Hence, there is an urgent need to
better characterise natural DOC before, during and after water treatment. However,
current DOC fractionation procedures are extremely laborious requiring days and
continual manual monitoring to separate sufficient quantities of DOC for subsequent
analysis. This seriously limits sample throughput and the parameter space which can
be studied. In this paper, we propose a much more rapid semi-automated method
(12.5 hours/litre/sample) which utilises readily available equipment, 7e, HPLC pump
or similar and sequential columns of Amberlite DAX 8 and XAD 4 resins. The me-
thod reduces the manual input from continual attention to minutes. This paper de-
scribes the development of the method and its application in the fractionation of
natural DOC from reservoir and lake samples fed from upland peat-land catchments.
Recoveries are found to be comparable to those using the manual technique, with the
dominant component being hydrophobic acid accounting for 35% - 40% of the nat-
ural DOC with the second largest, being hydrophilic acid at 20% - 27%.
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1. Introduction

The world’s peatlands occupy 4% - 6% of the land mass and hold within them an esti-
mated 450 Giga tons of carbon mostly assimilated from the atmosphere by photosyn-
thesis [1]. These peatlands, especially in Northern Europe are the principal catchments
and sources of drinking water for the majority of the population. Recent records show
that the DOC concentration in the rivers and lakes derived from these peat-dominated
sources has increased by 91% over the past 15 years and evidence suggests that this
trend is being repeated in Europe and North America [2] [3]. Although natural DOC in
its natural state does not directly present a health problem, it can influence the water’s
aesthetic qualities (particularly colour, odour and taste), and potentially it can act as a
food source for microbes. However, when it is subjected to the essential disinfection
procedures (e.g. chlorination) at a water treatment works, a number of potentially toxic
disinfection by-products (DBPs) can be produced such as trihalomethanes (THMs) [4]
[5] [6], haloacetonitriles (HANSs) [7] and haloacetic acids (HAAs) [8] [9]. These DBPs
can have a detrimental effect upon human health [10] [11] [12]. Hence, it is necessary
to understand DOC properties and how DBPs are formed to try to limit their occur-
rence.

DOC in water is operationally defined by the water industry as the fraction of organ-
ic matter that passes through a 0.45 um filter. Although this classification has recently
been subject to criticism, partly due to the inadequacy of such filters in removing col-
loidal material, it still remains as the practical definition [13]. DOC consists of two ma-
jor components; the non-humic and the humic. The non-humic material encompasses
a series of biomolecules that include lipids, carbohydrates, polysaccharides, amino ac-
ids, waxes and proteins [14] whilst humic substances can be described as naturally oc-
curring, refractory, macromolecular, heterogeneous organics [15]. These can be further
sub-divided into three components. Firstly, humic acids are fully solvated when pH > 2
but not below and they have relatively high molecular weight (5000 - 500,000 Da). Se-
condly, fulvic acids are water soluble at any pH and have smaller molecular weights:
600 to 5000 Da. [15]. The third and last component is collectively referred to as “the
humins”. This is the insoluble portion of DOC which is normally removed either by fil-
tration or flocculation.

However, isolating natural DOC from water and separating it into its sub-compo-
nents present a number of problems. In part, this arises from the relatively low concen-
trations of DOC (typically <10 mg/L) which means that large volumes of water need to
be processed to recover even small quantities of material, the sheer variety of different
molecules highly variable nature of the organic matter and the danger of chemical
changes taking place during sample processing. In this context, several techniques have
been proposed which have included freeze drying [16], solvent extraction and evapora-
tion techniques [17] [18], reverse osmosis [19] and adsorption techniques using granu-
lar activated carbon and various ionic and non-ionic macroporous synthetic resins [20]
[21] [22]. Although DOC is efficiently removed by these techniques, recovery of the

solutes from the granulated carbon is relatively poor. By comparison, the surface and
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sorption/desorption properties of macroporous synthetic resins (e.g. the Amberlite
XAD series) are well understood. Indeed, their performance for the extraction and re-
covery of DOC from water has been evaluated [23] [24] and applied to river and lake
fresh water sources. However, the practical application of using the resins for the frac-
tionation of natural DOC samples can require up to 24 h of processing time [25] per
sample. This is particularly problematic when studying natural DOC because this varies
spatially, seasonally, diurnally and with climatic conditions. Hence, to properly under-
stand natural systems significant numbers of samples are usually required. When this is
combined with the need to process large volumes (due to the low concentrations of
natural DOC) this currently represents a significant limitation to progressing scientific
understanding of DOC phenomena.

The objective of this paper is to present the development and testing of a rapid, au-
tomated method using both DAX 8 (previously known as XAD 8) and XAD 4 resins in
tandem to fractionate freshwater lake and reservoir DOC. The method is based around
readily available High Performance Liquid Chromatography (HPLC) equipment; using
in-house packed columns and a standard HPLC quaternary pump. The sample flows
through the system, the fraction collection and the regeneration of resin material are
directed via a series of solenoid valves (Bio-Chem) controlled by relays (K.M.Tronic)

which are subject to the tailored computer program.

2. Experimental

Resins and Columns

The DAX 8 resin (Sigma-Aldrich) is a hydrophilic acrylic ester with low ion exchange
capacity (1072 Mequiv g™'), average pore size of 225 A and surface area of 160 m>g™.
The XAD 4 resin (Sigma-Aldrich) a styrene-divinylbenzene copolymer is highly aro-
matic and hydrophobic and effectively possesses no ion exchange capacity. The average
pore size of XAD 4 is also much smaller at 40 A whilst the surface area is much larger at
725 m*g. XAD resins have previously been reported for the successful separation/
removal of fulvic and humic acids from water [23] [24] [25] [26].

Fractionation on these resins takes place via an initial sorption and desorption
process. This phenomenon effectively takes place by reversing the attractive influence
of the zero point charge (ZPC) of the resin surface, hence desorbing the solute DOC. It
is therefore useful to calculate the minimum resin quantity for the DAX 8 and XAD 4
fractionation columns to ensure sufficient sorption sites are available which would oth-
erwise limit DOC recovery. To do this, Equation (1) was re-arranged to give (2) andV,
was calculated where V5 is the sample volume and Kg, is the distribution coefficient

of resin sorbed solute versus solute dissolved in water [22].
Vos =2V, (1+ kg, ) (1)
Vo = Vo.5r/2 (1+ k(,).Sr) (2)

e.g., for a 1 litre sample where Kg, is 50, Vo = 9.8 ml. Given that the void volume of

the resins is ca. 65% [26] the minimum volume of resin required is 15 cm? (9.8/0.65).
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The tandem column arrangement was prepared using two pristine, blank 250 mm X
10 mm HPLC columns (Sigma-Aldrich). Each column was packed with 25 cm® of the
appropriate resin; Ze. a 40% resin excess to that required for a 1 litre sample. Each
column entrance and exit was then fitted with a 0.2 um frit (Supelco Analytical) and
sealed in place with HPLC end fittings.

Prior to column packing, each resin was first washed in 0.1M NaOH,) for 24 h after
which floating debris was removed by careful decantation. The NaOH,q was then re-
moved and the resin washed with de-ionised water until pH neutral. The resin beads
were then transferred to a 50 ml burette followed by series of alternate washes with
methanol (AnaLar) and acetonitrile (AnaLar). After careful rinsing with water to re-
move any residual solvent, the resins were packed into the HPLC columns as slurries.
The DAX 8 and XAD 4 columns were then connected in tandem to a series of flow se-
lection valves using PEEK fittings and tubing (0.030” ID) as shown in Figure 1.

Figure 1 shows that the fractionation system is configured with three eluents; de-
ionised water, 0.1 M NaOH(q and 0.1 M HClq and the sample. These are fed via an
HPLC pump or similar with the series of valves (Bio-Chem Fluidics) controlled by re-
lays using a simple in house pre-programmed computer method. Four 100mL bottles
(labelled I,G,F,H) are connected to the configured outlet pipes of the valve systems to
collect the hydrophobic acid, hydrophilic acid, hydrophilic base, and hydrophobic base
fractions respectively. A 1L bottle (labelled J) receives the final effluent (labelled the
neutral fraction) during the column loading procedure as described below.

To load the resins with the natural water samples DOC. A typical procedure, requires
1L of the water sample to be pumped at 4 mL/minute through the columns with the ef-
fluent collected in bottle J (Neutral fraction). The columns are then rinsed with 50mL
of deionised water before the valves switch to isolate the DAX 8 column. Then 60 mL of
0.1 M NaOH, is passed through this column followed by 40 mL of deionised water
(both at 2 mL/min) to desorb and rinse the hydrophobic acid fraction into F. The
process was then repeated using 60 mL of 0.1M HCl.q) and 40 mL of deionised water
(at 2 mL/min) to desorb and rinse the hydrophobic base fraction into G. The pro-
grammed valves then switch to isolate the DAX 8 column and the same procedures are
followed; first a NaOH.q)/H,O rinse to desorb the hydrophilic acid fraction into H and
then a HClq/H>O rinse to desorb the hydrophilic base fraction into I. After this, the
valves re-configure and the DAX 8 and XAD 4 columns are washed in tandem first with
de-ionised water (50 mL) at 2 mL/min followed by regeneration by pumping 50 mL of
0.1 M HClq) at 2 mL/min. The system is then ready to fraction the next sample.

3. Results and Discussion

3.1. Measurement of Column Resin Bleed

To establish and measure any resin bleed before starting the experiment, five 1L ali-
quots of milli Q water were fractioned in sequence. Each fraction was collected as de-
scribed using the same method as that of the samples. Their TOC was measured with
an Analytical Services Ltd., Thermalox TOC/TN analyser. Standards (0 to 5 mg-L™') of
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Figure 1. Schematic of the fractionation system (V1-3 = valves 1 - 3).

potassium hydrogen phthalate, AR grade (Lot No F78575AR) were prepared. The data
(Table 1) show that there was little evidence of column bleed in any of the fractions

and was limited to <0.3 mg/L for each sequence of fractions.

3.2. Natural Water Samples

Two sets of samples were collected from natural fresh-water sources in February 2012.
The 2 sites selected for the exercise were the Cefni and Conwy lakes. Table 2 shows the
descriptions of the two sites. Five 1 L aliquots of each were collected on the same day.

Each sample was vacuum filtered through pre-washed Nylon membrane filters (0.2 pm)
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Table 1. Mean DOC concentrations desorbed from resins after passing 5 x 1 L aliquots of Milli Q
water though the tandem DAX 8 and XAD 4 resins using automated fractioning system. The
standard deviations are shown in parentheses.

Sample Fraction Mean DOC (mg/L)
Hydrophobic acid 0.170 (0.025)
Hydrophilic acid 0.150 (0.026)
1-5 Hydrophobic base 0.040 (0.008)
Hydrophilic base 0.030 (0.010)
Neutrals 0.270 (0.080)

Table 2. Sample sources, descriptions and typical DOC concentration values.

Source Description DOC (mg1™)
Cefni Man-made reservoir with fen as principal catchment 6.50 + 1.2
Conwy Shallow natural upland lake/reservoir within a blanket peat bog 428 +£0.4

within 3 hours of sampling. The pH of each filtered sample was adjusted to 2.5 with
HClq) (2 M) and stored in darkness at 4°C.

The stored samples were fractioned using the method and conditions described
above.

After collection each of the Hydrophobic and Hydrophilic Acid and Base DOC frac-
tions were diluted to 1 litre with de-ionised milli Q water. The Hydrophobic and Hy-
drophilic Acid fractions eluted with 0.1 M NaOH,q were pH adjusted to 2.5 with 2M
HClg. The DOC concentration of each of these fractions plus the Neutral was then
measured to establish the recovery per fraction as a percentage of the total DOC pre-
viously measured for the raw un-fractioned samples; the results are shown in Table 3.

Table 4 illustrates the semi-automated method results compared to the manual me-
thod results which were collected by loading the columns with sample and eluting the
DOC fractions manually using the same eluent and volumes as the semi-automated
method.

The data show similar trends (Figure 2) between the two different sites with the Hy-
drophobic Acid and Neutral fractions showing the highest percentage DOC for all
samples. For both sites, the Hydrophobic and Hydrophilic base fractions showed the
smallest percentage DOC. The Relative Standard Deviation (RSD) and Standard Devia-
tions (SD) of the data for both series highlights the small spread within the sets with
acceptable recoveries that are comparable to ones reported in the literature [22] [25]
[27]. The data also demonstrates that the resins operate selectively and that the subse-
quent % DOC differences between the Cefni and Conwy hydrophobic acids, hydro-
philic acids and neutrals fractions reflect the variable molecular structures that exist
within each individual DOC sample series. Table 4 includes the Cefni and Conwy frac-
tionation results for October 2010/11 using the two methods the results are comparable

considering that the ratio of the DOC components leaving the catchments may have
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Table 3. % DOC concentration per fraction of Cefni and Conwy surface water.

Fraction DOC (%)

Cefni S1 S2 S3 S4 S5 SD
Hydrophobic Acid 36.6 37.2 37.9 34.3 36.6 1.3
Hydrophobic Base 0.8 1.1 0.8 1.2 0.8 0.2
Hydrophilic Acid 26.8 27.2 27.1 26.1 27.2 0.5

Hydrophilic Base 1.1 0.9 1.1 1.1 0.9 0.1
Non-retained Neutrals 29.9 19.9 28.0 27.7 28.9 4.0
% Total Recovery 95.2 86.3 94.8 90.5 94.5 3.8
Conwy S1 S2 S3 S4 S5 SD
Hydrophobic Acid 38.8 40.9 38.9 38.1 37.6 1.3
Hydrophobic Base 0.3 0.3 0.6 0.8 0.5 0.6
Hydrophilic Acid 21.3 21.1 20.3 21.3 20.1 0.2
Hydrophilic Base 0.9 1.1 0.9 1.2 0.9 0.1
Non-retained Neutrals 33.9 32.7 35.0 36.2 34.7 1.3
% Total Recovery 95.2 96.1 95.7 97.6 93.8 1.4

Table 4. Cefni and Conwy fractions using standard and automated methods. Key: 1 = standard
method and # = automated method.

DOC (%)
Fraction Cefni Conwy
Oct 2010+ Oct 2011% Oct 20107 Oct 2011%

Hydrophobic Acid 39.7 38.6 38.5 41.5
Hydrophobic Base 1.5 0.3 0.4 0.1
Hydrophilic Acid 222 25.5 27.1 23.7
Hydrophilic Base 1.1 0.2 0.4 0.1
Non- retained Neutrals 28.6 29.6 28.4 30.0

% Recovery 93.1 94.2 94.9 95.1

been subjected to different meteorological conditions.

4. Discussion

The combined resin procedure recovers natural DOC relatively simply without the use
of contaminating organic solvents or reagents. The sequence of resins is important in
part because of the significant difference in pore size and surface area between the re-
sins. This combination of the DAX 8 and XAD 4 resins are believed to recover a large
part of the DOC from natural water predominantly through physical processes [26].

The dimension of the pore sizes of the DAX 8 resin facilitate more rapid diffusion of
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Figure 2. Cefni and Conwy sample fraction distributions (%).

fulvic and humic acid macromolecules (termed in the literature as the hydrophobic ac-
ids) in and out of the pores whilst interacting with the sorption sites held within them.
When the hydrophobic acid macromolecules have been sorbed by the DAX 8, the sam-
ple then progresses through the XAD 4 resin. This resin consists of a highly cross-
linked surface with a much smaller pore size (40 A = 4 nm). These pores are believed to
only allow the diffusion of lower molecular weight solutes, ie., hydrophilic acids [23].
The molecules which are described in this paper as the Neutrals are believed to exhibit
characteristics that do not comply with the properties of the sorption sites of both re-
sins, hence they are not retained.

Each of the samples show the presence of all the different possible fractions. It is in-
teresting to note however that, using the notation of Malcolm et al [26] these fractions
are labelled as Hydrophilic or Hydrophobic acids or bases, or as the non-retained neu-
tral fraction for the DOC passing all the way through all the columns. However, chro-
matographic separations are normally achieved by matching the functional groups of
the column stationary phase with those of the target analytes; a “like-with-like” ap-
proach. This method is used so that the partition coefficients are optimised for different
components of a mixture. Ideally, this should result in different components of a mix-
ture spending differing amounts of time associated either with the stationary or mobile
phases resulting in different partition coefficients and hence different retention times.
However, the aim of using these two resins here is not to carry out a “normal” chroma-
tographic separation but rather to group together broadly similar components of a
complex, naturally-occurring mixture by sorbing and retaining them on the resin. In
reality, the first resin (DAX 8) is actually more hydrophilic than the second (XAD 4)

and yet counter-intuitively, in this system, it is considered to retain the Hydrophobic
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acids and bases. The reasoning here is that the much larger pore size (225 A) of the
DAX 8 is sufficient to allow much larger molecular weight (MW) DOC to diffuse into
the pores and sorb. This fraction is labelled Hydrophobic Acids and Bases because the
higher MW is expected to contain more aromatic functionality. Once the high MW
DOC material is inside the pores, the DAX 8 resin is believed to act in a similar manner
to a solid phase extraction resin. By comparison, the much smaller pore size of the
XAD 4 resin (40 A) only allows much lower MW DOC to diffuse in and sorb. This ma-
terial is expected to contain less aromatic character and so is defined as Hydrophylic
Acids and Bases.

Considering the DOC data for the fractions for the two sites in the above context; al-
though there are differing relative concentrations within the acid, base and neutral clas-
sifications the subtle differences between sites can be determined. This supports the fact
that rapid fractionation can be successfully achieved and the development of the me-
thod described here has significantly reduced the time and tedious work [13] required
to fractionate samples. The classical method uses resins packed into glass columns and
a peristaltic pump and is both labour intensive and time consuming. Here, using a
combination of relay controlled solenoid valves, HPLC pump and HPLC packed col-
umns, controlled with a tailored program, the time has been reduced to approximately
8 hours for complete sample fractionation into its individual components, without in-
tervention at any point in the exercise. A breakdown of the time employed to carry out
the task includes 4.2 h to pass a 1 L sample through the columns in tandem. Desorption
of both columns requires 3.33 h, followed by washing and re-generation requiring a
further 0.8 h. The time periods may be adjusted to accommodate different sample vo-
lumes, ie., loading flow rates, desorption flow rates, resins and resin volumes. The
manual method time breakdown requires a period of 8.4 h to load the sample onto the
columns, followed by 1.7 h desorption time per column. Preparation of both columns
for the next fractionation requires 0.8 h per column. Thus the time for the fractionation
of one sample is 13.4 h with high levels of monitoring. Hence, one sample using the
manual method requires approximately two working days compared to the automated

which could fraction approximately 5 - 6 samples.

5. Conclusion

The results show that collecting data using an automated resin-based fractionation sys-
tem is less time-consuming and labour-intensive than a manual system (by a factor by
five to six times). The data also show that recoveries from replicate samples of ca. 95%
for the automated samples are comparable (and very slightly better) than those
achieved using the manual method. Comparing the data between the individual frac-
tions, the “acidic” fractions show the larger %DOC and these are within 2% between
the 2 methods. By comparison, the much smaller %DOC observed in the hydrophilic
and hydrophobic base fractions are slightly lower for the automated method. However,
the trends between the fractions are broadly similar which support the use of this me-

thod to study DOC. This is important for a range of possible end uses but is particularly
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relevant in the context of water treatment because upland peatlands are known to be
exporting increasing concentrations of DOC as a result of climate change. As this is
likely to be an increasing influence, the study of peatland DOC will be increasingly im-
portant because these provide an important source of potable water. Characterising this
natural DOC has proved both time-consuming and frustratingly difficult for many
years. This hinders the understanding of water potable water disinfection using chlori-
nation which is important because this produces disinfection by-products (DBPs), the
main examples being trihalomethanes (THMs). Thus, automating DOC fractionation
should enable both faster sample turnaround and increased throughput. This will ena-
ble far greater numbers of samples to be studied at different sites and diurnally and
seasonally using the manual procedures. Site specific influences (e.g. geology, hydrolo-
gy, fauna and temporal changes) are known to strongly influence DOC concentration,
fractionation and trihalomethane formation potential [28] [29] [30]. Furthermore, the
technique may be used to study other water treatment plant effects upon DOC; for ex-
ample ozonation, filtration, coagulation [31] [32], membrane fouling and UV photoly-
sis etc. In turn, this will help support the continuing efforts of water companies to meet
the demands of the regulatory authorities to limit THM concentrations in drinking wa-
ter [33].
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