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A comparison of methods for the extraction of dissolved organic matter

from freshwaters
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Highlights

Methods of extracting dissolved organic matter from freshwaters vary in efficiency

Dissolved organic matter was extracted from freshwaters in the UK

Several methods were evaluated, and the time, cost and results of each assessed

Rotary evaporation, freeze-drying and dry-down gave the most consistent results
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Abstract

Studies of dissolved organic matter (DOM) composition have used several different methods
to concentrate and extract the DOM from fresh water, but the impact of these methods on the
composition of the DOM is relatively unknown, as very few studies use more than one

method to compare results. The aim of this study was to use several methods, frequently used
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in the scientific literature, to concentrate and extract DOM from fresh water and compare the
elemental and functional group composition of the extracted DOM. In addition, the cost, in
terms of money, resources and time, were assessed for each method. The results showed that
the elemental and functional group composition of the extracted DOM varied between
methods significantly. The methods that yielded the most similar and reproducible DOM
results were rotary evaporation, dry-down at 60°C and freeze-drying. Although each of these
methods required a relatively expensive piece of laboratory equipment, this was a ‘one-off’
cost, and consumables and time per sample were relatively low. This study highlights the
dangers of comparing DOM data from different studies when the DOM has been extracted
via different methods. In future, it is recommended that studies of DOM composition report
their methods of extraction clearly and consistently, ideally using one (or more) of the
methods showing reliable results here.

KEYWORDS: elemental analysis, rotary evaporation, freeze drying, reverse osmosis,

dialysis, dry-down

1. Introduction

Dissolved organic matter (DOM) is found in natural waters around the world, and plays an
important role in the transport of nutrients, energy and carbon from terrestrial ecosystems to
the atmosphere, aquatic and marine systems. Terrestrial inputs of carbon to inland waters are
estimated to be 5.1 Pg C year! (Drake et al 2018), and processing of DOM in lakes and rivers
releases 2.1 Pg C year™ to the atmosphere as CO> (Raymond et al 2013). The composition of
DOM controls the reactivity, and therefore the proportion of the matter that degrades and
releases carbon dioxide (CO»), or travels to the ocean (Bowen et al 2020). In order to better
understand the link between DOM in fresh water and other factors such as degradability,

catchment characteristics or water treatment efficiency, the DOM composition needs to be
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known. Water companies in the UK and Northern Europe need to know how the composition
of DOM in their source waters impacts on the efficiency of drinking water treatment and the
potential for the formation of harmful disinfection by-products (such as trihalomethanes;
Kothawala et al 2017; Valdivia-Garcia et al 2019).

The DOM composition presented in existing literature on fresh waters may not be the ‘true’
composition of the ‘whole’ sample, as the composition may be altered by the method, and
studies can only analyse the extractable fraction (Song et al 2018). With increased use of
advanced molecular characterisation methods (e.g. Fourier transform ion cyclotron resonance
mass spectrometry (FTICR-MS; Matilainen et al 2011)), it is important to be assured that the
organic matter being characterised is not just a by-product of the concentration method or
extraction method used.

Some methods attempt to classify and quantify the DOM ‘in-situ’ - while it is in solution in
natural water (Table 1). These methods include analysing its absorbance spectrum in the UV
and visible wavelengths (e.g. Dobbs et al 1972; Peacock et al 2014), or using excitation
emission fluorescence spectroscopy (e.g. Smart et al 1976; Chen et al 2003). Such approaches
rely on ‘proxy’ measurements to characterise the coloured components of DOM - the organic
matter is classified as ‘humic-like’, ‘fulvic-like’ or ‘more aromatic’ instead of quantifying the
composition directly. Classifying and quantifying the DOM °‘in-situ’ is generally simple,
relatively quick and inexpensive, and valuable information can be gathered, but depending on
the wavelengths used, they are limited to the coloured portion of DOM (CDOM), and a
proportion of DOM is ‘optically invisible’ to these techniques (Pereira et al 2014). The
results are also influenced by other factors of the water chemistry, such as pH and ionic
strength (Matilainen et al 2011). Both absorbance and fluorescence measurements were found
to be sensitive to a range of environmental conditions (such as pH, ionic strength and metal

ions), however this is likely related to the environmental conditions impacting the DOM
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structure, and the subsequent measured absorbance and fluorescence spectra (Spencer et al
2007).

In order to analyse and understand DOM more thoroughly, the DOM can be extracted from
natural water, and analysed as a solid, or re-dissolved in higher concentrations than would
naturally occur (e.g. Sgndergaard et al 2003; Lv et al 2016; Whitty et al 2019). Studies often
acknowledge the limitations of their extraction methods, and consequently refer to the DOM
extracted fraction of material as a proportion of the whole, total DOM. For example, Dittmar
et al (2008) refer to the DOM they extracted from seawater as “SPE-DOM”. Very few studies
have used more than one method to extract the DOM, and so it is unknown how much the
method of extraction impacts the DOM composition analysed in the study (Minor et al 2014;
Tfaily et al 2012). Some researchers have used methods to concentrate the DOM before
extraction, such as Koprivnjak et al (2009), who used reverse osmosis and electrodialysis,
and Lankes et al (2008) who used rotary evaporation followed by freeze drying. Matilainen et
al (2011) carried out a review into the methods for characterising natural organic matter
(NOM - includes particulate and colloidal organic matter, not just the dissolved fraction),
including assessing the methods for concentrating and extracting NOM from water. Their
study focussed on methods used to extract a targeted fraction of the NOM, based on features
such as molecular size and polarity, and discussed the pros and cons of each method. By
targeting certain polarities and molecular sizes, the study acknowledged the methods included
were not analysing the total portion of NOM, and so not reflecting ‘total’ NOM (Matilainen
et al 2011). Whitty et al (2019) used '"H-Nuclear Magnetic Resonance spectroscopy (NMR) to
compare DOM extracted by freeze-drying with ‘whole water’, and discussed the pros and
cons of other extraction methods. Despite these studies showing differences between NOM

and DOM fractions extracted by different methods, there is very little evidence showing how
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the composition of the whole DOM composition is impacted by the extraction method. For
the purposes and focus of this study, organic matter smaller than 0.7 um is classed as DOM.
A literature search was carried out to identify the most frequently used extraction and
concentration methods (Table 1). Each method identified in the literature search was entered
into Google Scholar (March 2020), along with “dissolved organic matter”, “DOM”, “water”
and “surface OR inland OR fresh”, and the number of results used as a proxy to reflect how
popular/frequently used each method is. The most frequently used methods were found to be
rotary evaporation, freeze drying, dry-down, solid phase extraction, reverse osmosis and
dialysis. This is by no means a comprehensive study of all extraction methods, but includes
the most common methods for extracting DOM, regardless of molecular size and polarity,
from inland fresh waters. Resins, such as XAD-8, were not included in this study, as the
literature search revealed several uncertainties, questions and criticisms of the reliability and
extraction biases of this method, especially in regard to potential contamination from resin-
bleeding, and chemical alteration of samples (e.g. Kitis et al 2001; Sleighter et al 2009).
XAD-8 resins and the conditions needed to use them to extract DOM (such as pH changes)
have been showed affect the characteristics and reactivity of the DOM fractions (Song et al

2009).

Table 1. The methods and techniques used to concentrate, extract and analyse DOM
composition, and pros and cons of each method. Literature references listed include an early
study using the technique and a recent example of use in a study on DOM composition. The
number of results in a Google Scholar search (March 2020) containing the method and
“dissolved organic matter”, “DOM”, “water” and “surface OR inland OR fresh”, are shown

in the final column.



Method Pros Cons References Google
Scholar N
Absorbance Easy and quick Some DOM is colourless ~ Dobbs et al 21300
1972
Peacock et al
2014
Fluorescence Proxy composition Some DOM does not Smart et al 21000
information fluoresce 1976
Relatively quick Chen et al 2003
Rotary Increased surface area for Uses heat, which could Craiget al 1950 444
evaporation (RE)  vaporization of the alter the water chemistry Dean et al 2019
solution
Solid phase Relatively inexpensive, Extracted fraction Thurman and 3850
extraction (SPE) reliable depends on column, Mills 1998
polarity, solvent Lvetal 2016
Dry-down (DRY) Low-tech Uses heat, which could Veitch 1904 101
alter the water chemistry Worrall et al
At room temperature, 2018
microbial growth
Reverse osmosis ~ Concentrates DOM Recovery percentage Hauck and 3360
(RO) relatively quickly affected by pH of water Sourirajan 1969
Green et al
2015
Freeze-dry (FD) Results in a solid DOM Expensive equipment Geiger and 127
without any other Cataldo 1969
processing Lankes et al
2008
Dialysis (DIA) Resulting DOM contains Membrane size may Tan 1977 2380

fewer ‘impurities’ such as

salts

exclude smaller DOM

molecules

Aristilde et al

2017
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The aim of this study was to compare different extraction methods used in the literature to
quantify the impact on the elemental composition of the resulting DOM. While no extraction
method can claim to be perfectly replicating the ‘natural’ composition of DOM as it would be
in the water, this study aims to find the method that causes the least disruption to the
composition, is economical (in terms of cost, resources and time) and is replicable and

reliable.

2. Method
The DOM extracted from natural water using nine different methods was assessed. The time
and costs of each method were recorded, and elemental and functional group composition of

the DOM was analysed.

2.1. Sample collection

Water samples of between 5 and 20 L were taken from 14 fresh water bodies across the UK,
including natural lakes, reservoirs and upland streams to ensure a variety of dissolved organic
carbon (DOC) concentrations and DOM compositions (Table S1). The sites were located
between 53.4 and 59.3 °N, and -3.9 and -0.7 °E. Samples of water from each water body were
filtered (DI-rinsed 0.45 um syringe filters) and analysed for DOC concentrations (Analytik
Jena Multi NC2100 combustion analyser). The DOC concentrations ranged from 4.7 to 44.4

mg L.

2.2. DOM extraction methods
All water for DOM extraction was filtered through 0.7 um glass microfiber filters (VWR).

This size of filter was used so as to include the colloidal fraction of organic matter, but
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exclude particulates. The filtered water was then split and subject to various methods to
extract the DOM. The time taken, resources needed and mass of DOM collected via each
method were recorded. Some methods were combined as the primary method concentrated

rather than fully extracted the DOM and therefore did not result in a solid DOM sample.

2.2.1. Rotary Evaporation (RE)

One litre of filtered water was poured into an evaporating flask. The water bath temperature
was 60°C, and cold tap water was used to cool the condenser, which was in a vacuum. The
evaporating flask was topped up with filtered water as the ‘clean’ water in the sample
evaporated and condensed in the receiving flask (Cranwell et al 2017). At most, 5 L of
sample water was used. ‘Clean’ water from the receiving flask was routinely collected,
filtered and analysed for DOC concentration. This clean water had a mean DOC
concentration of 0.23 mg L' (range 0-0.96 mg L'!; n = 25). A t-test showed there was
significantly less DOC in the clean water than the initial water samples (p < 0.001). At most,
less than 1 mg L' of DOC was discarded in the clean water.

The concentrated water remaining in the evaporating flask (less than 500 mL) was poured
into a 1.1 L evaporating dish which was then put in an oven at 60 °C until the liquid had
evaporated. The residue was then collected. This method was used on water from all 14 water
bodies.

In order to analyse the reproducibility of the rotary evaporation method, water samples from
a further 15 UK fresh waters were split into two and rotary evaporated, resulting in 15 pairs
of DOM samples (n = 30). These samples were not included in the ‘time, cost and recovery

analysis’, but were subject to elemental analysis (as in 2.3.).
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2.2.2. Solid Phase Extraction (SPE)

Known volumes of up to 1 L of filtered water were poured through Bond Elut PPL 500 mg, 6
mL cartridges (Agilent) conditioned with 6 mL 100% methanol followed by 6 mL deionized
water. This cartridge was chosen based on a search of literature using solid phase extraction,
and found to be the type recommended for DOM extraction from natural water (Li et al
2019). The sample water was forced through the cartridge using a hand pump to create a
small pressure gradient. The cartridge was then washed in 6 mL deionized water, air dried
using the hand pump to pull air through cartridge. To elute the DOM sample, 12 mL of 100%
methanol was used, which was then evaporated off at room temperature and the residue

collected. This method was used on water from three sites.

2.2.3. Dry down (DRY-6, DRY-F)

The filtered water was poured into a 1.1 L evaporating dish and then kept either in a fume
hood at room temperature (DRY-F) or in an oven at 60 °C (DRY-6) until all liquid had
evaporated. The evaporating dish was chosen so as to have a large surface area to volume
ratio. The evaporating dish was topped up routinely, until approximately 5 L of water had
evaporated. The residue was then collected. Dry down in the oven (DRY-6) was used on
water from 13 sites, and dry down in the fume hood (DRY-F) was used on water from six

sites.

2.2.4. Reverse Osmosis (RO) followed by rotary evaporation (RE) or dry down (DRY-F)

Reverse osmosis removes ions and large particles from water under pressure, with the aim of
providing cleaner water. Approximately 10 L of the 0.7 um filtered water was pumped
through a customised reverse osmosis unit. The unit contained a 5 um polypropylene filter, a

1 um polypropylene filter, and a carbon filter. The whole unit and filters were washed in
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deionised water before each sample was pumped through. The ‘dirty’ water was fed back into
the unit and the ‘clean’ water collected separately, until the majority of the water was ‘clean’.
Samples of this ‘clean’ water were collected, filtered and analysed for DOC concentration.
The analysis of the clean water showed that it contained an average of 8 mg L'l DOC. This
was almost as high as the DOC concentration in some of the initial water samples, showing
that a lot of the DOC in the original water was getting through the filters into the clean water
fraction. The clean water fraction was discarded, and the final dirty water fraction, containing
less DOM, was collected. The carbon filters were rinsed in DI water, and this was added to
the dirty water (as it could have retained carbon molecules). Due to the high concentration of
DOC in the clean water, this method was not continued.

Once the volume of ‘dirty’ water was approx. 2 L, this was collected, then split, with 1 L
further evaporated in the rotary evaporator (RO-RE; as in 2.2.1.) and 1 L evaporating to
dryness in an evaporating dish at room temperature (RO-DF; as in 2.2.3.). Both reverse

osmosis methods were used on water from two sites.

2.2.5. Freeze Drier (FD)

A known volume of filtered water was placed in the freeze drier at -50 °C until the water had
sublimated, and the remaining solid material was collected. This method was used on water

from five sites.

2.2.6. Dialysis (DIA) followed by FD or DRY-F

A total of 200 mL of filtered sample water was poured into regenerated natural cellulose
membrane dialysis tubing (10 kDa MWCO (molecular-weight cut-off), 29 mm diameter,
Spectrum Labs), clipped at the bottom and top. The dialysis tubing was then put into a beaker

of deionised water. The deionised water was replaced regularly. The water was split into two
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100 mL volumes, one of which was put in the freeze drier (DIA-FD; as in 2.2.5.), while one
was left to evaporate at room temperature (DIA-FH; as in 2.2.3.). Both dialysis methods were

only used on water from one site.

2.3. DOM analysis

The extracted DOM was weighed, then analysed by elemental analysis to measure the content
of carbon, nitrogen and hydrogen in the samples. The samples were treated with hydrochloric
acid to remove inorganic carbonates, then analysed again for the organic carbon proportion.
A sub-set of samples (n = 23) were also analysed by solid state '*C nuclear magnetic
resonance (NMR) to look for differences in functional group distribution. The method of
NMR used means that directly quantifying the results was not possible; however, they can be
compared to each other, and expressed relative to the amount of total C in the DOM sample
(Hockaday et al 2009). The 23 samples analysed by NMR included DOM extracted from nine
sites (sites 1-9), by six different methods (both dry down methods, freeze drying, rotary
evaporation, and both reverse osmosis methods).

Due to various time, equipment and water constraints, not all extraction methods were used
on water from all sites. One method, rotary evaporation (RE), was carried out on water from
all sites (n = 14), so the composition data were analysed relative to the RE extracted DOM
sample. This does not mean that the composition of the RE extracted DOM was presumed to

be the ‘true’ DOM composition, only that this method was applied to water from all 14 sites.

2.4. Time, cost and recovery
In order to evaluate each method, the following were recorded, and ranked from ‘best’ to

‘worst’:
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e The time taken from the start of sample processing to collecting the final DOM sample,
and the rate of processing (litres per hour). Methods were considered ‘better’ if they had
a relatively fast processing rate, or took a shorter amount of total time.

e The recovery percentage, relative to the DOC concentration of the original water sample.
Recovery percentages of over 100% were possible, as the water used for DOM extraction
was filtered through a larger filter size than the water analysed for DOC concentration (0.7
vs 0.45 um filter) in order to include colloidal organic matter. Ideally, the carbon content
of the DOM would be similar to the carbon concentration in the original water, resulting in
a recovery percentage close to 100%. Rank scores were allocated based on how far from
100% the mean values fell. The recovery percentage for each sample was compared to
various water chemistry variables, to investigate which properties of the water or DOM
influenced the recovery percentage of the DRY-6, DRY-F, FD and RE extraction methods
(where n > 2). The DOM samples extracted by RE and DRY-6 methods (where n > 10)
were also analysed grouped by water body type (e.g. headwaters and streams). Variables
used to calculate the recovery percentage (DOC concentration and carbon content of the
DOM) were not included in this analysis.

e The approximate cost of consumables per sample. Lower costs per sample were
considered ‘better’.

e [f the method required any larger laboratory equipment (lab oven, rotary evaporator,
freeze drier), these were not included in the cost per sample, but were considered when
ranking the total cost per method. The ‘large equipment score’ was the cost of the large
equipment divided by 1000, to give a number between 0 and 10.

Certain costs were not included, such as electricity and tap water, but these were reflected in

the total time taken. Costs of collection and analysis of samples was not included as this will

be the same for all samples. The three criteria (rate of processing, recovery percentage and



266  cost per sample) were ranked, and added to the large equipment score. Each method was

267  allocated a score based on the sum of these.

268

269 3. Results

270 A total of 47 DOM samples were successfully extracted by all methods (Tables 2 and 3). The
271  additional 15 pairs of rotary evaporated samples were analysed separately (n = 30).

272

273  Table 2. The mean average total carbon, nitrogen and hydrogen, and organic carbon, relative
274  to the average content of the RE DOM. The closer the value to 1, the more similar the DOM

275  composition is to the RE DOM composition. Values in brackets are the standard errors.

Method N Total C  Total N  Total H  Organic C
dry down at 60 °C 13 0.99 1.07 0.97 0.95
(DRY-6) (0.02) (0.03) (0.02) (0.03)
dry down at room. temp. 6 0.83 1.51 1.08 0.81
(DRY-F) (0.04) (0.21) (0.06)
reverse osmosis-rotary evaporation 2 0.46 0.14 0.56 0.17
(RO-RE) (0.03) (0.08) (0.03) (0.13)
reverse osmosis-dry down at room. temp. 2 0.49 0.23 0.51 0.12
(RO-DF) (0.07) (0.12) (0.06) (0.09)
freeze drier 5 1.05 1.02 - 1.04
(FD) (0.09) (0.02) (0.03)
dialysis-freeze drier 1 2.06 1.55 - -
(DIAFD)

dialysis-dry down at room. temp. 1 1.04 2.59 - -
(DIAFH)

276
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3.1. Elemental and functional group composition

The results show that the most significant differences in DOM compositions were between
the sites, rather than the method of extraction, and so all further analysis of elemental data
was carried out on the composition relative to the 14 rotary evaporated (RE) DOM
composition for each site (Table 2). The RE DOM composition was used as this method was
carried out on water from all sites. The closer the value to 1, the more similar the
extracted DOM composition is to the RE DOM composition. The solid phase extraction
(SPE) method resulted in DOM samples that were too small to analyse further, so it was not

continued.

The average elemental composition of the dry down at 60 °C (DRY-6) DOM was between
0.95 and 1.07 of the RE DOM values. There was not enough H data for the DOM extracted
by freeze drier (FD), but for total and organic C, and total N, the average results across sites
were 1.05, 1.04 and 1.02 of the RE DOM values, respectively. A one-way ANOVA on
extraction method (RE, DRY-6 and FD) showed no significant differences (p > 0.05) in the
raw composition data (total C, N, H, and organic C) between the three methods. These data
showed that despite the differences in methods, involving changing the temperature and
pressure of the samples, the DOM extracted was similar in elemental composition.

The reverse osmosis (RO-RE and RO-DF), dry down at room temperature (DRY-F) and
dialysis (DIAFH and DIAFD) methods resulted in samples with very different composition
data, varying between 0.12 and 2.59 of the RE data. It was not surprising that the dialysis
method DOM was different to the other methods, as the size of membrane used allows
smaller molecules to pass through it, retaining larger molecules. This resulted in the loss of
very low molecular weight DOM, resulting in different DOM composition. From the DOC

concentration of the ‘clean’ fraction of the water disposed of by the reverse osmosis (average
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8 mg L"), it was clearly not extracting all of the DOM in the water, and so the elemental
analysis of the resulting DOM would be different to that extracted by other methods. The
DRY-F method took an average of 392 hours per sample (more than 16 days) to evaporate
less than 2 L of water. During this time, the water was warm and light; any microbes smaller
than 0.7 um would have remained after filtration and could have degraded the DOM,
releasing COz. This would have led to a preferential loss of the more reactive carbon,
changing the DOM composition and DOC concentration, as reflected in the lower recovery of
DOM (69%).

The additional 15 pairs of rotary evaporated samples had incredibly similar results — paired t-
tests showed there were no significant differences in the total C (p = 0.46), N (p =0.34), or H
(p =0.41) between the replicates (n = 30).

The 3C-NMR was carried out on 23 samples from nine of the 14 field sites (Figure 1).
Similar samples will have similar spectra — the lines will be close together and follow a
similar pattern. If the samples have different functional group compositions, the lines will be
different.

As with the elemental composition data, these data showed similar results for the RE and
DRY-6 methods, and more variable results for the RO-RE and RO-DF samples. In the water
from Site 1, the RO-RE and RO-DF methods have very low intensities at the majority of
ppms, whereas the DRY-6 and RE samples have very similar spectra. Peaks in the lower
range ppms (below 100) reflect functional groups such as C-alkyls, N- alkyls and O-alkyls,
and these seem to be present in the DRY-6 and RE samples, but much lower or even missing
from the RO-DF and RO-RE samples.

The RE and DRY-6 methods also had very similar results in water from study sites 2, 3, 6, 7,
8 and 9. The DOM from Site 4 are the only samples where the DRY-6 and RE samples have

different intensity results, however the majority of the peaks are at the same ppm locations.



327

328

329

330

331

332

333

334

335

336

337

The DOM from water from Site 5 was extracted by FD and RE, and both spectra show
similar patterns, but much lower intensities than in samples from other sites. The four
samples from Site 9 show similar spectra to Site 1, although the RO-DF sample has the
highest intensities and RO-RE has the lowest — missing several of the peaks present in the

other samples.

Figure 1. The NMR spectra for each sample (n = 23, from 9 sites). The ’intensity’ (y-axis) is
relative to the total C in each sample. Similar samples will have similar spectra — the lines
will be close together and follow a similar pattern. If the samples have different functional

group compositions, the lines will be different.
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3.2. Time, cost and recovery

The results of this analysis show that the methods ranked as ‘best’ with the lowest overall

scores were the rotary evaporation and dry-down methods (Table 3). The SPE method

resulted in DOM samples that were too small to analyse further, so it was not continued. It

was also relatively expensive per sample. The resulting overall score was 17, and therefore it

was ranked fourth.

Table 3. The rate (mL hr-1), recovery percentage (+ standard error) and cost per sample

(GBP and USD) for each method. The overall score is the sum of the ranks of rate, recovery

percentage and cost per sample, and large equipment score (lower number = better method).

The notation ‘n.a.” = no additional equipment and/or costs. Rank and score values are in

italics.
Method  Rate (mL hr'!)  Recovery (% + Cost per sample Large equipment Overall score
and rank SE) and rank (£, $) and rank cost (£, $) and score and rank

RE 897.44 100 (11) 9.43,12.39 2000, 2630 10
1 1 6 2 1

DRY-6 39.94 93 (8) 2.21,2.90 2000, 2630 10.5
2 2 2.5 2 2

DRY-F 4.59 69 (10) 2.21,2.90 n.a. 12.5
6 4 2.5 0 3

SPE 503.33 - 102.67, 134.91 n.a. 17
2 8 7 0 4

RO-RE 100.40 158 (87) 384.50, 505.25 2000, 2630 18.5
3 5 8.5 2 5

FD 5.36 89 (6) n.a. 10000, 13140 19
5 3 1 10 6

DIA-FH 0.46 37 8.79, 11.55 n.a. 20.5
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9 7 4.5 0 7

RO-DF 292 159 (75) 384.50, 505.25 n.a. 21.5
7 6 85 0 8
DIA-FD 1.39 237 8.79, 11.55 10000, 13140 31.5
8 9 4.5 10 9

The RE method had a low cost per sample and the recovery percentage of DOM was high
(100 + 11%). Water samples with a low starting DOC concentration (less than 10 mg L") had
a much more variable recovery percentage (range 36 to 183%), whereas water samples with
higher starting DOC concentration (above 10 mg L!) had a lower recovery percentage range
(64 to 147%). The recovery percentage was positively correlated with the pH of the source
water (p = 0.05, R? = 0.28, n = 14); DOM samples with lower recovery percentages were
from water sources with lower pH values. The relationships between pH and recovery
percentage were stronger when the DOM samples were grouped according to the type of
water body sampled. The pH of the source water explained the majority of the variation in the
DOM recovery percentages from headwaters and streams samples (p < 0.01, R>=0.97,n =
6). The method overall score was 10; this was the lowest overall score of all the methods and
so this method was ranked first.

DRY-6 and DRY-F were relatively simple, requiring the least equipment of all methods
tested; therefore, the cost was very low per sample. The recovery rate of DRY-6 was 93%,
whereas the recovery rate from DRY-F was 69%. The recovery percentage of DOM extracted
by the DRY-F method was negatively correlated with the pH of the source water (p = 0.04,
R?=0.71, n = 6); DOM samples with lower recovery percentages were from water sources
with higher pH values. There was no significant correlation between the DOM recovery
percentage and water pH in samples collected by the DRY-6 method (p =0.47, n = 13).

When grouped by water body type, the samples from headwaters and streams had a
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significant negative relationship (p < 0.01, R? = 0.89, n = 6). The recovery percentage of
DOM extracted by the DRY-6 method was weakly positively correlated with the nutrient
concentrations (nitrate and nitrite, total nitrogen (N) and total phosphorous(P)) of the source
water; however the majority of values were very close to or at the detection limit of the
analysers. It is possible that DOM samples with lower recovery percentages were from water
sources with lower nitrate, nitrite, total N and total P. Their respective overall scores were
10.5 (DRY-6) and 12.5 (DRY-F), making them ranked second and third.

The FD method was also very simple; however, the freeze-drier was the most expensive
single piece of equipment used. This was the only method that directly resulted in solid DOM
samples without having to evaporate off the remaining water (either at room temperature or at
60 °C in an oven). The recovery rate of this method was 89%, with the smallest range of any
method tested in the experiment (74 to 112%). There were positive correlations between the
absorbance at eight UV and visible light wavelengths (665, 470, 465, 436, 400, 360, 265 and
254 nm) and the recovery percentage of the five DOM samples extracted by FD. Water
samples with higher absorbance values had higher DOM recovery percentages. The recovery
percentage was weakly positively correlated with the nutrient concentrations (nitrate and total
P) of the source water; however the majority of values were very close to or at the detection
limit of the analysers. It is possible that DOM samples with lower recovery percentages were
from water sources with lower nitrate and total P. The FD method overall score was 19, and it
was ranked sixth, increased by the cost of the large equipment needed.

RO-RE and RO-DF had very similar results to each other; however, the RO equipment was
relatively expensive per sample. The RO methods were carried out on water from two sites:
the site with lower DOC concentration (8.6 mg L) resulted in very high recovery

percentages (234% RO-DF; 245% RO-RE), whereas the site with higher DOC (21.1 mg L)
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resulted in lower recovery percentage (84% RO-DF; 71% RO-RE). Their respective overall
scores were 18 (RO-RE) and 22 (RO-DF), ranked fifth and eighth overall.

The DIA-FD and DIA-FH methods were limited by the volume of water that could be
dialysed at each time, resulting in small DOM samples. The dialysis tubing is relatively
expensive and to extract a larger DOM sample would have increased the cost of this method.
The water sample that was subject to dialysis had a starting DOC concentration of 44.4 mg L
! (the highest of all the samples used in this study), but the DIA-FH had one of the lowest
(and therefore worst) recovery percentages (37%), showing a lot of the carbon measured in
the DOC concentration was not extracted and present in the DOM. The overall scores for the
two methods using dialysis were 20.5 (DIA-FH) and 31.5 (DIA-FD), ranked seventh and

ninth overall.

4. Discussion

The DOM extracted from natural water using nine commonly used methods was assessed.
The time and costs of each method were recorded, and elemental and functional group
composition of the DOM was analysed. The results showed that the most reliable and similar
composition results were obtained from the rotary evaporator (RE), freeze dryer (FD) and dry
down at 60 °C (DRY-6) methods (Table 2; Figure 1). The consistent DOM composition and
NMR results across these methods suggest they extracted a ‘real” DOM composition, or that
all three methods altered the elemental and functional group composition in the same way.
The rotary evaporator, freeze dryer and dry down at 60 °C methods also had relatively fast
rates and low costs per sample (Table 3). The scoring system resulted in a higher score
(therefore a ‘worse’ method) for methods that included a freeze dryer, due to the large
equipment cost (~£10,000, Table 3). Calculating the overall score without the large

equipment cost, the lowest scores (and therefore ‘best’ methods) are RE, DRY-6 and FD
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(scores are 8, 8.5 and 9), the same three methods as found to be the most reliable and
consistent in the elemental analysis. The high cost of the freeze drier is a one-off cost, and
could be offset by the practically zero consumable costs per sample.

Thacker et al (2005; 2008) used rotary evaporation to extract DOM from water. They used a
water bath at 45 °C, but the temperature of the evaporating sample was measured as 20 °C.
They were confident that the temperatures involved would not result in losses of DOM, and
report extracted recoveries of between 70 and 91% (2005 study) and 93 to 107% (2008
study). The slightly higher temperature water bath used in the current study (60 °C) would
likely result in a 35-40 °C evaporating temperature for the sample; the high recovery rates
indicate that there was hardly any loss of volatile carbon compounds at these temperatures.
The only difference between the RE and DRY-6 methods in this study was the vacuum in the
rotary evaporator; in both methods the water was heated to 60 °C. The elemental and
functional group compositions were most similar between these two methods.

The water chemistry of the source water influenced the recovery percentages. The pH of the
source water was found to impact the recovery percentage of the DOM samples extracted by
both RE and DRY-F, but not DRY-6 or FD. Higher water pH increases the solubility of
DOM; it is possible that this impacts the recovery percentage during rotary evaporation and
dry down. Higher absorbance values in water may lead to higher recovery percentages of
DOM extracted by freeze drying, and lower nutrients (especially nitrate and total
phosphorous) may lead to lower recovery percentages of DOM extracted by freeze drying
and dry down at 60 °C (although more work needs to be done to investigate this further).
High absorbance values in water often indicate high DOC concentrations, especially in
waters draining catchments dominated by peat soils (Wallage and Holden 2010), and so it is
likely that the correlation between absorbance and recovery percentage is controlled by high

DOC concentrations in samples with high absorbance values. In future studies, if DOM is to
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be extracted using these methods from source waters with a wide range of pH and absorbance
values, then the recovery percentage will likely be affected.

S¢ndergaard et al (2003) used freeze-drying to extract DOM from estuary water and found a
97% recovery. They compared the freeze-dried DOM to ‘fresh’ and found no differences in
DOC bioavailability, suggesting the freeze-drying process did not alter the DOM
significantly. The freeze-dried DOM allowed them to artificially manipulate the DOM and
DOC concentration without adding water (and therefore changing the water chemistry of
their samples), another benefit of extraction. Whitty et al (2019) compared DOM extracted by
freeze-drying with ‘whole water’ from two water sources, and showed a 16% and 26% total
change in relative intensities across six integrated regions of 'H-NMR spectra. The freeze-
dried samples lost oxygenated functional groups — these differences were attributed to
changes in the DOM composition during the freeze drying process, suggesting structural
changes do take place in the freeze-drying samples (Whitty et al 2019).

Kitis et al (2001) investigated the impact of reverse osmosis on DOM reactivity. They found
minimal loss of DOM (94-98% recovery) in water with DOC concentrations ranging from 2
to 25 mg L', similar to this study. This shows that reverse osmosis can be used to recover
DOM, however the method used in Kitis et al (2001) was much more complicated, requiring
customised equipment, and therefore likely to be more costly in money and time than the
method used here.

The aim of this study was not to question the reliability of DOM composition data extracted
by different and varied methods used in past studies that have provided interesting and
valuable results, but to highlight the risks associated with comparing across studies. If the aim
of a new study is to compare DOM to previously published research, it is recommended that
the exact same method of DOM extraction be used. This also highlights the importance of

systematic and thorough reporting of the extraction methods used in studies of DOM



472  composition. In future studies of DOM extraction, especially from fresh waters, the methods
473  recommended are: rotary evaporation at 60 °C, freeze drying, and dry-down at 60 °C, as
474  these have provided the most reliable and consistent results.

475

476 5. Conclusion

477  DOM was shown to be highly variable in elemental and functional group composition using
478  samples from 14 water bodies across the UK. The results showed significant differences in
479  composition between DOM extracted via different, commonly used methods. The DOM
480  compositions were most consistent and reliable when extracted using the rotary evaporating,
481  freeze drying and dry-down at 60 °C methods. Using a rank and scoring system based on
482  time, cost, resources and recovery percentages, the ideal methods were identified as rotary
483  evaporation and dry-down at 60 °C. Freeze drying, despite having the greatest large-

484  equipment cost, is also a recommended method, as it had the lowest cost per sample and a
485  high recovery percentage.

486  The results show that composition data of DOM extracted by different methods are not

487  comparable. It is recommended that future studies of DOM composition use one of the

488  methods suggested, systematically report the method used and the recovery percentage, and if
489  necessary, extract DOM by more than one method for comparison. If comparing DOM

490  compositions from earlier literature, it is recommended to follow the method of extraction
491  used in the original work, to ensure any differences are not due to the extraction method.
492

493  Acknowledgements

494 This work was funded by a NERC Industrial Innovation Fellowship (NE/R013365/1). The
495  authors declare that they have no known competing financial interests or personal

496  relationships that could have appeared to influence the work reported in this paper.



497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

Technical support provided by Rachel Gasior, Dave Wilson, David Ashley, Santiago Clerici,
Victoria Leadley, Ollie Moore and Andy Connelly is gratefully acknowledged, as is the
internal peer review of this manuscript by several colleagues. Comments and suggestions
from two anonymous reviewers also improved the manuscript. Access to reservoirs provided

by water companies is also gratefully acknowledged.

6. References

Aristilde L, Guzman JF, Klein AR, Balkind RJ 2017. Compound-specific short-chain
carboxylic acids identified in a peat dissolved organic matter using high-resolution liquid
chromatography—mass spectrometry. Organic Geochemistry 111, 9-12.

Bowen JC, Kaplan LA, Cory RM 2020. Photodegradation disproportionately impacts
biodegradation of semi-labile DOM in streams. Limnology and Oceanography 65, 13-26.

Chen W, Westerhoff P, Leenheer JA, Booksh K 2003. Fluorescence excitation— emission
matrix regional integration to quantify spectra for dissolved organic matter. Environmental
Science & Technology 37, 5701-10.

Craig LC, Gregory JD, Hausmann W 1950. Versatile laboratory concentration device.
Analytical Chemistry 22, 1462.

Cranwell PB, Harwood LM, Moody CJ 2017. Experimental Organic Chemistry. John Wiley
& Sons.

Dean JF, Garnett MH, Spyrakos E, Billett MF 2019. The potential hidden age of dissolved
organic carbon exported by peatland streams. Journal of Geophysical Research:
Biogeosciences 124, 328-341.

Dittmar T, Koch B, Hertkorn N, Kattner G 2008. A simple and efficient method for the solid-
phase extraction of dissolved organic matter (SPE-DOM) from seawater. Limnology and

Oceanography: Methods 6, 230-235.



522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

Dobbs, RA, Wise, RH, Dean, RB, 1972. The use of ultra-violet absorbance for monitoring
the total organic carbon content of water and wastewater. Water Research 6 (10), 1173—
1180.

Drake TW, Raymond PA, Spencer RG 2018. Terrestrial carbon inputs to inland waters: A
current synthesis of estimates and uncertainty. Limnology and Oceanography Letters 3,
132-142.

Geiger DR, Cataldo DA. 1969. Leaf structure and translocation in sugar beet. Plant
Physiology 44, 45-54.

Green NW, Mclnnis D, Hertkorn N, Maurice PA, Perdue EM 2015. Suwannee River natural
organic matter: isolation of the 2R101N reference sample by reverse osmosis.
Environmental Engineering Science 32, 38-44.

Hauck AR, Sourirajan S 1969. Performance of porous cellulose acetate membranes for the
reverse osmosis treatment of hard and waste waters. Environmental Science &
Technology 3, 1269-1275.

Hockaday WC, Masiello CA, Randerson JT, Smernik RJ, Baldock JA, Chadwick OA,
Harden JW 2009. Measurement of soil carbon oxidation state and oxidative ratio by 13C
nuclear magnetic resonance. Journal of Geophysical Research: Biogeosciences 114, G2.

Kitis M, Kilduff JE, Karanfil T 2001. Isolation of dissolved organic matter (DOM) from
surface waters using reverse osmosis and its impact on the reactivity of DOM to formation
and speciation of disinfection by-products. Water Research 35, 2225-2234.

Koprivnjak JF, Pfromm PH, Ingall E, Vetter TA, Schmitt-Kopplin P, Hertkorn N,
Frommberger M, Knicker H, Perdue EM 2009. Chemical and spectroscopic
characterization of marine dissolved organic matter isolated using coupled reverse

osmosis—electrodialysis. Geochimica et Cosmochimica Acta 73, 4215-4231.



546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

Kothawala DN, Kohler ST, Ostlund A, Wiberg K, Ahrens L 2017. Influence of dissolved
organic matter concentration and composition on the removal efficiency of perfluoroalkyl
substances (PFASs) during drinking water treatment. Water Research 121, 320-328.

Lankes U, Liidemann HD, Frimmel FH 2008. Search for basic relationships between
“molecular size” and “chemical structure” of aquatic natural organic matter — Answers
from 13C and 15N CPMAS NMR spectroscopy. Water Research 42, 1051-1060.

Li L, Fang Z, He C, Shi Q 2019. Separation and characterization of marine dissolved organic
matter (DOM) by combination of Fe(OH)3 co-precipitation and solid phase extraction
followed by ESI FT-ICR MS. Analytical and Bioanalytical Chemistry 411, 2201-2208.

Lv J, Zhang S, Luo L, Cao D 2016. Solid-phase extraction-stepwise elution (SPE-SE)
procedure for isolation of dissolved organic matter prior to ESI-FT-ICR-MS analysis.
Analytica Chimica Acta 948, 55-61.

Matilainen A, Gjessing ET, Lahtinen T, Hed L, Bhatnagar A, Sillanpdd M 2011. An overview
of the methods used in the characterisation of natural organic matter (NOM) in relation to
drinking water treatment. Chemosphere 83, 1431-1442.

Minor EC, Swenson MM, Mattson BM, Oyler AR 2014. Structural characterization of
dissolved organic matter: a review of current techniques for isolation and analysis.
Environmental Science: Processes & Impacts 16, 2064-2079.

Peacock M, Evans CD, Fenner N, Freeman C, Gough R, Jones TG, Lebron 12014. UV-
visible absorbance spectroscopy as a proxy for peatland dissolved organic carbon (DOC)
quantity and quality: considerations on wavelength and absorbance degradation.
Environmental Science: Processes & Impacts. 16, 1445-1461.

Pereira R, Isabella Bovolo C, Spencer RG, Hernes PJ, Tipping E, Vieth-Hillebrand A,

Pedentchouk N, Chappell NA, Parkin G, Wagner T 2014. Mobilization of optically



570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

invisible dissolved organic matter in response to rainstorm events in a tropical forest
headwater river. Geophysical Research Letters 41, 1202-1208.

Raymond PA, Hartmann J, Lauerwald R, Sobek S, McDonald C, Hoover M, Butman D,
Striegl R, Mayorga E, Humborg C, Kortelainen P 2013. Global carbon dioxide emissions
from inland waters. Nature 503, 355-359.

Sleighter RL, McKee GA, Hatcher PG 2009. Direct Fourier transform mass spectral analysis
of natural waters with low dissolved organic matter. Organic Geochemistry 40, 119-125.

Smart PL, Finlayson BL, Rylands WD, Ball CM 1976. The relation of fluorescence to
dissolved organic carbon in surface waters. Water Research 10, 805-811.

S¢ndergaard M, Stedmon CA, Borch NH 2003. Fate of terrigenous dissolved organic matter
(DOM) in estuaries: Aggregation and bioavailability. Ophelia 57, 161-176.

Song H, Orr O, Hong Y, Karanfil T 2009. Isolation and fractionation of natural organic
matter: evaluation of reverse osmosis performance and impact of fractionation parameters.
Environmental Monitoring and Assessment 153, 307.

Song G, Mesfioui R, Dotson A, Westerhoff P, Hatcher P 2018. Comparison of hydrophobic
and amphiphilic fractions of dissolved organic matter from a water reservoir by Fourier
transform ion cyclotron resonance mass spectrometry. Journal of Soils and Sediments 18,
1265-1278.

Spencer RG, Bolton L, Baker A 2007. Freeze/thaw and pH effects on freshwater dissolved
organic matter fluorescence and absorbance properties from a number of UK locations.
Water Research 41, 2941-2950.

Tan, KH, 1977. High and low molecular weight fractions of humic and fulvic acids. Plant and
Soil 48, 89—-101.

Thacker SA, Tipping E, Baker A, Gondar D 2005. Development and application of functional

assays for freshwater dissolved organic matter. Water Research 39, 4559-4573.



595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

Thacker SA, Tipping E, Gondar D, Baker A 2008. Functional properties of DOM in a stream
draining blanket peat. Science of the Total Environment 407, 566-573.

Thurman EM, Mills MS 1998. Solid-phase extraction — Principles and Practice. New York:
John Wiley & Sons.

Tfaily MM, Hodgkins S, Podgorski DC, Chanton JP, Cooper WT 2012. Comparison of
dialysis and solid-phase extraction for isolation and concentration of dissolved organic
matter prior to Fourier transform ion cyclotron resonance mass spectrometry. Analytical
and Bioanalytical Chemistry 404, 447-457.

Valdivia-Garcia M, Weir P, Graham DW, Werner D 2019. Predicted impact of climate
change on trihalomethanes formation in drinking water treatment. Scientific Reports 9,
9967.

Veitch FP 1904. Comparison of methods for the estimation of soil acidity. Journal of the
American Chemical Society 26, 637-662.

Wallage ZE, Holden J 2010. Spatial and temporal variability in the relationship between
water colour and dissolved organic carbon in blanket peat pore waters. Science of the
Total Environment 408, 6235-6242.

Whitty SD, Waggoner DC, Cory RM, Kaplan LA, Hatcher PG 2019. Direct non-invasive 1H
NMR analysis of stream water DOM: Insights into the effects of lyophilization compared
with whole water. Magnetic Resonance in Chemistry. https://doi.org/10.1002/mrc.4935

Worrall F, Moody CS, Clay GD, Burt TP, Kettridge N, Rose R 2018. Thermodynamic
control of the carbon budget of a peatland. Journal of Geophysical Research:

Biogeosciences 123, 1863-1878.



