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ARTICLE INFO ABSTRACT

Keywords: The presence of aquatic biopolymeric organic carbon of high (> 10 - 20 kDa) molecular weight (high-MW OC) in
Organic carbon drinking water produced from surface water affects its biological stability which may cause regrowth in
Biopolymers

disinfectant-free distribution. This study compares two analytical methods for determining the concentration of
aquatic high-MW OC, namely LC-OCD (liquid chromatography — organic carbon detection) and PHMOC (par-
ticulate and colloidal high-molecular weight OC). LC-OCD entails prefiltration of the water sample, chromato-
graphical separation of the relevant biopolymer (BP) OC-fraction, and in-line OC detection. PHMOC is based on
the total OC content of the concentrate obtained after 30 kDa crossflow ultrafiltration of the water sample. LC-
OCD BP and PHMOC showed a good linear correlation (R2 0.87) for a suite of treated surface water matrices
(except raw water) in the 10 — 200 ug/L concentration range, with PHMOC values being 10% — 30% higher than
the corresponding LC-OCD BP value, without a clear impact of other water matrix constituents. The indicative
yields and selectivities of both methods for indigenous high-MW OC obtained from the PHMOC concentrate were
high (> 70% — 88%) but not fully complete, which may explain the observed higher PHMOC values and scatter in
the PHMOC - LC-OCD BP correlation. LC-OCD BP and PHMOC displayed similar values and trends across the
different seasons and treatment stages, with treated ground water and infiltrated water having the lowest (< 10
ug/L) values. Regrowth (as Aeromonas) levels in disinfectant-free distribution networks corresponded with the
high-MW OC concentration in the treated drinking water. Overall, the two methods equivalently quantify the
concentration of aquatic high-MW OC. Both methods are suitable for use in biological stability studies. The small
sample volume renders LC-OCD more practical, whereas the PHMOC method enables further experimentation
and characterization of the high-MW OC fraction.

Biological stability
Drinking water
LC-OCD

PHMOC ultrafiltration permeate; . of the PHMOC concentrate
Abbreviations BP biopolymer LC-OCD fraction (ug/L C)
AIC Akaike’s information criterium (regression analysis CBP;4  cumulative biomass production during 14 days incubation (ng
parameter) (-) ATPed/L)
AOC assimilable organic carbon (ug/L C) CF concentration factor in PHMOC analysis (= Vs/V; -)
AOC-P17/NOX easily assimilable OC (ug/L acetate-C equivalents) DOC dissolved organic carbon (mg/L)
AOC-A3 biopolymeric assimilable OC (ug/L biopolymer mix-C HS humic substances LC-COD fraction (ug/L C)
equivalents) HOC non-chromatographable (hydrophobic) LC-OCD fraction
BB building block LC-OCD fraction (ug/L C) kDa kilo Dalton (g/mol)
BP; ,, c LC-OCD biopolymer content; s of the water sample; , of LC-OCD liquid chromatography — organic carbon detection
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LMW low-molecular weight LC-OCD fraction (ug/L C)
MW molecular weight (g/mol)

oC organic carbon (ug/L C; mg/L C)

ON organic nitrogen (ug/L N)

PHMOC particulate and colloidal high-MW OC (ug/L C)
R12> Pearson coefficient of determination

RZ Spearman-rho coefficient of determination

SEC size exclusion chromatography

(S)UVA  (specific) UV-absorbance (L/(mgem); 1/m)

TOC total organic carbon (mg/L C)
\Y% volume; ; of the water sample; . of the PHMOC concentrate (L)

1. Introduction
1.1. Relevance of high-MW OC in surface water treatment

Organic carbon (OC) is commonly present in raw and treated
drinking waters as a broad mix of substances of variable molecular
weight and chemistry (e.g., Fabris et al. 2008, Leenheer, 2009; Mat-
ilainen et al., 2010). One of the OC fractions encompassed in the total
aquatic OC pool comprises substances with a high (~ > 10 - 20 kDa)
molecular weight (high-MW OC), which includes biopolymers such as
polysaccharides, proteins, fatty acids, etc. of colloidal and particulate
size (Stewart et al., 2013). This aquatic high-MW OC fraction comprises
typically less than 10% of the totally present OC in raw and treated
surface water (Filloux et al., 2012, van der Kooij et al., 2015; Gibert
etal., 2015, Park et al., 2016, Hijnen et al., 2018(Tominaga et al., 2022)
(Schurer et al., 2023)). Despite this low percentage, the high-MW OC
fraction is of particular importance for the production and distribution
of drinking water produced from eutrophic surface water sources.
Firstly, several case studies observed positive correlations between
regrowth as heterotrophic plate counts (HPC), Aeromonas and coliform
bacteria in disinfectant-free distribution networks, and the presence of
high-MW OC residuals in conventionally treated surface water after
coagulation - sedimentation — rapid media filtration — main disinfection
and/or oxidation — biological activated carbon filtration (BACF) (van
der Kooij et al., 2015; Hijnen et al., 2018, 2024; van der Wielen et al.,
2023). A maximum guideline value of 47 pg/L was proposed by van der
Wielen et al. (2023) to avoid regrowth. Furthermore, high-MW OC
compounds act as fouling agents or fouling promotors in membrane
water treatment processes as ultrafiltration, nanofiltration andreverse
osmosis, thus affecting the membrane permeability (Kennedy et al.,
2005; Subhi et al., 2012; Tian et al., 2013; Zheng et al., 2014; Rahman
etal., 2014; Kimura et al., 2014, 2018). Hence, the presence of high-MW
OC potentially governs the membrane system’s design (flux, recovery),
operability (chemical cleanings, consumption of energy and chemicals,
water loss) and cost (investment and consumables).

1.2. Determination of aquatic high-MW OC concentrations

Several methods are available to assess the concentrations of aquatic
OC and its constituent fractions. The TOC and DOC (total organic car-
bon, dissolved organic carbon) methods are low-cost and commonly
used, but only represent the bulk OC quantity without further distinction
between its constituent fractions. Spectrophotometric methods (e.g.,
FTIR, F-EEM, NMR, UVTgs4, UV-VIS) and solid phase extraction
methods provide such distinction based on absorbance or hydropho-
bicity, but still do not yield information specifically for the high-MW OC
fraction of interest (Mattilainen et al., 2011). To overcome these limi-
tations, two methods were developed which specifically target the
quantification of the high-MW OC fraction, namely LC-OCD (liquid
chromatography — organic carbon detection) and PHMOC (particulate
and colloidal high-MW OC) of which the principal characteristics are
listed in Table 1. The LC-OCD method involves size-exclusion based
fractionation of the water sample’s total OC with liquid chromatography
followed by in-line detection of the emanating OC, where the OC

Table 1

Key properties of the LC-OCD and PHMOC methods.
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Method property

LC-0CD

PHMOC

Sample volume
Sample

Small (20 mL)
Prefiltration with 0.45 pm

Large (100 L)
None

pretreatment pore size flat-sheet
membranes

Single liquid
chromatography column
By size exclusion and mass
transport (diffusion)

Up to several mg/L

In-line TOC measurement

OC separation Crossflow ultrafiltration

OC separation
mechanism

By size exclusion according

OC concentration
OC detection

Up to several tens of mg/L
TOC analysis of
concentrate; correction for
CF and sample background
DOC

All OC > 30 kDa

Theoretical OC All OC < 0.45 pm; for BP

fraction fraction > 10 kDa
encompassed in
result

Analytical result OC, ON and UVA values for Single value for PHMOC, no
(output) high-MW OC and other OC information on other OC

fractions of lower MW fractions

High-MW OC No Yes, can be used for further

concentrate experimentation

isolate obtained?

fraction with the shortest retention time is denoted ‘biopolymers’ (BP)
and represents the high-MW OC fraction (Her et al., 2002a, 2002b;
Huber and Frimmel, 1991; Lankes et al., 2009; Huber et al., 2011;
Stewart et al., 2013; Brezinski and Gorzcyca, 2019). The PHMOC
method involves 30 kDa pore size crossflow ultrafiltration of the water
sample followed by TOC determination of the obtained concentrate,
which comprises all retained colloidal and particulate high-MW OC as
well as other particulate-bound OC (Van der Kooij and Veenendaal,
2013; van der Kooij et al., 2015; van der Wielen et al., 2023). LC-OCD
has been widely deployed in research on the OC compositions of raw
and treated waters (e.g., Baghoth et al., 2009), whereas PHMOC has
been mainly used in biological stability studies in the Netherlands (van
der Kooij et al., 2015, 2017; Hijnen et al., 2018; Schurer et al., 2019; van
der Wielen et al., 2023). However, despite being applied in water
research, several questions remain on the methods’ accuracy in detect-
ing the high-MW OC fraction, as described in the next section.

1.3. Knowledge gaps and research objectives

While LC-OCD BP and PHMOC aim to quantify the same high-MW
OC fraction, their distinct analytical protocols and principles render it
uncertain whether both methods capture exactly the same particle size
fraction, and whether they have the same yield and selectivity for the
high-MW OC compounds. Consequentially, their analytical results may
not be necessarily identical. A preliminary comparison by Schurer et al.
(2019, 2022) showed a good correlation (R% 0.77) between both
methods’ values (paired samples), but this sample set was of limited size
and encompassed only a single treated water matrix. Furthermore,
evaluation of the LC-OCD’s yield and selectivity for high-MW OC has so
far mostly been based on model compounds, e.g., alginate and bovine
serum albumin (Lankes et al., 2009; Huber et al., 2011; Subhi et al.,
2012; Dulaquais et al., 2018; Li et al., 2019; Laforce et al., 2024), for
which variable yield values (50% - 110%) were reported. However,
yield and selectivity have not yet been evaluated extensively for the
indigenous high-MW OC, i.e., as it is present in the water sample. A
specific complication here is the nonexistence of a well defined,
fixed-composition mix of high-MW OC compounds which could serve as
the internal calibration standard (Huber et al., 2011), since the indige-
nous high-MW OC is a heterogonous mixture of compounds of mostly
unknown and variable chemistry (Leenheer, 2009). In addition, no
validated standard protocol is available yet for the production of a suf-
ficiently pure isolate of indigenous high-MW OC from the water sample
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as is necessary for such calibration. Using a diafiltration protocol for the
isolation of indigenous high-MW OC from river water, Tominaga et al.
(2022) showed that the LC-OCD chromatographical retention times
could differ appreciably from those of model compounds, thus casting
doubt on the representativity of model compounds in LC-OCD analysis.
With regard to PHMOC, investigation of yield and selectivity is yet
scarce and not widely published in scientific literature. Preliminary
yield determination showed variable and inconclusive results, whereas
the selectivity for high-MW OC was not yet investigated (Hijnen et al.,
2015).

Overall, a systematic investigation of the equivalence of both
methods for indigenous high-MW OC in raw and treated surface waters
is warranted, which the research presented here aims to provide. For this
purpose, a suite of raw and treated surface water matrices was sampled
in the field and compared on paired LC-OCD BP and PHMOC results. The
equivalence of both methods was verified by estimative investigation of
their respective yields and selectivities for indigenous high-MW OC
using PHMOC concentrate as internal standard for the measurement,
which constitutes a new approach compared to previous research which
was based on model compounds. The study concludes with an evalua-
tion of the applicability of both methods in investigation of the biolog-
ical stability of drinking water.

2. Methods and materials
2.1. LC-OCD methodology

LC-OCD analyses were conducted at DOC Labor (Karlsruhe, Ger-
many) according to the regular protocol as schematically presented in
Fig. 1a and Table 1 (Huber and Frimmel, 1991; Huber et al., 2011, www.
DOC-Labor, Germany). This encompassed successively the injection of 1
mL of water sample from a 20 mL OC-free vial into the
phosphate-buffered mobile phase flow, filtration of the mobile phase
through a 0.45 pm pore size membrane, fractionation of the DOC by
passage over a chromatography column packed with weak
cation-exchange resin (Tosoh HW50S), and detection of the OC-fractions
after acidification and purging of inorganic carbon in a Grantzl thin-film
UV-destructor with in-line infrared measurement of the generated car-
bon dioxide amount. The detector’s response signal was recorded as the
sample’s chromatogram where the OC fractions successively appeared.
Based on increasing retention time and decreasing apparent MW, the
biopolymer (BP), humic substances (HS), building blocks (BB), and
low-MW neutral and acidic compounds (LMW) fractions were distin-
guished as defined by the LC-OCD method (Huber et al., 2011). The OC
quantity in each appearing peak was derived with digital deconvolution
and integration (Chromcalc software). The calculated difference be-
tween the sample’s DOC content measured when bypassing the chro-
matography column and the OC quantity summed for the BP, HS, BB and
LMW fractions was denoted as the non-chromatographable hydrophobic
(HOC) fraction. The BP fraction was the fraction of main interest for this
study as it represented the high-MW OC compounds. The practiced
single-column conduct generally yielded sufficient separation of the BP
and HS peaks in the chromatogram to enable meaningful quantifications
as will be further discussed in Section 3.3. Organic nitrogen (ON; pg
N/L) contents and specific UV-absorbances, i.e., per OC mass unit
(SUVA, L/mgem) were detected for the BP and HS fractions with in-line
sensoring of the column effluent. Stated limits of detection and quanti-
fication were 5 and 11 pg/L for OC and 2 and 3 pg/L for ON (determined
with potassium hydrogen phthalate and nitrate, DIN 32645, 10994),
whereas high LC-OCD yields were found for various model compounds
of high and low MW (Huber et al., 2011, further discussed in Section
4.3). All LC-OCD samples were processed within several days (shipping
time) at DOC Labor, Germany.
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2.2. PHMOC methodology

The PHMOC method (Van der Kooij and Veenendaal, 2013; Hijnen
et al., 2015; Van der Kooij et al., 2015; Van der Wielen et al., 2023)
involved the concentration of 100 L of the investigated water sample by
recirculation/crossflow-filtration through a 30 kDa pore size
hollow-fiber membrane (HF80S, Fresenius Medical Care, Germany)
without any further conditioning as shown in Fig. 1b and Table 1. This
membrane was used based on its availability with medical-grade quality
control at the manufacturer, and its extensive use in biological stability
studies which showed a good correlation between the PHMOC concen-
tration and regrowth (Van der Kooij et al., 2015, 2017; Hijnen et al.,
2018, 2024; van der Wielen et al., 2023). Verification of the suitability of
the 30 kDa pore size was integrated in the current study. The investi-
gated water sample was recirculated (300 L/h) through the membrane
fibers while continuously producing permeate (50 L/h). At the end of the
concentration run, a small volume of previously collected permeate was
poured into the feed container, fed to the membrane module together
with air entrained from the emptied feed container, and collected as the
PHMOC concentrate. The obtained concentrate volume of 0.3 - 0.5 L
(amounts precisely recorded for each run) was equivalent to a concen-
tration factor (CF) value range of 200 — 400.

The collected concentrate was subjected to high-energy sonication to
prevent the formation and settling of particulates. The concentrate’s
total organic carbon content (TOC,) was determined by acidification of a
24 mL aliquot (vial) to pH 1 - 2 (30% HCI) and subsequent measurement
in a calibrated TOC analyzer (Shimadzu V, Japan, by conversion of the
OC into carbon dioxide which was measured with an infrared detector)
after flushing with the sample, while continuously magnetically stirring
the sample vial contents for homogenization. The water sample’s dis-
solved organic carbon (DOC;) content was measured in a similar way as
TOC except that water samples were first filtered through a 0.45 pm
membrane (Whatman Spartan 30/0.45 RC, Cytiva, USA, pre-washed
with sample, NEN-EN 1484/ISO 8245, 1999). The recovery for TOC
and DOC was assumed to be complete. The water sample’s PHMOC
value was then calculated from PHMOC = (TOC. — DOCy) / CF which
included the necessary correction for the water sample’s background
DOC content by the subtraction term DOC;. All PHMOC samples were
analyzed within 24 h at KWR Water Research Institute, the Netherlands,
and stored at 4°C in the interim.

2.3. Water sample collection

The high-MW OC quantification as LC-OCD BP and PHMOC was
investigated for a variety of water matrices which were representative of
various stages of conventional and membrane-based surface water
treatment steps and covered seasonal changes in water quality. The
water samples were collected at three surface water treatment plants
and pilot installations in the Netherlands described in Hijnen et al.
(2018) and Schurer et al. (2019, 2023). Sampled matrices encompassed
eutrophic raw surface (reservoir) water (the plants’ common raw water
source), conventionally pretreated water (after coagulation — clari-
flocculation or lamella sedimentation — rapid dual media filtration),
conventionally-treated water after subsequent biological activated car-
bon filtration (BACF), distributed drinking water (sampled in the dis-
tribution network), permeates of ultrafiltration with 10 kDa, 150 kDa
and 0.12 um pore size membranes fed with BACF filtrate, and the
permeate of surface water treated with 1 kDa hollow-fiber nanofiltration
and subsequent BACF-filtration (schematically depicted in Fig. Sla).
Further LC-OCD BP and PHMOC data for other drinking water types, i.e.,
produced from (an)aerobic groundwater and dune-infiltrated sources,
were taken from literature and own monitoring campaigns.

2.4. LC-OCD BP — PHMOC equivalence

The equivalence of LC-OCD BP and PHMOC and the possible impact
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Fig. 1. Schematical depictions and images of the LC-OCD (a) and PHMOC (b) methods.

of water matrix parameters were investigated from a data set of 203
paired values obtained in the field sampling campaign described in
Section 2.3 using statistical means further specified in Section 2.7.
Investigated water matrix parameters comprised DOC, the LC-OCD OC
fractions, calcium, iron, total cell count and ATP as indicators for
cellular biomass, and chlorophyll-a as indicator for algae, since these
parameters could potentially affect the high-MW OC determination
because of their particle size (e.g., being excluded from the analytical
result) or because of their possible interaction with the OC compounds
(e.g., agglomeration into larger aggregates like humic-calcium complex
formation).

2.5. Yields and selectivities of the LC-OCD and PHMOC methods for
indigenous high-MW OC

The absence of gross inconsistencies in the quantification of indige-
nous high-MW OC as LC-OCD BP and PHMOC was checked for selected
cases by estimative determination of the method’s yields and selectiv-
ities using the concentrates produced with the PHMOC ultrafiltration
step (Section 2.2). The concentrates were prepared from BACF-filtrate
according to the regular PHMOC protocol followed by dilution with
milli-q water (< 0.1 mg/L TOC) to TOC levels in the 1 to 5 mg/L range.
The assumed predominance of high-MW OC compounds in the (diluted)
concentrates was checked by comparing the relative sizeof the BP peak
to the other peaks in the LC-OCD chromatograms of the concentrates to
that in the chromatograms of the respective BACF-filtrate sample which
had been used as source. The LC-OCD yield for high-MW OC was then
estimated by comparing the (diluted) PHMOC concentrates’ total DOC
detected with LC-OCD (i.e., summed for all LC-OCD fractions) to the
corresponding concentrates’ TOC. values which had been determined
separately as part of the PHMOC protocol (approach akin to the yield
determination for model compounds (Lankes et al., 2009; Subhi et al.,
2012; Dulaquais et al., 2018; Li et al., 2019; Laforce et al., 2024). The
linearity of LC-OCD BP values and the high-MW OC concentration was
investigated based on LC-OCD analyses for an addition series prepared
by pipetting incrementally increasing volumes of a single PHMOC
concentrate (prepared from BACF-filtrate) in a blank water (milli-q
water, 0.07 mg/L DOC, 8 pg/L BP, 4 pug/L PHMOC) in OC-free glass
Erlenmeyer flasks (600 mL) and mild manual agitation. The impact of
the LC-OCD’s 0.45 pm prefiltration on the BP result was checked by
parallel LC-OCD analyses with and without the 0.45 um prefiltration for
the same sample (raw water, pretreated water, BACF-filtrate, PHMOC
concentrate). The LC-OCD selectivity for high-MW OC, i.e., whether the
high-MW OC compounds were located exclusively in the BP peak of the
chromatograms and not in any other OC fractions’ peak, was estimated
indirectly from the distribution of ON and SUVA in the concentrate’s

fractions as measured by LCOCD (Section 2.1), under the assumption
that ON was predominantly associated with the protein subfraction of
high-MW OC compounds and that UVA was predominantly associated
with the LC-OCD HS fraction (Huber et al., 2011; Stewart et al., 2013).

The yield of the PHMOC method for indigenous high-MW OC was
estimated from the LC-OCD BP values of the field sample (BPs) and the
permeate which passed the PHMOC ultrafiltration membrane during the
concentration step (BPp; composite of 4 subsamples collected evenly
time-distributed during the concentration step) as (1 — BPp/BPg) x
100%, as well as from the PHMOC concentrate (BP.) as (BP. / (CF x
BPs)) x 100%. Furthermore, the fit of the mass-balance (BP. / CF + BP},)
/ BPg x 100% was checked. The selectivity of the PHMOC method for
high-MW OC was estimated from the LC-OCD BP values of (diluted)
concentrates as a percentage of the totally present DOC. This included
accounting for the contribution of the field sample’s residual back-
ground OC which was estimated with theoretical calculations assuming
complete retention of the BP fraction and full passage of the other (non-
BP) OC fractions by the PHMOC ultrafiltration membrane.

2.6. Application of the LC-OCD and PHMOC methods in biological
stability studies

The correlation of LC-OCD BP and PHMOC concentrations with
biological stability parameters in drinking water, and with regrowth in
disinfectant-free distribution networks was evaluated for multiple cases
of drinking water prepared from surface water, groundwater and dune-
infiltrated water from literature data (Baghoth et al., 2009; Zheng et al.,
2015; Hijnen et al., 2015, 2018; van der Kooij et al., 2015, 2017; Schurer
etal., 2019, 2023; Ketelaars et al., 2023; van der Wielen et al., 2023) and
own additional sampling data. Finally, both methods were appraised on
their suitability for application in biological stability studies.

2.7. Statistical procedures

All statistical analyses were conducted with Jamovi® version 2.2.5.
Data points were considered to be potential outliers if their value was
outside the data set’s median value =+ three times the p50 — p75 and p50
—p25 interquartile range without a clear explanation at hand. Normality
of data was checked with Kolmogoroff-Smirnov, and homogeneity of
variances was checked with Levene. The equivalence between LC-OCD
BP and PHMOC was investigated with Pearson ordinary least-squares
correlation analysis. The impact of water quality parameters on the
LC-OCD BP — PHMOC correlation was investigated with multivariate
regression analysis by adding the respective water quality parameter as
covariate one at a time. The strength of the LC-OCD BP — PHMOC cor-
relation and multivariate regression was assessed as Spearman-rho
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coefficient of determination (R%) since the (untransformed and log-
transformed) LC-OCD BP and PHMOC data were not not-normally
distributed (p = 0.01). Correlation and regression significance and
reliability were assessed as p-value and 95% confidence interval,
normality and homoskedasticity of the residuals, and the (relative) value
of Akaike’s information criterion (AIC) as further detailed in S2. Simi-
larity between data sets (significance criterion p > 0.05) was checked
with Student’s t-test for normal-distributions and homogeneous vari-
ances, and with Wilcoxon signed-rank otherwise.

3. Results
3.1. Equivalence of the LC-OCD BP — PHMOC methods

The paired-sample comparison of the high-MW OC concentrations
determined as LC-OCD BP and as PHMOC covered the concentration
range of 0 to ~ 400 pg/L. Fig. 2a shows the results for all 203 water
samples, whereas Fig. 2b excerpts the 0 — 250 pg/L concentration range
encountered in pretreated and treated drinking water. LC-OCD BP and
PHMOC values increased both in the order NF permeate < UF permeate
< BACF-filtrate ~ distributed water < pretreated water < raw water.
The correlation between LC-OCD BP and PHMOC for the complete data
set of all water matrices was according to the equation (mean + 95%
confidence margin) PHMOC = -1 + 8 + (1.17 + 0.07) x LC-OCD BP
(five data points were excluded as outliers from the statistical analysis,
details in $2). Although the coefficient of determination was high (R3
0.92, p = 0.01), other reliability criteria (notably the normality of re-
siduals and homoskedasticity) were not met. Omission of the raw water
data points from the total set resulted in the reliability criteria being
met, and yielded a significant and strong (RZ 0.88, p 0.01) linear cor-
relation PHMOC = — 8 &+ 6 + (1.23 4+ 0.07) x LC-OCD BP thus
describing all water samples except raw water (Fig. 2b). Overall, LC-
OCD BP and PHMOC yielded values of similar magnitude in the 10 —
200 ug/L high-MW OC concentration range for all water matrices except
raw water, with PHMOC having ~ 23% higher average values than LC-
OCD BP.

3.2. Water matrix and LC-OCD prefiltration effects

The inclusion of water matrix parameters (compositions of the
various matrices presented in Table S1b) as covariate in the multivariate
regression analysis did not show any clear unambiguous improvement of
the LC-OCD BP — PHMOC correlation (S2). Taking chlorophyll-a as co-
variate improved correlation for the full sample data set (i.e., including
raw water) in AIC (Akaike’s Information Criterium) value, but simul-
taneously reduced the correlation’s strength (RZ declining to 0.66, p =

700 ~ .
a) all data . 7

600 e
S s00 | -~ .
o0 y= 1.17x-1 ° ° //
3 o° se o
= 400 A heoer T
2 300 - o s °
T Zoo
& 200 - o 3-,4‘4‘. .

L]
100 A ¢
0 T T T T T T ]

0 100 200 300 400 500 600 700
LC-OCD biopolymer (ug C/L)

o CNF permeate e UF permeate * BACF filtrate

e distribution * pretreated water e raw water

Water Research 271 (2025) 122971

0.01). Total cell count as covariate improved AIC less but maintained the
high RZ value. However, the correlation reliability criteria for residuals’
normality and homoskedasticity were still not met. For the data set
encompassing all matrices but excluding raw water, correlation
improved slightly (AIC reduction < 49%, RZ remaining high at 0.87) for
turbidity, TCC or iron as covariate, whereas DOC, the HS, BB, LMW,
HOC LC-OCD fractions, calcium and ATP showed no effect. Overall, no
evidence was found for a clear and significant impact of the investigated
water matrix parameters on the LC-OCD BP — PHMOC equivalence.

3.3. LC-OCD BP and PHMOC yield and selectivity

Fig. 3 shows typical LC-OCD chromatograms of the field samples
(raw water, pretreated water, BACF-filtrate etc.) and of the (diluted)
concentrates which were produced by the PHMOC ultrafiltration step of
BACF-filtrate samples. The BP peak was generally well distinguishable
from the subsequent HS peak, though peak separation up to baseline
restoration was not always complete (best visible in Fig. 3 for raw water
and PHMOC concentrate). According to the LC-OCD chromatogram
peak sizes, the relative BP content of the PHMOC concentrates amoun-
ted to 70% =+ 7% of the total (sum for all LC-OCD fractions) OC. These
levels were clearly increased compared to the 4% =+ 2% BP in the BACF-
filtrate field samples from which the concentrates had been obtained (N
= 10, p < 0.01). The PHMOC concentrates were thus predominantly
composed of BP at contents well above those of the non-concentrated
field samples, and were therefore considered to be suitable for further
use in the investigation of the yield and selectivity of each method for
indigenous high-MW OC.

The LC-OCD’s total DOC sum of the BP, HS, BB and LMW fractions
amounted to 88 + 12% of the respective concentrate TOC. (N = 10;
Table 2), thus indicative of a high yield for a medium with a high relative
and absolute content of indigenous high-MW OC substances. The addi-
tion series test showed a strong linear correlation (R% 0.99) between the
LC-OCD BP concentration value and the incremental addition of PHMOC
concentrate with the regression line intersecting through the origin
(Fig. S3). No significant lowering of the BP concentration occurred
during sample storage (S4a). LC-OCD BP concentrations with the stan-
dard 0.45 pm pre-filtration were slightly lower for the same sample
without the prefiltration (5 + 8%, just significant at p 0.04, N =12, 70 -
2200 pg/L BP range; Table S4b). Organic nitrogen (ON) was almost
exclusively (96 + 2%) present in the LC-OCD BP fraction of field samples
as well as of PHMOC concentrates (Table S4c). Based on these results, no
major inconsistencies or errors were evident in the LC-OCD results for
indigenous high-MW OC, and the method was thus considered to be
useable for further evaluation of the yield and selectivity of the PHMOC
method.
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Fig. 2. Correlation between LC-OCD biopolymer (BP) and PHMOC: a) for all (treated) surface water matrices; b) detailed for the 0 — 250 ug/L high-MW OC con-
centration range and excluding raw water. Striped black lines denote the correlation equation; striped grey lines represent equality; open symbols denote outliers.
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Fig. 3. Typical LC-OCD chromatograms of: a) the investigated water matrices (vertical scale expanded 5x for low OC ground water); b) PHMOC concentrate

(undiluted), PHMOC UF permeate, original water sample (BACF-filtrate).

Table 2

LC-OCD and PHMOC yields for indigenous high-MW OC. BP,: LC-OCD BP content of the original water sample; BP.: of the PHMOC concentrate; BP,: of the PHMOC

ultrafiltration permeate; CF: PHMOC concentration factor; n.d.: not determined.

LC-OCD DOC yield on concentrates’ TOC,

PHMOC yield and mass balance for LC-OCD BP

Concentrate source PHMOC TOC,. LC-OCD total Yield as (LC- BP, BP, BP.(ug/ Yield as (1 - CF Yield as (BP. / Mass
sample i.d. (mg/L) DOC (mg/L) OCD DOC/ (ng/L) (ng/L) L) BP,/BP;) (x) (CF x BPy)) balance fit
TOC,)
BACF 1 23 18 77% 64 16 11,431 75% 369  48% 74%
BACF 2 22 22 98% 56 23 12,753 59% 309 74% 115%
BACF 3 16 13 82% 48 6 8,994 88% 211 89% 101%
BACF 4 16 14 88% 60 1 10,594 98% 211 84% 85%
BACF 5 32 29 90% 101 6 21,905 94% 282 77% 83%
BACF 6 32 37 116% 124 2 27,282 98% 282 78% 80%
BACF 7 37.3 35 94% 102 n.d. 29,048 n.d. 346 82% n.d.
BACF 7+0.12 ym 17.1 13.7 80% 53 n.d. 10,210 n.d. 233 83% n.d.
BACF 7+150 kDa 9.3 7.4 80% 44 n.d. 4,856 n.d. 246 45% n.d.
BACF 7+10 kDa 8.9 6.7 75% 4 n.d. 4,169 n.d. 266  38% n.d.
mean =+ stdev 88 £ 12% 85 + 16% 70 + 18% 90 + 15%
The LC-OCD BP concentrations in the PHMOC ultrafiltration per-

meates were clearly much lower than in the original water sample, ,§ 100% -

resulting in yields based on the LC-OCD BP fraction of 85% + 16% a

(based on BP}, and BP,, N = 6) and 70% + 18% (based on BP. and BPs, N g' 80% A

=10) (Table 2), whereas the BP mass-balance was 90% + 15% (N = 6). S ,

The sum of all LC-OCD fractions in the PHMOC ultrafiltration permeates £ 60% 1

was 6% + 10 % lower than that of the respective field sample, which £ 40% A

was mainly attributable to the BP retention but possibly also a minor §

retention of the other OC fractions. The PHMOC concentrates comprised S 20% A

70% +7% of BP, 21% =+ 6% of HS and building blocks, and 9% =+ 3% of S .

low-MW compounds (N = 10, Fig. 4). These values still included the % 0% j j j j j j j j

residual background OC of the BACF-filtrate from which the concen- & (§<\’ éq’ (3% (‘}b‘ (§<<° éb (§</\ @\5(( ,b\5<< ,b3<

trates had been produced. For the conditions applicable for PHMOC X F X F ¥ X ,\r/\,‘:’ Q‘& 0‘&

concentration of BACF filtrate, theoretical calculations showed that the OLC-OCDBP BHS MBE ELMW - O S x'\i') >

PHMOC concentrate should theoretically contain approximately 90% BP
as further detailed in S5 based on the following assumed conditions:
average BP and DOC content of the BACF-filtrate, 100% retention of BP,
100% passage of the other OC-fractions, and average PHMOC CF value.
The actually measured BP content of the PHMOC concentrate was thus
20% lower than theoretically expected, suggesting that the selectivity of
the PHMOC method for indigenous high-MW OC was incomplete by this
amount.

Fig. 4. LC-OCD composition of the PHMOC concentrates.

3.4. Application of LC-OCD and PHMOC methods in water treatment and
biological stability studies

LC-OCD BP and PHMOC concentrations displayed similar seasonal
variations in raw and treated surface water (S6). The raw water saw high
but variable values during the summer periods of long daylight and
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increased water temperature due to (extracellular) biopolymer pro-
duction by algae during blooms. Removal of LC-OCD BP and PHMOC in
the pretreatment and BACF filtration steps was higher in summer than in
winter. Removal of LC-OCD BP and PHMOC with membrane treatment
increased as the membrane pore size reduced. LC-OCD and PHMOC
were thus both capable of discerning changes in the high-MW OC con-
tent in drinking water treatment conditions.

Fig. 5 shows the average concentrations of high-MW OC as LC-OCD
BP and PHMOC, biological stability parameters, and regrowth in
disinfectant-free distribution networks for treated surface water, ground
water and dune-infiltrated water. Biological stability was represented as
biodegradable biopolymers (AOC-A3 bio-assay, Sack et al., 2011), the
total microbial growth potential (CBPy4, i.e., the cumulative ATP con-
centration during 14 days in the directly-incubated water sample (van
der Kooij and Veenendaal, 2014), and as Aeromonas counts which is used
in the Netherlands as a technical indicator for regrowth (van der Wielen
et al., 2023; Hijnen et al., 2018, 2024). Both LC-OCD BP and PHMOC
showed much lower values (< 10 pg/L) for treated groundwater and
dune-infiltrated water than for treated surface water. Treated surface
water also possessed clearly higher levels of biodegradable biopolymers
and total growth potential than treated groundwater and infiltrated
water. Moreover, regrowth was substantial in four of the five distribu-
tion networks supplied with drinking water produced from surface
water, whereas regrowth occurred only in one of the seven studied
networks supplied with treated groundwater and dune infiltrated water.

4. Discussion

4.1. Equivalence of high-MW OC quantification by LC-OCD BP and
PHMOC

This study demonstrated that two different analytical methods used
to quantify high-MW OC in water, LC-OCD BP and PHMOC, are equiv-
alent in the quantification of aquatic high-MW OC in the concentration
range of 0 — 200 pg/L with the PHMOC values being on average ~ 20%
higher than LC-OCD BP values. Water matrix effects were not evident
except for chlorophyll-a in raw water. However, the possible presence of
matrix effects may require further evaluation for waters with wider
concentration ranges, as was shown by Tominaga et al. (2022) who
observed that the presence of calcium impacted the separation of
high-MW OC with diafiltration. The values obtained in the current study
for indicative yield and selectivity of the methods for indigenous
high-MW OC using the PHMOC concentrates were high (average 88%
for LC-OCD, 70% - 85% for PHMOC), which supported the validity of
the observed equivalence between the two methods. These values must
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be considered as estimations since the both methods were crosschecked
with each other because a complete validation of either method was not
available for indigenous high-MW OC. Overall, the step-wise approach
applied here revealed no indications of gross inconsistencies in the
observed yield and selectivity of either method for indigenous high-MW
OC, nor any other major methodological errors, and therefore the
adopted approach appeared justified. The details of the investigated
aspects of high-MW OC quantification are discussed in the subsequent
sections.

4.2. Impact of particle size boundaries and water matrix on LC-OCD BP —
PHMOC equivalence

Based on the methods’ respective protocols, the LC-OCD BP results
nominally represented all OC compounds between 10 kDa and 0.45 um
(which is the pore size of the sample prefiltration prior to the OC-
measurement) (Her et al., 2002a; Huber et al., 2011; Hidayah et al.,
2016; Brezinski and Gorzcyca, 2019), whereas the PHMOC results rep-
resented all OC compounds with a particle size > 30 kDa and all
lower-MW compounds associated with particles of > 30 kDa size. The
exclusion of the > 0.45 um particulate-size OC subfraction from the
LC-OCD results (due to the sample prefiltration) could theoretically
result in LC-OCD BP values lower than PHMOC values. The impact was
shown here to be of minor magnitude for treated water, but for raw
surface water a potential but variable impact of raw water chlorophyll-a
and biomass may exist for high-MW OC quantification. The lacking
correspondence between LC-OCD BP and PHMOC for raw water suggests
that the two methods are not equivalent for this water matrix. This is
possibly explained by the presence of large organic particulates such as
algal and bacterial biomass in the raw water, which are included in the
PHMOOC result, but are excluded from the LC-OCD BP result because of
the latters 0.45 pm pore size prefiltration and the column pore width.
The presence of algal matter in the raw water was evidenced from the ~
5 pg/L chlorophyll-a encountered in the raw water. This equated to ~
0.3 mg/L TOC when assuming a conversion factor of 0.07 mg TOC per ug
chlorophyll-a (Portielje and van der Molen, 1998), which amount was
significant compared to the 300 — 600 pg/L PHMOC and LC-OCD BP
concentration for this water matrix. Since the size of algal cells is typi-
cally > 5 um, the corresponding amount of high-MW OC would be
included in the PHMOC result but excluded from the LC-OCD BP result.
Because the presence of algae was highly variable in the investigated
raw water (Schurer et al., 2022), the difference in high-MW OC quan-
tification between PHMOC and LC-OCD BP may fluctuate accordingly as
observed in this study. Using LC-OCD BP for raw water samples thus
gives the high-MW OC concentrations for the size range of the smaller
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Fig. 5. Comparison of various drinking water types on high-MW OC concentrations as LC-OCD BP and PHMOC, microbial growth potential (CBP;4), biodegradable
biopolymers (AOC-A3) and regrowth in the distribution network given in parentheses in the legend as number of cases with high Aeromonas regrowth versus (/) the
total number of studied cases. Bars represent average values, error bars denote standard deviation, results based on paired and unpaired data, data from Baghoth
et al. (2009), Zheng et al. (2015), Hijnen et al. (2015, 2018), van der Kooij et al. (2015, 2017), Schurer et al. (2019, 2023), Ketelaars et al. (2023), van der Wielen

et al. (2023) and data acquired in the current study, full details provided in S7.
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particles which predominate in pretreated and treated drinking water.

Any association of low-MW compounds with inorganic or organic
particles or agglomerates of MW > 30 kDa would result in higher
PHMOC vis-a-vis LC-OCD BP values. On the other hand, the LC-OCD BP
fraction included the OC compounds in the 10 — 30 kDa particle size
range unlike the PHMOC result, which could theoretically result in the
values of LC-OCD BP being higher than those measured as PHMOC.
There is no readily available means to determine the involved OC
quantities independently except by conducting PHMOC ultrafiltration
with membranes of lower pore size (e.g., 10 kDa). Nevertheless, the
relatively low intercept value (- 8 ug/L) and the ratio value of 1.23 being
close to unity observed in the LC-OCD BP — PHMOC equivalence equa-
tion for the 0 — 200 ug C/L concentration range (Section 3.1) suggest that
the majority of the high-MW OC compounds measured with the two
methods lie in the same, i.e., largely overlapping, OC particle size range.
Still, the size distribution of the OC particles will vary between water
samples, and could thus be a partial explanation for the scatter observed
in the LC-OCD BP — PHMOC equivalence plot (Fig. 2).

4.3. LC-OCD yield and selectivity

The high yield value of 88% + 12% and the linear relationship of the
LC-OCD BP value with the quantity of the PHMOC concentrates in the
addition series indicated that the LC-OCD method was capable of
quantifying the indigenous high-MW OC presence appropriately. The
largely, but not fully complete BP — HS peak separation (baseline
restoration) may introduce a minor inaccuracy (estimated < 10%) in the
BP value. The observed yield value was in line with data from Huber
et al. (2011) of 85% — 100% for the model compounds ferritin, thyro-
globulin, albumin, ovalbumin and myoglobin, and 101% + 15% for
pullulanes, dextranes and sodium polystyrene sulfonates with MW of 5
to 500 kDa. However, also much lower yield values of 50% — 80% have
been observed for sodium alginate and bovine serum albumin (Lankes
et al., 2009; Subhi et al., 2012; Dulaquais et al., 2018; Li et al., 2019;
Laforce et al., 2024), which was mostly attributed to incomplete
oxidation in the thin-film reactor and/or possible degradation in the
column. Whether this variability in yields would also occur for indige-
nous high-MW OC was not investigated in the current study but warrants
further attention, by running analysis of high-MW OC concentrates as
was conducted here.

The near-exclusive presence of ON in the LC-OCD BP fraction indi-
cated that LC-OCD BP was highly selective for high-MW OC compounds
of a high ON-content, e.g. proteins and DNA. The TOC, ON and HS-SUVA
deployed in this study to assess the yield and selectivity of the LC-OCD
method were not capable of detecting high-MW OC substances which
have low ON and SUVA values such as polysaccharides and fatty acids,
proteoglycans and glycoproteins where carbohydrates and proteins co-
exist (Santschi et al., 2020), and therefore no firm conclusions can be
drawn specifically for these substances. The BP fraction N:C mass ratio
of 0.12 + 0.05 for the water matrices (Table S1b) investigated here was
below the typical value of 0.3 for proteinic matter (Huber et al., 2011),
thus indicating that non-proteinic substances comprised about half of
the BP fraction. Still, the high yields observed in this study for the
concentrates suggested that other non-proteinic compounds were
correctly represented in the LC-OCD BP peak, although further confir-
mation is warranted (Lankes et al., 2009). Furthermore, the LC-OCD’s
non-chromatographable hydrophobic HOC fraction was potentially also
of concern, since the concentration in the field samples (5% =+ 4% of the
total LC-OCD’s DOC) were in the same range as that of the BP and thus
not negligible. However, no interference of the HOC fraction was noted,
as there was no significant correlation between HOC and PHMOC, BP
nor any other LC-OCD fraction, and HOC values were not changed by the
LC-OCD’s prefiltration, PHMOC ultrafiltration, nor by 10 kDa ultrafil-
tration of BACF-filtrate (details in S4d). More accurate LC-OCD BP yields
could be obtained by running LC-OCD columns in tandem (Kimura et al.,
2018; Tominaga et al., 2022).
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4.4. PHMOC yield and selectivity

The PHMOC method was a further development of the protocol
presented by Heijnen et al. (2009) for the detection of low concentra-
tions of viruses, phages, bacteria and protozoa in large sample volumes
with cross-flow ultrafiltration concentration by van der Kooij et al.
(2015) to quantify high-molecular and particle-bounded OC or bio-
polymers in drinking water. Previous attempts to validate the PHMOC
method for the quantification of high-MW OC involving repeated
PHMOC concentration of a high-MW OC concentrate were inconclusive.
Highly variable yield values well below and above 100% were
encountered, which may have been caused by possible chem-
ical/physical interactions (e.g., agglomeration) of the various concen-
trated (in)organic compounds present in the water samples (Hijnen
et al., 2015). Also, the selectivity of the PHMOC for high-WM OC
compounds was not investigated at that time. The 70% - 86% BP
retention observed in the current study during the PHMOC ultrafiltra-
tion step indicated a high yield of high-MW OC (measured as LC-OCD
BP) for the PHMOC method. The observed values were in the same
range as found in similar experiments involving LC-OCD BP determi-
nation of concentrates obtained with ultrafiltration (82% for seawater
with 1 kDa membrane in Yin et al. (2019); 67% — 85% for lake and river
waters with 13 kDa membranes diafiltration in Kimura et al. (2018) and
Tominaga et al. (2022)). The slightly incomplete yield could theoreti-
cally result in a correspondingly limited underestimation of the
high-MW OC quantity as PHMOC. Possible reasons for this are the
presence of high-MW OC compounds with a MW of < 30 kDa, and the
PHMOC ultrafiltration membrane comprising pores with a higher mo-
lecular weight cut-off than the nominal 30 kDa. A more exact value for
the PHMOC yield could not be achieved here as the ultrafiltration
permeate BP content was near the LC-OCD BP detection limit. The
impact of the applied concentration factor and crossflow velocity on the
PHMOC yield, e.g., the possible formation of a gel/cake layer on the UF
membrane concentrate-side surface which could result in incomplete
release of high-MW OC compounds and hence incomplete yield for
high-MW OC, was not specifically investigated in the current study. This
aspect, as well as the membrane pore size distribution, and the inclusion
of a diafiltration step on the yield of the PHMOC method is recom-
mended for further optimization of the high-MW OC separation.

The PHMOC concentrates comprised 70% + 7% LC-COD BP, and
thus 30% of other organic compounds. This presence of non-BP com-
pounds aligned with the chemical characterization of similar PHMOC
concentrates showing compositions of 40% — 65% carbohydrates, 10%
proteins, and 30% — 40% of other, unidentified OC-compounds (van der
Kooij et al., 2015, 2017; Hijnen et al., 2018). Of this 30%, half could be
explained by the contribution of the sample’s background DOC, but the
PHMOC concentrate thus still contained 10% — 20 % less BP than ex-
pected, thus suggesting that the PHMOC selectivity for high-MW as
LC-OCD BP was high but not 100%. As the PHMOC sample background
correction term (Section 2.2) does not compensate for this latter excess,
the obtained PHMOC value could theoretically overestimate the
high-MW OC content with 10% — 20%. Furthermore, the observed shifts
between the respective SUVA-values of the BACF-filtrate and the
PHMOC concentrate could theoretically point to a lowering of the
PHMOC selectivity for BP of maximally 16% as further detailed in S4e,
but this could not be further substantiated with the available data as the
involved OC compounds were of unknown chemistry.

4.5. High-MW OC and biological stability

The extensive study by van der Wielen et al. (2023) encompassing 34
surface water, groundwater and infiltrated water treatment plants
showed significant positive correlations between the presence of
high-MW OC and the bacterial indicator parameters for regrowth het-
erotrophic plate count (HPC) and Aeromonas. That study also derived a
guidance value for high-MW OC of 47 pg/L as the upper limit for treated
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surface water to avoid undesirable regrowth levels. The data used for the
current study partially differed from those used in van der Wielen et al.
(2023) but resulted in similar findings and thus corroborated the po-
tential importance of high-MW OC for biological stability parameters
and regrowth, including the distinction between drinking water pro-
duced from surface water and the other water types. Based on average
values, higher AOC-A3 concentrations coincided with increased
regrowth of Aeromonas in treated surface water (Fig. 5, Hijnen et al.,
2018), although the correlation between AOC-A3 and high-MW OC (as
PHMOC) was weak (van der Wielen at al., 2023). The variability in
values of AOC-A3: high-MW OC concentration ratio observed in
BACF-filtrate (paired data, Schurer et al., 2022) indicated that AOC-A3
is a small and variable fraction of the total high-MW OC in these sam-
ples. No correlation between low-MW AOC (AOC-P17/NOX) and
regrowth was found (Hijnen et al., 2018; van der Wielen et al., 2023).
Overall, these studies underscore the importance of measuring high-MW
OC in drinking water for biological stability studies, with inclusion of
other factors such as the presence of iron, biofilm, invertebrates, and the
hydraulic configuration of the distribution network (; Wagenvoort et al.,
2023; Hijnen et al., 2024).

4.6. Method selection for application in water quality assessment

The results of this study demonstrate that LC-OCD BP and PHMOC
both have ample discriminate power to adequately distinguish high-MW
OC levels in various water types, water matrices, and biological stability
regimes. Their respective values can be used interchangeably (except for
raw water) when based on the average of multiple data points and taking
the observed relative difference of 20% into account. Hence, in principle
either method can be used to quantify aquatic high-MW OC. The small
sample volume (20 mL) needed for the LC-OCD method is convenient for
water sample collection in the field. Unlike the PHMOC method, LC-
OCD yields additional information on the other OC fractions. The
PHMOC method is more laborious due to the larger sample volume (100
L) and manual concentration step, but on the other hand yields a high-
MW OC isolate which offers the opportunity for further experimentation
to determine the organic and inorganic composition of the > 30 kDa
particle size fraction (van der Kooij et al., 2015; Hijnen et al., 2015,
2018), to conduct microbial growth potential tests (Schurer et al., 2022),
and to perform membrane fouling tests (Jermann et al., 2009; Kimura
etal., 2014, 2018; Yin et al., 2019). However, the LC-OCD and PHMOC
methods encompass a multitude of manipulable variables (LC-OCD:
column type, age, packing and backpressure, eluent type and flowrate,
etc., Her et al., 2002b; Mackie et al., 2022; PHMOC: CF, membrane type,
crossflow rate, filtration flux, direct filtration/diafiltration; and for both
methods: DOC, TOC autosampling and determination). The impact of
these variables on the analytical result warrants further study as well as
interlaboratory testing (round-robins) with the same batch of (diluted)
high-MW OC concentrate to promote reliability and comparability of the
results.

5. Conclusions

The quantification of the concentration of aquatic biopolymeric
particulate and colloidal organic substances of high molecular weight
(high-MW OC) and its relevance for biological stability was investigated
in raw and treated surface water comparing two distinct analytical
methods, namely the LC-OCD (liquid chromatography — organic carbon
detection) biopolymer fraction (LC-OCD BP) and 30 kDa ultrafiltration-
concentration based PHMOC (particulate and colloidal high-MW OC),
with the following conclusions:

Both methods were equivalent, i.e., yielded similar quantitative re-
sults for the concentration of high-MW OC in water samples in the < 200
ug/L concentration range, with PHMOC values being approximately
20% higher than LC-OCD biopolymer values. There were no obvious
effects of the water matrix on the equivalence, except for the raw surface
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water due to exclusion of particulate biomass from the LC-OCD BP
result.

e Yield and selectivity of LC-OCD biopolymer and PHMOC for indig-
enous high-MW OC were high (> 70% - 85 %) and no major in-
consistencies in the methods’ results were observable.

Biological stability parameters (growth potential, assimilable bio-
polymers), regrowth in disinfectant-free distribution networks and
LC-OCD BP and PHMOC concentration levels were higher for treated
(surface) water than for treated groundwater and dune-infiltrated
water.

e The LC-OCD method is practical to handle in the field because of the
small sample volumes and provides additional information on the
whole OC-matrix, whereas the PHMOC method produces a high-MW
OC isolate which can be used for further experimentation or char-
acterization of the involved organic compounds.

Further optimization of both methods for the quantification of
indigenous high-MW OC is recommended, by investigating the
impact of the methods’ operational settings, determination of
detection- and quantification limits, and institution of round-robin
testing.
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