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A B S T R A C T

Although drinking water disinfection has significantly reduced mortality from waterborne diseases, the forma
tion of potentially harmful disinfection by-products (DBPs) remains a concern today. These DBPs emerge from 
the reaction of dissolved organic matter (DOM) with chlor(am)ine during disinfection. Identifying these DBP 
precursors from heterogeneous and complex DOM mixtures is challenging and to address this, a novel membrane 
fractionation protocol was developed to isolate and identify the organic DBP precursors from fresh water sources. 
A tight ultrafiltration and nanofiltration membrane were carefully selected to partition DOM into three molecular 
weight (MW) fractions: high (>20 kDa), medium (0.3–20 kDa) and low (<0.3 kDa) as defined by high 
performance-size exclusion chromatography- total organic carbon analysis. A mathematical tool was developed 
to optimize the fractionation protocol. Therefore, ultrafiltration was executed before nanofiltration and the 
concentration factor was maximized without inducing fouling to obtain the purest fractions. The mathematical 
tool was also set in place to predict the necessary diafiltration factor for each individual fractionation experiment 
based on the initial organic matter composition of the surface water allowing the fractionation protocol to be 
effective at all times. The protocol was applied to surface water samples collected six times across three seasons 
yielding a fraction enriched in high MW compounds (up to 50 %), a fraction having more than 80 % of medium 
MW compounds and a fraction only containing low MW compounds. Although the medium MW fraction showed 
the highest reactivity for the majority of the investigated DBPs, the low MW fraction showed high reactivity for 
iodinated trihalomethanes during chlorination and for haloacetonitriles during chloramination. The high MW 
fraction had the lowest reactivity towards DBPs, which can have important implications for a drinking water 
treatment since this fraction is generally the most effectively removed by e.g. coagulation, while the more 
important fractions for DBP formation such as the medium and low MW compounds remain in the water until the 
disinfection step.

Abbreviations: CF, concentration factor; DF, diafiltration factor; DBP, disinfection by-product; DOC, dissolved organic carbon; DOM, dissolved organic matter; 
HAM, haloacetamide; HAA, haloacetic acid; HAN, haloacetonitrile; HMW, high molecular weight; HPSEC-TOC, high performance size exclusion chromatography – 
total organic carbon detection; LC-OCD, liquid chromatography- organic carbon detection, LMW, low molecular weight; MMW, medium molecular weight; MF, 
microfiltration; MW, molecular weight; MWCO, molecular weight cut-off; NF, nanofiltration; PEG, polyethylene glycol; (S)UV(A)254, (specific) ultraviolet absorption 
at 254 nm; TMP, transmembrane pressure; THM, trihalomethane; UF, ultrafiltration.
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1. Introduction

Drinking water disinfection with chlorine has been one of the most 
impactful inventions of the 20th century due to its ability to inactivate 
waterborne pathogens [1]. However, dissolved organic matter (DOM) 
present in drinking water resources results in the formation of disin
fection by-products (DBPs) by interaction with chlorine and other dis
infectants. These DBPs are associated with negative health issues such as 
bladder and colorectal cancer [2,3]. While over 700 organic DBPs have 
been analytically identified in drinking water, only four trihalomethanes 
(THMs) and five haloacetic acids (HAAs) formed during chlorination 
processes are currently regulated in Europe [4,5]. Remarkably, many 
other DBPs, such as the nitrogenous haloacetamides (HAM) or hal
oacetonitriles (HAN) remain unregulated due to their lower occurrence 
in drinking water, despite their higher toxicity potential [6]. In addition, 
iodinated compounds emerge in the presence of iodide in the water, and 
their toxicity within a class of DBPs surpasses that of chlorinated and 
brominated analogs [6,7].

Characterizing the organic precursors of these DBPs and removing 
them from the drinking water before disinfection is crucial. However, 
DOM is a complex and heterogenous mixture of compounds compli
cating the search for DBP precursors [8]. To characterize DOM and to 
link its properties to the formation of different DBP families, DOM is 
fractionated into groups with similar physical or chemical characteris
tics using membrane or resin fractionation [9,10]. Hydrophobic moi
eties are mainly responsible for the formation of regulated by-products, 
while hydrophilic compounds often form more unregulated DBPs. This 
can vary based on factors such as the specific ultraviolet absorption at 
254 nm (SUVA254) of the raw water or on experimental procedures used, 
such as the column capacity factor during resin fractionation [11]. 
Furthermore, resin fractionation requires acidification of the water 
samples which might change the chemical and physical properties of the 
DOM and affect their reactivity [12]. Membrane fractionation seems to 
be a preferable alternative as it avoids acidification or other sample 
preparation. The fractionation is typically performed using a series of 
dead-end, stirred cell ultrafiltration (UF) steps with decreasing molec
ular weight cut-off (MWCO) values [11]. The defined molecular weight 
(MW)-range of each fraction is based on the MWCO of the UF mem
branes used. For example, compounds passing a 50 kDa membrane, but 
retained by a subsequent 10 kDa membrane, are categorized as the 
10–50 kDa fraction [13–15]. However, only few studies characterized 
the fractions afterwards using high performance size exclusion chro
matography (HPSEC) or field flow fractionation. These studies showed 
that the fractions obtained from membrane fractionation have largely 
overlapping MW-ranges and that the actual MW-range of the fractions is 
much lower than defined by the MWCO. For example, the 10–30 kDa 
fraction actually contained DOM in the range of 0.89 to 3.34 kDa 
[13–15]. Therefore, no clear correlations nor conclusive trends were 
found between the different obtained membrane fractions and DBP 
formation after disinfection [11].

A discontinuous cross-flow membrane fractionation was recently 
developed to investigate the fouling potential of organic matter fractions 
obtained from seawater [16]. Fractionation was executed using one 
nanofiltration (NF) and one UF membrane, with diafiltration added in 
each step to increase the purification of the different fractions. The aim 
of the membrane fractionation was to separate the DOM in three frac
tions; biopolymers, humic substances + building blocks and low mo
lecular weight (LMW) compounds. These fractions were collected and 
analyzed using liquid chromatography – organic carbon detection (LC- 
OCD). The first fraction consisted of 95 % biopolymers, the second 
fraction contained 93 % of humic substances and their building blocks 
and the last fraction had 87 % of LMW compounds. The study concluded 
that biopolymers were the major foulants in seawater reverse osmosis 
systems, followed by LMW compounds [16]. The success of this cross- 
flow fractionation can be attributed to the selected membrane frac
tionation procedure based on the LC-OCD chromatogram, unlike the 

arbitrarily selected membranes for dead-end cell UF fractionation. 
Additionally, the use of diafiltration improved the purity of the 
fractions.

Cross-flow fractionation has not been developed for fresh water 
sources to identify the organic matter precursors of DBPs formed during 
drinking water disinfection. Therefore, the objective of this paper was to 
develop a robust membrane fractionation protocol specifically for fresh 
waters, splitting organic matter into three fractions: a high (HMW), 
medium (MMW) and LMW fraction. The effectiveness of the fraction
ation protocol was validated using HPSEC – total organic carbon 
(HPSEC-TOC) analysis and a mathematical tool was created to finetune 
the fractionation. Freshwater samples collected across various seasons 
were fractionated, and the fractions were subsequently chlorinated and 
chloraminated to assess their reactivity towards the formation of THMs, 
HAAs, HANs, HAMs and nitrosamines.

2. Material and methods

2.1. Water source

Surface water from the reservoir of a drinking water treatment plant 
located in De Blankaart, Belgium was selected in this study for its high 
load of organic matter. Samples were collected once in 2021 for mem
brane screening, and six times over a nine-months period in 2023 for the 
actual fractionations. The general characteristics of this water are found 
in Table S1. The water was pre-filtered with a 6 µm Büchner filtration 
(Whatmann) followed by a 0.1/0.2 µm cross-flow microfiltration (PVDF, 
MF V0.1/V0.2, Synder filtration) to remove the suspended solids and 
stored at 4 ◦C in the dark until further use.

2.2. Analytical techniques

The water was characterized for conductivity and pH with a multi- 
parameter analyzer C3020 (Consort), the UV absorbance at 254 nm 
(UV254) with a UV–vis spectrophotometer (UV-1600PC, VWR Collec
tion, 10 mm pathlength). The ion concentrations were measured with a 
930 Compact IC Flex (Metrohm). Total non-purgeable organic carbon 
and inorganic carbon were measured with a Shimadzu TOC-VCPN. The 
organic carbon concentration for the LMW fraction was measured with a 
Sievers® 900 detector because of its ability to measure concentrations 
below 1 mgC/L. High-Performance Size Exclusion Chromatography was 
used to determine the concentration of the HMW, MMW and LMW 
fractions using the method described in Laforce, Dejaeger et al. [17]. An 
example chromatogram with the integration ranges is shown in 
Figure S1.

2.3. Membrane screening – Flux pressure tests

Flux-pressure tests were performed to select the optimal membranes 
for the fractionations based on the retention of each fraction. The se
lection criterium for a UF membrane are high retention for the HMW 
fraction and low retention for the MMW and LMW fraction. For NF 
membranes, the criteria are low retention for the LMW fraction and high 
retention for the HMW and MMW fractions.

To carry out the flux-pressure tests, a full factorial design with two 
levels was implemented (i.e. two membranes, two pressures). Two NF 
membranes (Synder NFX, Synder NFW) and two UF membranes (Synder 
XT, Synder MT) were selected based on their pore size (Table S2). Each 
membrane was tested individually in the multichannel crossflow set-up 
(Text S1), resulting in four independent experiments per membrane 
type. NF and UF experiments were conducted at transmembrane pres
sures (TMP) ranging from 3 to 7 bar and 1 to 5 bar, respectively. The 
TMP was increased gradually (ΔP=1 bar) every 30 min. Samples were 
taken at 1 and 2 bar for UF, and at 3 and 5 bar for NF. At each TMP, 
samples were taken twice at 30 min intervals from the feed tank and 
permeate tube to verify process stability. Samples were analyzed with 
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the HPSEC-TOC system to calculate the retentions of each organic 
matter fraction. The selectivity S was calculated to determine the 
optimal membrane and pressure combination for effective organic 
matter separation. It is a general measure in several membrane appli
cations to assess the separation of a desired compound from other 
compounds and is defined as ([18–20]): 

SA
B
=

Cp,A
Cp,B

Cf ,A
Cf ,B

=
1 − RA

1 − RB
(1) 

Ri = 1 −
Cp

Cf
(2) 

Where SA/B is the selectivity of fraction A over B, RA is the retention 
of the least retained fraction, RB the retention of the most retained 
fraction, Cp is the concentration of fraction i in the permeate tube, Cf is 
the concentration of fraction i in the feed tank. Since selectivity has 
values greater than unity (Mulder) [19], the selectivity S was normalized 
between 0 and 1 (SN). SN is defined as: 

SN,A/B = 1 −
1
SA

B

= 1 −
1 − RB

1 − RA
(3) 

When SN=1, the two compounds are separated completely (RB=1) 
when SN=0, no separation occurs (RA=RB).

The normality of each dataset was tested with the Shapiro-Wilk test 
(p = 0.05). Statistical analysis was then performed with the parametric 
ANOVA test followed by the Fisher’s Least Significant Difference test (p 
= 0.05) or the non-parametric Kruskall-Wallis test followed by the un
corrected Dunn’s test (p = 0.05).

2.4. Mathematical tool

A mathematical tool was developed to optimize the fractionation 
process and to predict the necessary concentration (CF) /diafiltration 
factors (DF) for the individual fractionations based on the initial con
centration of each fraction in the water resource (see 2.5). The input 
variables for the tool include the permeate flow of the membrane, the 
retention of each fraction, and the filtration time. The output variables 
include the concentration of each fraction and the composition in the 
concentrate and permeate at time t. The mathematical tool assumes a 
constant flux and retention, since severe fouling will be avoided to 
ensure an effective recovery of the organic matter during the fraction
ation process.

The tool consists of 2 equations: 

ln
Cf ,t

Cf ,0
= − R*ln

(

1 −
Qp

V0
*t
)

during normal filtration (4) 

ln
Cf ,t

Cf ,0
= (R − 1)

Qp

V0
*t during diafiltration (5) 

With Cf,t representing the concentration of a certain fraction at time t 
in the feed tank (mgC/L), Cf,0 the initial concentration of a certain 
fraction in the feed tank (mgC/L), R the retention of that fraction (− ), Qp 
the permeate flowrate (L/h), V0 the volume of the feed tank at t = 0 (L). 
Both the retention and the permeate flowrate are assumed to be 
constant.

The performance of the tool was validated using a salt solution that 
mimics an average salt composition of surface water. This salt solution 
contained 130 mg/L MgSO4⋅7H2O, 213.7 mg/L CaCl2⋅2H2O, 76.8 mg/L 
KHCO3 and 365.4 mg/L NaHCO3 in MilliQ (Merck). A NF experiment 
(NF270, Dow) was conducted at 4 bar TMP using the single-channel set- 
up (Text S1). The NF270 membrane was selected due to known salt 
retentions from previous experiments (results not shown). The filtration 
process included 1 h of concentration followed by 2 h of diafiltration. 
Samples were taken every 15 min from the feed tank, permeate tank and 

permeate tube, and analyzed using ion chromatography. The experi
mentally determined concentrations in the feed and permeate tanks 
were compared with the predicted concentrations. The experiment was 
conducted twice with new membrane coupons.

After the validation, the mathematical tool was used for simulations 
to determine the optimal conditions for achieving the purest fractions. 
The parameters varied in the simulation included the CF (2, 4, 8), DF (4, 
8, 12) and configuration (NF before/after UF) (Fig. 1). The average flux 
and retentions for the HMW, MMW and LMW fractions from the mem
brane screening (see 3.1) were used as input variables in the mathe
matical tool along with the minimum, maximum and average 
concentrations of the fractions measured in this study.

2.5. The fractionation experiments

Based on the fractionation development and the mathematical tool, 
the configuration with UF positioned before NF was chosen for the 
actual fractionation experiments (Fig. 1A, see 3.1, 3.2). Fractionations 
were conducted with various raw water samples from De Blankaart, 
collected in March, April, June, September, October and November 
(Table S1 for characteristics). Fresh membrane coupons were used for 
each fractionation and the single-channel set-up was used for the process 
(Text S1). In the initial fractionation step, UF (Synder XT, 2 bar TMP) 
was performed to isolate the MMW and LMW fractions in the permeate 
while retaining the HMW fraction in the concentrate. The CF for the first 
three fractionations (sampled in March, April, June) was set at four as 
predicted by the mathematical tool to be the most optimal condition (see 
3.2). However, for the last three fractionations (sampled in September, 
October, November), a CF of two was used in an effort to minimize the 
loss of HMW compounds (see 3.3.3.1). Subsequently, in a second step 
(Fig. 1A − step 2), a diafiltration was conducted to remove residual 
compounds of the MMW and LMW fractions from the UF retentate. For 
this purpose, a salt solution resembling the salt composition of De 
Blankaart containing 215 mg/L MgSO4⋅7H2O, 270 mg/L CaCl2⋅2H2O, 
300 mg/L NaHCO3 and 155 mg/L KHCO3 in MilliQ water, was gradually 
added to the feed tank at the same flowrate as the permeate flowrate. 
The DF was determined individually for each fractionation with the 
mathematical tool to ensure nearly complete removal of the MMW and 
LMW fractions from the UF retentate (see 3.3.3.1). Following this, the 
permeates from steps 1 and 2 were combined and directed to a NF unit 
(Synder NFW, 3 bar TMP, CF=5) to collect the LMW fraction in the 
permeate and the MMW fraction in the retentate (Fig. 1A – step 3).

Mass balance, recovery and osmotic pressure calculations can be 
found in Text S3.

2.6. Chlorine/chloramine reactivity test

A NaOCl stock solution (10–15 %) was used to chlorinate the sam
ples. For chloramine production, 25 mM of NaOCl was added gradually 
to a stirred solution of 50 mM NH4Cl adjusted to pH 10 with NaOH to 
avoid dichloramine formation [21]. The concentration of NH2Cl was 
determined by measuring the absorbance at 245 nm (ε = 461 M− 1 

cm− 1), while potential dichloramine formation was measured at 294 nm 
(ε = 278 M− 1 cm− 1).

Various Cl2/dissolved organic carbon ratios (Cl2/DOC) were initially 
tested for both chlorine and chloramine on the reservoir water to obtain 
a chlorine residual of 1 mgCl2/L after 24 h in the dark (pH 7, 25 ◦C). This 
approach ensures that sufficient chlorine is added to overcome side re
actions with reducing agents and ammonia. The obtained fractions were 
chlor(am)inated using the same Cl2/DOC ratio as the reservoir water. Br- 

and I- concentrations were adjusted with KBr and KI in all fractions to 
maintain consistent Br/DOC and I/DOC-ratios. Experiments were con
ducted in triplicate. MilliQ water was treated equally with 1.3 mgCl2/L 
in duplicate with chloramine and chlorine. The samples were quenched 
using ascorbic acid with a molar ratio of 1.5 ascorbic acid/Cl2 [22]. 
Samples were analyzed for THMs, HAAs by head-space GC–MS and, 
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HANs, HAMs and nitrosamines by GC–MS-MS after liquid–liquid 
extraction. Detailed descriptions of the analytical methods can be found 
in the Supplementary Information, Text S4.

The specific formation potential (µg/mgC) for a fraction was calcu
lated as: 

DBPFPA =

∑
[DBP]i

[TOC]A
(6) 

With DBPFP the specific formation potential of a DBP family in fraction 
A, [DBP]i the concentration of compound i of the DBP family (µg/L) and 
[TOC]A the total organic carbon concentration of fraction A (mgC/L).

To investigate the contribution of DBP formation coming from MMW 
compounds in the HMW fraction, the following equation was used: 

DBPMMW =
∑6

n=1

[
TOCMMWinHMWfraction

]

n*DBPFPMMW,n (7) 

With DBPMMW the DBP formation coming from MMW compounds 
(µg/L), [TOC] the organic carbon concentration of the MMW com
pounds in the HMW fraction (mgC/L), DBPFPMMW, the specific DBP 
formation potential from the MMW fraction (µg/mgC) and n the number 
of sampling rounds. The DBPMMW was then compared to the total DBP 
formation from the HMW fraction.

3. Results and discussion

3.1. Membrane selection

Two UF membranes were evaluated with surface water from De 
Blankaart for their effectiveness to separate the HMW fraction (>20 
kDa) from the MMW fraction (0.3 – 20 kDa), while two NF membranes 
were evaluated to separate the MMW fraction from the LMW fraction 
(<0.3 kDa) as measured through HPSEC-TOC. The selection criteria for a 
UF membrane were based on its ability to display a high retention for the 
HMW fraction, whereas, NF membranes were expected to display a low 
retention for the LMW fraction. Synder XT and Synder NFW were 
selected based on their performances reported by Yin, Li et al. [16], who 
selected these membranes as optimal membranes for NOM fractionation 
in seawater. Synder MT was included in this study based on its higher 
MWCO of 5 kDa (Table S2), compared to Synder XT, which should 

promote the passage of the MMW fraction while still retaining the HMW 
fraction (>20 kDa). On the other hand, Synder NFX was selected for its 
lower MWCO (150 - 300 Da, Table S2) in contrast to Synder NFW, to 
prevent passage of the MMW fraction (>0.3 kDa). Their actual MWCOs 
were calculated by fitting the retention of each PEG-solution to the log- 
normal model (Table S2, Figure S3, Text S2). Overall, the calculated 
MWCOs were found to be lower than those reported by the manufac
turer. This difference was ascribed to unspecified testing conditions and 
methodologies by the manufacturer, which may lead to variations in 
MWCO-values as reported by Causserand, Pierre et al. [23].

Flux-pressure tests were conducted to screen the membranes. For the 
UF membranes, the flux increased linearly with TMP up to 4 bar. At 5 
bar, the critical flux was reached, since the flux does not increase sub
stantially beyond this point, especially for the MT membrane (Fig. 2). 
The critical flux is defined as the point where fouling becomes dominant 
[24]. For the NF membranes, flux increased linearly with TMP across the 
entire pressure-range. SN was determined at TMPs well below the critical 
flux (1–2 bar for UF and 3–5 bar for NF). There was no difference in 
selectivity between 1 and 2 bar for the MT membrane, but a significant 
increase of SN was observed from 1 to 2 bar for the XT membrane 
(Fig. 2). This is because the retention of the HMW fraction significantly 
increased with TMP while the retention of the MMW decreased for the 
XT membrane. Additionally, the retention of the MMW fraction in the 
MT membrane also decreased significantly with TMP.

The retention of proteins and other charged solutes in UF systems 
was described previously using a stagnant film model [25]. Generally, a 
higher flux results in more concentration polarization at the membrane 
surface. Moreover, the convective flux becomes more dominant 
compared to the diffusive flux, resulting in a decreased retention [25]. 
The observed decrease in retention at increasing fluxes for the MMW 
fraction, consisting of negatively charged humic substances [26], is 
explained by this phenomenon, since the negative electrostatic repulsion 
is counterbalanced by the increased concentration polarization and 
convective flux. The increased retention for the HMW fraction with TMP 
(and flux), is less straightforward. It can be expected that the concen
tration polarization induced more adsorption of biopolymers (contained 
in the HMW fraction) on the membrane surface, since biopolymers have 
been identified as having the highest fouling potential for MF and UF 
[17,27]. The average SN of the XT membrane at 2 bar is 0.91, making 
this membrane a suitable candidate for the separation of the HMW and 

Fig. 1. Schematic representation of the membrane fractionation options. A) The high molecular weight fraction (HMW) is split from the medium (MMW) and low 
molecular weight fraction (LMW) using ultrafiltration (UF) and continuous diafiltration with a salt solution. The UF permeate of the two steps is sent to a nano
filtration (NF) unit to split the MMW from the LMW with a concentration and continuous diafiltration step. B) The LMW is split from the HMW and MMW using NF 
and continuous diafiltration with a salt solution. The NF concentrate is sent to an UF to split the HMW from the MMW with a concentration and continuous dia
filtration step.
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MMW fractions.
For the NF membranes, all the fluxes increased linearly with TMP, 

indicating that no critical flux was reached. The SN were all very high 
(>0.9) and not significantly different from each other. The MWCOs from 
these membranes were found to be very similar (130 vs. 139 Da), despite 
the more distinct values reported by the manufacturer (Table S2). The 
four tested conditions could therefore be used for the actual fraction
ation process. For continuity, the condition with the highest average SN 
was chosen, i.e. the NFW membrane at 3 bar.

3.2. Mathematical tool for fractionation process design

A mathematical tool was developed in the first place to design the 
fractionation process (membrane order, CF, DF). In a next stage (see 
3.3.3.1), it was used to select the necessary DF based on the organic 
matter composition of the starting water to enhance a good separation of 
the different fractions and predict it beforehand. The performance of the 
tool was first validated by performing NF separation of a synthetic salt 
solution. The salt retentions and flux (both input parameters of the 
mathematical tool) of the NF membrane were already acquired from 
previous experiments. The experimentally observed concentrations in 
the validation experiments were compared with the predicted concen
trations using the mathematical tool. The tool accurately predicted the 
observed concentrations in concentrate and permeate during a concen
tration and diafiltration step for a specific membrane (Figure S4).

Simulations were conducted using the mathematical tool to design 
the fractionation process to obtain the purest fractions. The tool used the 
average flux and retention for the HMW, MMW and LMW fractions from 
the membrane screening as input variables, together with the minimum, 
maximum and average concentrations of the three fractions measured in 
De Blankaart (Table S1, section 3.1). The membrane fractionation can be 
conducted in two ways: UF before NF or NF before UF. In both config
urations, the HMW fraction should end up in the UF concentrate, the 
MMW fraction in the NF concentrate and the LMW fraction in the NF 
permeate (Fig. 1).

The mathematical tool simulated the influence of membrane 
configuration, CF and DF on the purity of the HMW, MMW and LMW 
fraction (Fig. 3). The CF did not greatly influence the final purity in each 
fraction. Increasing the DF increased the final purity of the HMW frac
tion, while decreasing the purity of the LMW fraction in both configu
rations. This is expected as the retention of the MMW fraction is not 100 
% during NF treatment, and its concentration in the NF concentrate is 
much higher (5x on average) compared to the LMW fraction. The purity 
of the MMW fraction does not change substantially in function of DF 
when UF is placed before NF, but it decreases ~ 10 % when NF is placed 
before UF. Therefore, placing UF before NF seems the best configuration 
as the DF can be maximized to reach high purity of the HMW fraction, 
without affecting the purity of the MMW fraction. During NF, diafil
tration should be avoided to reach the highest purity in the LMW 
fraction.

To summarize, the following methodology has been applied for the 
periodic fractionation experiments where UF is positioned before NF 
(section 3.3.3). A CF of 2 and 4 has been tested on the UF membrane 
since a high CF might induce fouling of the membrane, a phenomenon 
not included in the mathematical tool. A CF of 5 is used during NF to 
provide sufficient NF permeate for the chlorination experiments. To 
maximize the purity of the final HMW fraction, the mathematical tool 
was employed as a means to calculate the necessary DF for UF before 
each individual fractionation experiment based on the concentrations of 
each fraction in the initial water sample as determined by HPSEC-TOC. 
Finally, as stated before, no DF is executed during NF.

3.3. Periodic fractionation experiments

3.3.1. Raw water characteristics
The general characteristics of the six water samples collected from 

March to November 2023 are shown in Table S1. The pH, UV254 and 
inorganic carbon concentration remained relatively constant over the 
sampling period. The DOC concentration varied from 7.8 to 10.8 mgC/L 
during the sampling period with a significant change in the HMW 

Fig. 2. (a,c) Flux (L/m2h) versus transmembrane pressure (TMP, bar) of 2 ultrafiltration membranes ((a) Synder MT (red), Synder XT (blue)) and 2 nanofiltration 
membranes ((c) Synder NFW (green), Synder NFX (purple)). Standard deviations originate from the fluxes of each separate membrane coupon (n = 4). (b,d) The 
normalized selectivity (SN) versus TMP (bar), calculated from the retention of high and medium molecular weight fraction in (b) and from the retention of medium 
and low molecular weight fraction in (d). Standard deviations originate from different membrane couons (n = 4). Statistical differences are marked with * (p < 0.05).

K. Dejaeger et al.                                                                                                                                                                                                                                Separation and Puriϧcation Technology 355 (2025) 129635 

5 



fraction which doubled by the end of summer (Table S1). This increase is 
ascribed to the dry period during the summer of 2023, supported by the 
increase in ionic concentrations and the occurring algal bloom.

3.3.2. Microfiltration pre-treatment
Two microfiltration (MF) membranes in crossflow configuration 

were tested to remove the particulate matter from the water. The 
average pore size of the membranes were 0.1 (MF0.1) and 0.2 µm 
(MF0.2), as reported by the manufacturer. The MF flux declined rapidly 
during the first two hours for MF0.1 and dropped dramatically within 
the first half hour for MF0.2 (Figure S5). The mass balances and re
coveries of each fraction in the MF permeate was better for MF0.2 
compared to MF0.1 (Table 1), with the recovery of the HMW fraction 
being very poor for the MF0.1 membrane (<10 %). Fouling of MF 
membranes by colloidal organic matter containing polysaccharides and 
protein-like material (>50 kDa) is a well-described phenomenon. The 
loss in HMW fraction (>20 kDa) with both MF0.1 and MF0.2 was 
therefore ascribed to the higher fouling potential of this fraction 
[28,29]. The lower recovery of the HMW fraction with the MF0.1 
membrane probably occurs from the smaller pore size, resulting in the 
formation of a thicker cake layer and thereby a higher retention of the 
HMW fraction. The MF0.2 membrane was therefore selected to pre-treat 
the water to avoid excessive loss of HMW. The mass balances and 

recoveries for all the performed MF treatments for the individual frac
tionations are found in Table S3.

3.3.3. Fractionation

3.3.3.1. Ultrafiltration. Six sampling rounds were conducted at De 
Blankaart reservoir in March, April, June, September, October and 
November. The first three water samples were fractionated using a CF of 
4 during UF, while the last three water samples used a CF of 2 to reduce 
the loss of HMW compounds (see further). The DF for UF was calculated 
separately for each individual fractionation experiment with the math
ematical tool to maximize the purity of the HMW fraction, since the 
concentration of the different fractions in the feed differed over time 
(Table S1, Table S4). The selected DF for each fractionation experiment 
was set at the point where less than 0.05 mgC/L of the MMW fraction 
remained in the UF concentrate, at which point the LMW fraction was 
already completely removed.

The actual DFs differed substantially from the DFs suggested by the 
mathematical tool for the third and last two fractionations (Table S4). 
This is because the actual diafiltration volume that needed to be added 
for the last three fractionations (CF=2) was almost twice as high as for 
the first three fractionations (CF=4, Table S4). Since the LMW fraction is 
washed out much quicker than the MMW fraction from the UF 
concentrate, the actual diafiltration volume was reduced in these cases 
to limit the dilution of the LMW fraction in the UF permeate (which 
occurred in the fourth fractionation). For the third fractionation, the 
membrane flux was unexpectedly low, resulting in an earlier stop of the 
diafiltration due to time constraints.

The ultrapure water used for the diafiltration step was supplemented 
with CaCl2, MgSO4, NaHCO3 and KHCO3 to mimic the ionic environ
ment of the raw water. Without the adjustment, the retention of the 
MMW fraction (having negatively charged compounds) increased sub
stantially during the diafiltration (data not shown) which was not 

Fig. 3. Simulation results of the mathematical tool. The purity of each molecular weight (MW) fraction is presented in function of the concentration factor (CF) and 
diafiltration factor. (a,b,c) Ultrafiltration is executed before nanofiltration, (d,e,f) Nanofiltration is executed before ultrafiltration. Standard deviations originate from 
simulating the minimum, maximum and average concentrations of the fractions found in De Blankaart from 7 replicates.

Table 1 
Mass balance and recoveryMF (%) for the high (HMW), medium (MMW) and low 
molecular weight (LMW) fractions (n = 2).

MF0.1 MF0.2 MF0.1 MF0.2
Mass Balance (%) RecoveryMF (%)

HMW fraction 65.0 ± 5.66 66.0 ± 11.3 7.95 ± 2.19 28.5 ± 6.36
MMW fraction 98.0 ± 2.83 101 ± 12.0 85.5 ± 0.707 89.5 ± 10.6
LMW fraction 101 ± 17.0 109 ± 14.1 96.5 ± 16.3 99.5 ± 4.95
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conducive in removing the MMW from the UF concentrate. The 
adjustment of electrical conductivity and especially calcium levels was 
previously identified as important in literature as well [30].

The UF flux decreased over time during the first step (concentration) 
at a CF of 4 (Fig. 4a), while it remained constant during a CF of 2 
(Fig. 4b). As expected at a higher CF, there was more concentration 
polarization and adsorption onto the membrane, resulting in flux 
decline. However, no significant differences were found in the mass 
balances for the three fractions between a CF of 4 and a CF of 2 (Table 2). 
Particularly, there was a loss in compounds of the HMW fraction during 
this step at both CFs. Biopolymers with high MW (>100 kDa) have been 
identified to have the highest fouling potential in low-pressure mem
brane systems such as MF and UF [27]. It was therefore inevitable that 
some compounds of the HMW fraction adsorbed onto the membrane 
surface. During diafiltration, the flux remained relatively constant, with 
slight increases during fractionation 2, 3 and 6 and a small decrease 
during fractionation 1, 4 and 5 (Fig. 4c,d). These variations can be 
explained by differences in osmotic pressure over the membrane 
(Table S5).

There is no significant difference in HMW fraction recovery rate 
between a CF of 4 and a CF of 2 (Table 2, 44.0 % ± 21.2 % vs. 46.7 % ±
12.9 %). A complete removal of the LMW fraction from the UF 
concentrate was achieved in all fractionations as predicted by the 
mathematical tool. For the MMW fraction, the recovery rate was less 
than 3 % in the UF concentrate after diafiltration for fractionations 1, 2 
and 4, indicating efficient removal from the HMW fraction. The higher 
recovery rates (>5 %) for the other three fractionations were due to the 
lower actual diafiltration volume that was used compared to the model 
calculations (Table S4). This shows the added value of the mathematical 
tool to determine the DF needed for each specific water sample to be 
fractionated to achieve effective isolation of the HMW fraction.

However, even for fractionations 1, 2 and 4, where the actual and 
theoretical DFs were similar, a concentration between 0.3 and 0.45 
mgC/L of the MMW fraction was left in the UF concentrate, which is 
higher than was predicted by the mathematical tool (<0.05 mgC/L). The 
MMW fraction comprises compounds between 0.3 – 20 kDa and the 
HPSEC-TOC chromatograms of the UF concentrate clearly show that 
particularly the higher MW compounds from the MMW fraction were 
still present in the HMW fraction (Figure S6). The retention used in the 
mathematical tool is an average for the entire MMW fraction, but it is 
evident that smaller compounds in this fraction are more easily removed 
during diafiltration than larger compounds. Therefore, there seems to be 
a limit to the MW of the compounds in the MMW fraction that can be 
effectively removed during diafiltration in this system. This limit is 

Fig. 4. Flux (J/J0) versus time (h) in ultrafiltration (UF) concentration step with (a) a concentration factor (CF) of 4 followed by (c) diafiltration and (e) nano
filtration (NF) or with (b) a concentration factor of 2 followed by (d) diafiltration and (e) NF. F1-6 indicate the 6 individual executed fractionations over a 9- 
months period.

Table 2 
Mass balances (%) and final recovery (%) after UF concentration and diafiltra
tion of the high (HMW), medium (MMW) and low molecular weight (LMW) 
fractions for a concentration factor (CF) of 4 and 2.

Fractionation n◦ CF=4 CF=2

1 2 3 4 5 6
Mass Balance concentration step (%)

HMW fraction 62 55 95 67 103 51
MMW fraction 98 98 99 96 94 76
LMW fraction 96 101 100 99 88 97

Mass Balance diafiltration (%)

HMW fraction 58 52 71 77 55 62
MMW fraction 70 89 89 100 98 102

Recovery in UF concentrate (%)

HMW fraction 36 28 68 52 56 32
MMW fraction 2 2 9 3 6 7
LMW fraction 0 0 0 0 0 0
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reflected in the composition of the UF concentrate, where a maximum of 
50/50 HMW/MMW compounds could be achieved with fractionations 1 
and 2 (Fig. 5).

The removal of the MMW fraction for the waters with a CF of 2 was 
more challenging. Concentrating the MMW fraction at a CF of 2 resulted 
in a lower concentration gradient over the membrane surface during 
diafiltration compared to a CF of 4, necessitating a doubled diafiltration 
volume (Table S4). Nonetheless, more compounds of the MMW fraction 
seemed to adsorb onto the membrane surface during diafiltration of the 
first three fractionations (CF=4) as seen from the incomplete mass 
balances compared to the last three fractionations (CF=2), although this 
was not statistically significant (Table 2, 82.7 % ± 11.0 % vs. 100 % ±
2.0 %).

Overall, the use of a CF of 4 did not result in a greater loss of com
pounds from the HMW and MMW fractions compared to a CF of 2 
although a small decrease in flux was seen at a CF of 4. A CF of 4 also 
required less diafiltration volume to effectively remove the MMW and 
LMW fractions from the UF concentrate, therefore also minimizing 
dilution of the LMW fraction in the UF permeate. Therefore, a CF of 4 is 
preferred to perform the fractionations.

3.3.3.2. Nanofiltration. The permeate streams from the UF concentra
tion and diafiltration steps were combined and directed to a NF mem
brane to separate the LMW fraction from the MMW fraction (Fig. 1A). 
Again, a difference in flux characteristics was observed between the 
fractionations. The clean water fluxes (measured with demineralized 
water) from the membrane coupons used in fractionations 4, 5 and 6 
were higher (7.7 – 16.3 – 17.3 L/m2h) compared to those used in frac
tionations 1, 2 and 3 (6.1 – 3.3 – 7.4 L/m2h). The higher flux, which 
probably stems from a less dense membrane structure in those specific 
coupons, resulted in a lower osmotic pressure difference due to the 
higher salt passage over the membrane (Table S5). Therefore, a lower 
flux decline was observed over time (Fig. 4). The significant flux decline 
during fractionation 2 was caused by the very low clean water flux (3.3 
L/m2h) of that particular membrane coupon, resulting in higher reten
tion of the compounds and subsequent fouling. This was also clear from 
the incomplete mass balances of the MMW and LMW fractions for this 
fractionation, while other fractionations resulted in closed mass bal
ances (Table 3). Also, incomplete mass balances were observed for cal
cium together with inorganic carbon or sulfate in nearly all 
fractionations (Table S6). The saturation indexes clearly indicate that 

calcium carbonate precipitation has occurred partially leading to flux 
decline in the fractionations (Table S7).

The final composition in the NF concentrate (Fig. 5) was not signif
icantly different from the initial water composition, except for the 
absence of the HMW fraction. Complete removal of the LMW fraction 
was not possible without diafiltration. Diafiltration would require a DF 
between 18 and 27 to obtain a LMW fraction < 0.05 mgC/L in the NF 
concentrate. This would correspond to a volume of 47 – 64 L or a 
duration of 300 to 2000 h to finish the diafiltration, making it ineffective 
due to the high retention of the LMW fraction. Furthermore, as calcu
lated by the mathematical model, it would decrease the purity of the 
LMW fraction (Fig. 3).

In the NF permeate, concentrations between 0.17 and 0.60 mgC/L 
were found by offline DOC measurements, presumably consisting only 
of LMW compounds (Table 3). However, this could not be directly 
confirmed by HPSEC-TOC because the LMW fraction appears as a tail in 
the chromatogram, causing the 0.17 – 0.60 mgC/L to be spread out over 
a 30 min timespan, which made it challenging to detect and quantify 
since the system has a quantification limit of 0.063 mgC/L [17]. How
ever, no peaks in the MMW fraction could be detected either proving its 
purity.

Separation of MMW and LMW compounds in fresh waters with NF 
appeared to be challenging. Zhang, He et al. [31] tested several NF 
membranes with a MWCO between 370 – 1260 Da for their performance 
to reject DOM at 6 bar in a lab-scale set-up. Although the membranes 

Fig. 5. Relative composition based on HPSEC-TOC analysis (%) of the high (HMW, red), medium (MMW, blue) and low molecular weight (LMW) fractions (green) in 
the microfiltration permeate (MF P), ultrafiltration concentrate (UF CONC) and nanofiltration concentrate (NF CONC) after fractionation 1 to 6.

Table 3 
Mass balances (%) of the medium (MMW) and low molecular weight (LMW) 
fractions after nanofiltration (NF) for the six fractionations, the final recovery 
(%) in the NF concentrate and the final LMW concentration in the NF permeate 
(mgC/L).

Fractionation n◦ 1 2 3 4 5 6
Mass Balance (%)

MMW fraction 90 83 92 98 97 92
LMW fraction 99 87 103 116 91 103

Recovery NF concentrate (%)

MMW fraction 74 74 71 87 82 82
LMW fraction 95 81 103 114 66 102

LMW concentration in NF permeate (mgC/L)

0.288 0.337 0.592 0.188 0.303 0.173
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showed high efficiency to reject the HMW fraction, compounds up to 5 
kDa (i.e. part of the MMW fraction in this study) were detected in the NF 
permeate of the densest membrane (370 Da). It was clear from the re
sults that the higher the MWCO, the higher the passage of molecules 

with MW up to 10 kDa. For this membrane fractionation, despite the low 
recovery of the LMW fraction in the NF permeate, it was decided to use 
this very dense membrane (139 Da), since no compounds from the MMW 
fraction would pass the membrane. However, if the recovery of the LMW 

Fig. 6. Disinfection by-product formation potential (FP, µg/mgC) of regulated trihalomethanes (THM4, a,b) and haloacetic acids (HAA5, c,d), unregulated iodinated 
trihalomethanes (I-THM, e,f) and haloacetic acids (HAA, g,h), nitrogenous haloacetonitriles (HAN, i,j) and nitrogenous haloacetamides (HAM, k,l) in the high 
(HMW), medium (MMW) and low molecular weight (LMW) fraction after chloramination and chlorination. p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***), p ≤
0.0001 (****).
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fraction was more important, a looser NF membrane might be a better 
option.

3.4. Organic matter reactivity potential towards the formation of 
disinfection by-products

The membrane fractions obtained from the six fractionation experi
ments (Fig. 1A, Fig. 5), sampled and conducted between March and 
November 2023, were chlorinated and chloraminated to assess their 
reactivity potential towards disinfection by-product formation 
(expressed in µg DBP/mgC, Fig. 6). Low chlorine residual (1 mgCl2/L) 
and short reaction times (24 h) were used to simulate the conditions 
within a drinking water distribution system. The total organic carbon, 
bromide and iodide corrected concentrations in each fraction are shown 
in Table S8. Nitrosamines were not detected in any of the sampling 
rounds.

Fig. 6a, b and Fig. 6c, d show the overall specific formation potential 
of regulated THMs, i.e. THM4 and regulated HAAs, i.e. HAA5 from all the 
fractionation experiments where the MMW fraction showed the highest 
reactivity potential towards THM4 and HAA5 during chlorination and 
chloramination. However, for unregulated iodinated THM formation 
potentials (I-THMs, Fig. 6e, f), the LMW fraction appeared to be the most 
reactive during chlorination, while showing almost no reactivity during 
chloramination. Furthermore, the reactivity potential for I-THMs was 
not significantly different between the HMW and MMW fraction during 
chloramination. Regarding unregulated HAAs, the MMW fraction again 
showed the highest reactivity potential during chloramination and 
chlorination (Fig. 6g,h). The HMW fraction appeared equally reactive 
compared to the MMW fraction for HAA5 during chlorination and for 
unregulated HAAs during chloramination. For the HANs and HAMs 
belonging to the nitrogenous DBP families, the LMW fraction showed the 
highest reactivity potential for HANs during chloramination, while the 
MMW fraction showed the highest reactivity for HAN and HAM during 
chlorination (Fig. 6i,j,k,l).

The observed high reactivity of the MMW fraction, mostly containing 
humic substances, is well known and aligns with the results from resin 
fractionation [17], where relatively more hydrophobic compounds were 
found to contribute 10–20 % more towards THM and HAA formation 
compared to hydrophilic compounds, using similar chlorine dose and 
reaction time as in this study. For nitrogenous DBPs, hydrophilic com
pounds have been identified as the major precursor during chlorination 
[11]. Surrogate analysis showed that HANs can be formed from free 
amino acids, proteinaceous material, and combined amino acids bound 
to humic substances [32]. Furthermore, aromatic model compounds 
such as phenol and resorcinol have high reactivity towards HAM and 
HAN formation during chloramination [33,34]. These observations 
might explain the high reactivity observed in the MMW fraction for HAN 
and HAM formation during fast reaction with chlorine, while the similar 
reactivity between MMW and LMW fractions for HANs during chlor
amination may originate from slower and comparable reaction rates of 
aromatic moieties, free and bound amino acids with chloramine 
[32–34].

To clearly assess the role of each organic fraction, the presence of 
MMW compounds (2–9 % of the initial amount and 50–80 % on carbon 
content) in the HMW fraction has to be considered (Table 2, Fig. 5). To 
investigate this, the actual DBP concentration in the HMW fraction was 
compared to the DBP concentration that would be obtained if the 
reactivity in the HMW fraction came only from the MMW compounds 
(Equation (13), Table S9). From this calculation, it appeared that 
considering the I-THMs, the high formation potential found in the HMW 
fraction did not come from the MMW compounds within that fraction, 
since the concentration of I-THMs in the HMW fraction was much higher 
compared to the one that could have been formed from MMW com
pounds after chloramination (Table S9). However, in many other cases 
(Table S9), the concentration of formed DBPs in the HMW fraction was 
much lower compared to the concentration coming from the MMW 

compounds, which is inconsistent if the MMW compounds inside the 
HMW and MMW fractions have equal reactivities. The MMW com
pounds in the water ranged from 0.3 to 20 kDa and as shown in 
Figure S6, only MMW compounds with higher MW were found in the 
HMW fraction. Therefore, it can be concluded that the larger compounds 
in the HMW fraction generally had a lower reactivity potential towards 
most DBPs than the smaller compounds in the MMW fraction. This has 
significant implications for drinking water treatment plants aiming to 
reduce DBP precursors, since coagulation, a common drinking water 
treatment step, more efficiently removes large, hydrophobic compounds 
compared to smaller hydrophilic compounds [35].

Besides the overall differences in DBP formation potential between 
the different fractions, distinct seasonal variation in reactivities 
throughout the year were observed (Figure S7). During chlorination, the 
reactivity towards THM4 and HAA5 formation were similar for the 
HMW and MMW fractions in colder periods (April and November in 
Figure S7). However, the MMW fraction became more reactive 
compared to HMW fraction in warmer periods (June, September in 
Figure S7). The formation of HANs and HAMs during chlorination 
remained relatively constant throughout the year, with a high formation 
in October for both the HMW and MMW fraction.

These findings show for the first time clear seasonal variations in 
DBP formation between size-based fractions. In a next stage, the mem
brane fractions could be further characterized using more advanced 
characterization techniques to provide deeper insights into the molec
ular characteristics of the different DBP precursors.

4. Conclusions

This work successfully developed a robust crossflow membrane 
fractionation protocol to fractionate organic matter from freshwater 
sources at different times of the year into three fractions as measured 
with high performance-size exclusion chromatography-total organic 
carbon analysis. This was achieved through the following steps:

- A membrane screening showed that a tight ultrafiltration and 
nanofiltration membrane are the best to achieve a good separation of 
the three fractions with normalized selectivity factors of 0.9.

- The development of a mathematical tool facilitated the design of the 
membrane fractionation process showing that ultrafiltration should 
be placed before nanofiltration and that the concentration factor 
should be maximized. Moreover, the mathematical tool was used 
during the individual fractionation experiments to predict the 
necessary diafiltration factor based on the composition of the initial 
water to maximize the purity of the high molecular weight fraction.

- The individual fractionation experiments successfully yielded a high 
molecular weight fraction enriched in high molecular weight com
pounds (going from 3 % in the raw water to 31 % in the high mo
lecular weight fraction on average), a medium molecular weight 
fraction containing 83 % medium molecular weight compounds, and 
a low molecular weight fraction only consisting of low molecular 
weight compounds.

The membrane fractions showed clear differences in disinfection by- 
product formation potentials after chlor(am)ination, together with 
variable reactivities on a seasonal basis, an outcome not reported before. 
Moreover, the high molecular weight fraction had overall a lower 
reactivity towards disinfection by-products having implications for 
drinking water treatment, since coagulation, a common drinking water 
treatment step more efficiently removes bigger molecules which have 
been shown in this study to be less important for disinfection by-product 
formation. These results are of great relevance to drinking water com
panies, as they enable the monitoring of DOM composition (changes) 
throughout the year and during the water treatment using routine 
HPSEC-TOC analysis. This, in turn, allows for the prediction of potential 
DBP formation as identified in this study. Such insights will be important 
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to manage the production of various disinfection by-products in tap 
water, particularly as freshwater treatment becomes increasingly chal
lenging due to changes in organic matter concentration and composition 
driven by climate change and growing human activities.
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