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Size fractionation of organic matter (OM) by asymmetric flow field-flow fractionation (FFFF) with ultrafiltration
(UF) is limited by solute loss and peak resolution, particularly for low molecular weight fractions (<10 kDa).
Nanofiltration (NF) with a molecular weight cut-off (MWCO) of <1 kDa can achieve significant OM retention and
may improve OM fractionation. NF membranes with MWCOs ranging from 0.3 to 3 kDa were used to evaluate the
retention and fractionation of nine OMs in the humic, polyphenol, biopolymer, and low molecular weight organic
classes in stirred cell NF and FFFF. Membranes with an MWCO of 0.2-0.3 kDa (with a pure water permeability of
5-16 L.m 2h lbar 1) with low OM interaction exhibited high peak recovery and resolution and hence
improved OM fractionation. Loose NF (MWCO 3 kDa) exhibited a poor peak recovery because of a high OM loss
due to both adhesion and permeation, particularly at high ionic strengths (>10 mM). A mixture of nine types of
OM and natural organic matter samples from rivers, swamps and lakes achieved good fractionation with a 0.3
kDa (NF270) membrane at low ionic strength. The performance of NF for the analysis of OM and colloids in the
smallest size range (<1 kDa MW) could be further improved by optimizing the salt composition of the mobile

phase and by overcoming the pressure limitations of FFFF channels.

1. Introduction

Natural organic matter is a ubiquitous, complex mixture of naturally
occurring macromolecular humic and non-humic components [1-4],
which vary widely in molecular size and structures, leading to diverse
properties [5,6]. The composition of organic matter (OM) in water
varies with its source, the water chemistry, temperature, pH, biological
processes, location, and seasons [5]. OM impacts aquatic life by altering
oxygen levels, attenuating UV-B radiation, and influencing the solubil-
ity, toxicity, bioavailability, mobility, and distribution of trace elements
and micropollutants [7-9].

The wide range of molecular weight distribution (polydispersity),
complex structure, and multiple functional groups of natural organic
matter (NOM) influence the binding and transport of contaminants
[10-12]. There is ample evidence in the literature to suggest that OM
composition during treatment and throughout the distribution system
influences water quality and overall potential health risks [13]. In water
treatment, low molecular weight OM size fractions (i.e., <1 kDa) may
contribute to bacterial regrowth [14,15] and have significantly higher
specific disinfection by-product formation potential [16-18] and
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chemically irreversible fouling potential [19]. On the other hand, high
molecular weight (>100 kDa) [20] and hydrophilic [21,22] fractions
have more reversible fouling potential, and hydrophobic and high mo-
lecular weight OM fractions generate chlorination by-products [23]. It is
crucial to understand OM composition to optimize water treatment
protocols. However, OM characterization is challenging and typically
yields method-specific results that are cumbersome to link with the
mechanisms and dynamics of OM [24,25].

OM fractionation and size distribution analysis help to characterize
complex OM components with specific sizes and physicochemical
properties. Size fractionation (separation to constituents/fractions) is
relevant for OM reactivity assessment during drinking water disinfection
[16,26] and for predicting membrane fouling [27-31]. Size distribution
analysis helps to understand complex interactions in treatment pro-
cesses, develop more efficient treatment protocols, and determine the
membrane molecular weight cut-off (MWCO) for contaminants [32].
Common OM fractionation techniques rely on chemical properties (hy-
drophobicity and polarity) and physical properties (hydrodynamic size).
Techniques such as resin fractionation, polarity rapid assessment, and
reversed-phase high-performance liquid chromatography rely on OM
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hydrophobicity and polarity [26]. Field-flow fractionation, ultrafiltra-
tion (UF), high-performance size exclusion chromatography, gel
permeation chromatography, ultracentrifugation, dialysis, laser
desorption Fourier transform mass spectrometry, and vapor pressure
osmometry are based on OM size distribution and stationary phase af-
finity [26,32].

Each OM fractionation technique has individual drawbacks, method-
specific results, and challenges when fractionating large and small OM
fractions. The most common size fractionation technique, high-
performance size exclusion chromatography, separates OM fractions
by their inclusion or exclusion from a resin-packed column’s pores.
Large OM (molar mass > 10° kDa) size exclusion chromatography is
limited by column-OM interactions and shear degradation (inability to
resist mechanical stress) induced by the flow through a packed column
[33-35]. Low molecular weight OM analysis is challenging [36] in
high-performance size exclusion chromatography and gel permeation
chromatography due to sample loss by adsorption in the stationary
phase [37,38] and in ultrafiltration (UF), nanofiltration (NF), and flow
field-flow fractionation due to OM loss caused by membrane-OM in-
teractions [19,39] and permeation due to OM smaller than the mem-
brane’s MWCO. Other challenges include poor resolution [40] and
incompatibility of available detectors with small size ranges [41]. Thus,
the development of an analytical technique for non-perturbing and ac-
curate size characterization of a wide size range of OM is desirable [36].

Asymmetrical Flow Field-Flow Fractionation (FFFF) is a separation
technique used to analyze nanoparticles, macromolecules, and colloidal
particles based on their size [42,43]. FFFF uses the flow of a mobile
phase over a membrane to separate an OM mixture (polydisperse sam-
ple) in a wide size range of 1 nm-100 pm [34,44,42]. When an OM
mixture is injected into the FFFF channel, particles of different sizes are
separated based on their diffusion coefficients. The driving force
(permeate drag force, Fpp) exerted on particles depends principally on
the applied permeate flow velocity, u, (m.s~1), mobile phase viscosity,
(kg.m‘l.s_l), and equivalent volume hydrodynamic diameter, d, (m), as
expressed using the Stokes’ law [45-47] in Eq. (1).

Fpp=3-m-dot a
According to the FFFF theory [34,48], OM types with the same
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diffusion coefficient form equilibrium layers due to a balance between
the diffusion of the solute and the permeate drag created by the flow of
the mobile phase. The thickness of the equilibrium layer, [, depends on
the permeate flow-induced velocity and the particles’ diffusion coeffi-
cient. The fundamental relationship that associates FFFF parameters
such as the applied permeate flow velocity, Q, (m3.s™1), the channel
height, h (m), and the void volume (effective separation volume of the
channel), Vy (mL), with the OM property such as the diffusion coeffi-
cient, D (mz.s’l), is the retention parameter, 4 (dimensionless) [42,48,
43], given in Eq. (2).
_ VoD
“Q 1

The retention parameter, A can be considered a fundamental
parameter that links the FFFF theory with the observed entities. The
separation of peaks during fractionation in FFFF can be predicted as a
function of the retention parameter utilizing the peak retention ratio
(commonly referred to as “retention ratio” in the literature) [42,48,49],
as given in Eq. (3).

yl (2)

Peak retention ratio = 6\ (cothzl/1 - 2/1) 3)

Under high sample retention conditions, A approaches zero, and the
peak retention ratio becomes 6)\ [43]. The peak retention ratio can be
experimentally determined as the ratio of the void time (the retention
time of the first peak originating from unretained components) and the
OM retention time (Fig. 1). In addition to the peak retention ratio, peak
recovery and peak resolution can be used to evaluate the quality of the
signal and the separation of the different components during the
fractionation.

In FFFF, fractionation occurs through solute interactions with an
external field without a stationary phase, providing a molar mass dis-
tribution with less shearing degradation than size exclusion chroma-
tography [33,34] (see Table S1). FFFF can non-destructively separate
particles of size 1 nm to 100 pm [34,44,42]. FFFF of OM, particularly
small OM in the size range of 500-1000 Da (hydrodynamic size of
approximately 1 nm), such as humic acid, is limited by sample losses
(indicated by poor peak recovery) due to poor OM retention and OM
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Fig. 1. Schematic representation of A) sample eluted through a capillary bypassing the FFFF channel without permeate flow for maximum recovery of sample, B)
sample eluted over the membrane in the channel with permeate flow, C) estimation of fractionation parameters based on the area, retention time, and the full width

at half maximum (FWHM) of peaks.
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deposition on membranes [50,51]. A further limitation is poor peak
resolution due to peak overlapping and broadening, reducing the ac-
curacy and precision of molecular weight determination of the OM,
especially for low molecular weight fractions [36,39,40].

The lower size limit of fractionation in FFFF is set by the membrane’s
MWCO [35,36,42]. Although lower MWCO membranes retain smaller
OM species, their use in FFFF is limited by their low permeability [36,
52]. A tight NF membrane limits the permeate flow rate, reducing the
permeate drag force (see Eq. (1)) required for solute separation. NF
membranes can potentially increase the peak recovery of low molecular
weight fractions without losing the peak resolution if a sufficient
permeate flow (typically 2.0-3.0 mL.min~! corresponding to a flux of
approximately 36-54 L.m 2h™1) can be maintained. However, NF
membranes are unsuitable for some commercially available FFFF con-
figurations due to low membrane permeability, which demands a high
transmembrane pressure. Consequently, FFFF typically uses UF mem-
branes, which allow for higher permeate flow rates, providing the
necessary drag force for effective solute separation. Additionally, a
historical preference for UF membranes during the early periods of
development and applications of FFFF established a standard practice
and technological familiarity within the field [43,53]. There is an
emerging interest in NF membranes for FFFF applications to improve the
fractionation of OM in natural waters [52,54] and the characterization
of metal-OM associations in natural [52,55-59] and synthetic waters
[60,61]. Typical NF membranes have a MWCO for dissolved organic
solutes between 0.2 and 1.0 kDa and a 20-80% sodium chloride rejec-
tion [62]. The MWCO transition from NF to UF (from 0.5 to 10 kDa
[63-66]) is not clearly defined in membrane literature [67]. Membranes
with large MWCOs in the range of 0.5-2.0 kDa and high permeation of
salts, including monovalent and multivalent salts, often termed loose NF
membranes [68], may bridge the gap between UF membranes and tight
NF membranes in FFFF.

UF membranes (MWCO >1 kDa or pore size >2 nm) are predomi-
nantly used for OM fractionation in FFFF [53,69-76]. The most widely
used membrane MWCO for FFFF ranges from 5 to 30 kDa [34,47,
77-79]. MWCO 0.3-20.0 kDa membranes (summarized in Table S2 [51,
55,73,75,80-82]) have been used to analyze OM with FFFF. In mem-
brane filtration, both UF and NF membranes are widely used for OM
removal and fractionation [83-87]. Membrane nominal MWCO (in kDa)
and membrane pore diameter (in nm) are frequently used to categorize
size fractionation using membrane filtration [88,89], with MW and pore
size correlated using the Worch equation [87,90]. MWCO, defined by
90% solute retention [91], isn’t fully reliable for OM size fractionation
due to variations in pore sizes or MWCO distribution, influenced by the
shape and charge of probe solutes [67,83].

To improve the separation and resolution in FFFF, it is important to
examine sample loss, particularly the deposition of OM on the
membranes.

Sample loss due to membrane-OM interaction: OM-membrane
interactions are principally adhesive [92] and electrostatic [51,93].
The term adhesive interaction of OM is a broad term that represents the
“stickiness” of an OM to membrane surface by the collective contribu-
tions of diverse specific interactions such as mechanical interlocking,
van der Waals interaction, covalent bonding (bridging), hydrophobic
interactions, and hydrogen bonding as described for various OM by Cai
et al. [92]. Such interactions alter retention time and peak recovery,
while peak resolution is reduced by peak distortion and broadening,
making fractograms unrepresentative of the actual MW distribution [36,
94,95]. Membrane characteristics, such as pore diameter/MWCO [47,
771, charge, roughness [77,96], swelling, and surface functionalities
[50,77,95] contribute to OM-membrane interactions in FFFF, influ-
encing size distribution outcomes. Membranes with negative charge and
lower affinity for OM exhibit low adhesion, but van der Waals in-
teractions, hydrogen bonding, and hydrophobic interactions can
enhance adhesion [92].

Sample loss due to low OM retention: OM retention and
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fractionation is influenced by OM’s chemical (e.g., hydrophobicity,
charge) and physical (e.g., size, shape) properties, as well as the solu-
tion’s properties (e.g., pH, ionic strength, presence of complexing cat-
ions) [85,97,98]. Peak recovery of a fraction represents the amount of
that fraction retained by the membrane (see Fig. 1). The reduction in OM
retention with the nominal membrane MWCO [54] reduces peak re-
covery and signal strength, especially for fractions smaller than the
membrane pore size [47,99]. Due to deviations between apparent
MWCO and the manufacturer’s nominal MWCO [54] and wide mem-
brane pore size distribution, the actual sample loss across the membrane
can be higher than expected. A tighter membrane with higher OM
matter retention may minimize OM loss.

Low resolution due to low flux and poor drag force: In principle,
FFFF can fractionate samples of any size, while resolution is determined
by the difference in drag force. Using a tighter (low MWCO) membrane
to retain small fractions may counteract the requirement for high
permeate flow rates to generate the permeate drag force required for
effective fractionation. Using a low permeate flow rate (<2.0 mL.min’l)
could adversely affect low molecular weight fractionation since the
equilibrium between solute mass transfer towards the membrane (due to
the permeate drag-induced field) and away from the membrane (due to
diffusion driven by a subsequent concentration gradient) is disturbed
[35].

Given the discussed limitations and challenges, five NF membranes
with different MWCOs and material types were used to evaluate the
FFFF fractionation of nine types of OM from the humic, polyphenol,
biopolymer, and low molecular weight organic classes. The resulting
peak recovery was further elucidated by evaluating OM retention using
NF in stirred cell experiments. To demonstrate the applicability of the
method for characterizing NOM, surface water samples collected from
various lakes, swamps and rivers across four different countries were
fractionated. The specific research questions addressed are.

i) How do different NF membranes affect the fractionation (peak
recovery and peak resolution) of OM in FFFF?
ii) How do OM peak recovery and peak resolution of OM change
with the ionic strength for NF/UF membranes in FFFF?
iii) Do electrostatic, adhesive, and permeate drag interactions be-
tween OM and NF membranes alter fractionation at varying ionic
strengths in FFFF?

Membranes are frequently used in both FFFF and membrane filtra-
tion for OM fractionation, yet the literature, terminology, and under-
lying concepts in these fields are often misaligned. Efforts are made to
bridge this gap, aiming to provide insights accessible to both the
analytical FFFF and membrane filtration communities.

2. Materials and methods
2.1. Asymmetric flow field-flow fractionation system

An AF2000 Multiflow asymmetric flow field-flow fractionation
(FFFF) system (Postnova Analytics GmbH, Landsberg, Germany) was
coupled with a UV-Vis detector (PN3212, Postnova, Germany) and an
organic carbon detector (OCD, Model 9, DOC-Labor, Germany) in series
using capillary tubes (1/16-inch outer diameter, 0.007-inch inner
diameter, 1.5 m length between UV-Vis and OCD). The membrane
channel was created by sandwiching NF membrane coupons (29.5 cm x
3.0 cm) between a porous ceramic frit at the bottom and a polyester-
based spacer of thickness 500 pm (specification provided by the
manufacturer) at the top. The spacer pressed on the top of the membrane
created a trapezoidal channel with an active membrane area of 33.4
cm?. A detailed description of the system has been published elsewhere
[47,60,92].

The FFFF protocol is provided in Tables S6 and S7. FFFF channel has
a feed flow (commonly referred to as injection/tip flow in FFFF
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literature) that carries the OM sample and mobile phase, a focus flow of
the mobile phase applied opposing to the feed flow to offer a relaxation
period before the longitudinal transport of samples, a concentrate flow
(commonly referred to as channel out flow or detector flow), and a
permeate flow (commonly referred to as ‘crossflow’ in FFFF literature)
across membrane surface as illustrated in Fig. 2 and Fig. S1. Briefly, a
permeate flow rate (Qp) of 3.0 mL.min"}, concentrate flow rate (Q) of
0.5 mL.min", and focus flow rate (Qfoc) of 3.4 mL.min~! were used
based on the method adapted from Cai et al. [92]. The focus time was 4
min, and the total run time, including equilibrium delay time and
rinsing, was 130 min. A higher pressure is required with tight NF
membranes to achieve a sufficiently high (>2.0 mL.min™1) permeate
flow rate. FFFF channel pressure limit on the permeate syringe pump is
typically 15 bar [100]; a high flow rate set with tight NF membranes
results in a pressure drop and bubble buildup on the permeate side due
to a low mobile phase volume passing through the membrane. Using
thin capillary tubing (e.g., 0.1 mm inner diameter) could provide back
pressure in the channel to maintain a sufficient volume of mobile phase
within the channel under high permeate flow rates [101]. For mem-
branes with a MWCO of 1 kDa or less, a 50 cm back pressure tubing was
used, whereas for membranes with a MWCO of 3 kDa, a 40 cm back
pressure tubing was used. Any potential variations in hydrodynamic
forces during fractionation, due to differences in back pressure tubing
length, were deemed negligible. The permeate pressure limit was
manually increased from 15 to 18 bar in the system configuration to
prevent the FFFF system from automatically shutting down due to
permeate overpressure.

For the mobile phase for FFFF, 1 mM phosphate buffer of pH 6.9 +
0.2 was prepared by mixing 0.45 g KH,PO4 (EMSURE, Merck Millipore,
Germany) and 0.27 g NaaHPO4 (EMSURE, Merck Millipore, Germany) in
5 L of MilliQ water (MilliQ A+ system, Millipore, Germany). For ionic
strength experiments, 0-100 mM NaNOjz (EMSURE, Merck Millipore,
Germany) was added to 1 mM KHyPO4 and NayHPO4 buffer at pH 6.8.
NaNO3 was selected to vary the ionic strength as it is one of the salts with
minimal retention in NF. Using a salt with high retention in NF at a high
concentration would lead to a salt concentration gradient at the mem-
brane surface by concentration polarization. Peak retention ratio, peak
recovery, and peak resolution, as well as the estimation of electrostatic
forces, hydrodynamic forces, and mass loss due to adhesion, were
calculated using methods reported elsewhere [47,92] (see Table 2).

2.2. Nanofiltration system

OM retention and permeability were evaluated in dead-end mode to
characterize the NF membranes. Filtration was carried out in a stainless
steel (SS) stirred cell having a volume of 900 mL and a filtration area of
38.5 ecm? at constant flux conditions at 400 rpm and 20 + 3 °C. A
detailed system description has been published elsewhere [102,103].
The protocol is provided in Table S5. Membrane performance during
OM transport in stirred cells (retention, solute flux, and solute perme-
ability) was evaluated based on the equations listed in Table 2. Fig. 2
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presents a schematic representation of the stirred cell and the FFFF
channel. Fig. S1 gives a detailed schematic of the stirred cell filtration
and FFFF systems.

2.3. Nanofiltration membranes

Commercial NF membranes were selected to cover a wide range of
membrane surface characteristics and performance in the tighter
membrane regime (Table 1). The highest permeate flow rates that can be
used in FFFF depend on membrane permeability. Membranes with water
permeability >5 L.m~2h~'.bar~! were found to be compatible with the
permeate flow rate of 3.0 mL.min"! used in FFFF. A permeate flow rate
of 3.0 mL.min"! with a membrane area of 33.4 cm? corresponds to a flux
of approximately 54 L.m~2.h~!. The permeate flow rate was regulated at
0.2 mL.min"! using a flow-regulating needle valve in the stirred cell
with a membrane area of 38.5 cm? to maintain a permeate flux consis-
tent with FFFF.

The 3 kDa MWCO membrane (HY10) used in this work is regarded as
a loose NF membrane [61] following the general criteria of having a
large MWCO with neutral species in the range of 500-2000 Da and high
permeation of salts, including monovalent and multivalent salts [68]. A
HY70 membrane with a very low water permeability of 2 L.m~2h~L.
bar~! was not considered for the FFFF experiments as the permeate flow
rate of 3.0 mL.min ! used in the FFFF protocol (Table S1) could not be
achieved under the channel pressure limit of 15 bar.

The zeta potential of the membranes was calculated from streaming
potential measurements at pH 2.5-10. The protocol followed for the
streaming potential determination is given in Table S8.

2.4. Organic matter types

The study used nine different types of OM: humic acid (HA) (Tech-
nical®, Sigma Aldrich, Germany), tannic acid (TA) (ACS, Alfa Aesar,
USA), sodium alginate (SA) (Catalog no. B25266, low viscosity, 72-78%
purity, Alfa Aesar, Germany), tannin (TAN) (L19125, PEP 65% purity,
exGrape PEL, Grap’sud, France), tea leaf extract (Tea) (Tata Tea, batch
No. 09PP45-1, packaged 05.2018, India), fermented product (FP)
(Rechtsregulat® Bio, Dr. Niedermaier Pharma GmbH, Germany),
Australian NOM (AUS), worm farm extract (WF) (Schéafer household,
November 2019, Karlsruhe, Germany), and bovine serum albumin (BSA)
(Sigma Aldrich, Germany). The detailed properties of the different types
of OM are summarized in Table S3. 1 g.L’1 stock solutions of HA, TA,
Tea, AUS, TAN, and SA were prepared in Milli-Q water. OM stock so-
lutions (except for BSA) were filtered through 0.45 pm cellulose acetate
filters (Millisart, Sartorius, Germany) to remove suspended particles and
stored in a cool (5 °C) and dark place. To enhance the solubility of HA, 1
g of NaOH (pellet, purity >99.9%, Merck, Germany) was added to the
HA stock solution and stirred for 24 h, resulting in a pH of 11-13. The pH
of the stock solution was adjusted to 8 with HCI before use. BSA stock
was prepared with slow stirring to avoid denaturation of the protein
induced by mechanical shear [111]. FP was supplied as a viscous liquid

Feed

—Membrane
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Nanofiltration stirred cell

To UV/Vis
and OCD
I
I
Foucs Concentrate
f ; A
Permeate

Field flow fractionation channel

Fig. 2. Schematic of stirred cell and FFFF channel used for OM filtration and fractionation using NF membranes.
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Table 1
Properties of the nanofiltration membranes used in FFFF and the stirred cell.
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2

Membrane  Supplier MWCO Active layer material” Pure water permeability (L.m = NaCl retention Zeta potential
(Da)™ h~tbar )" (%)@ (mV)
NF90 DuPont, USA 90-180 Aromatic polyamide [105] 9+2 85-90 [106] —62 + 4°
[104]
NF270 DuPont, USA 150-340 Semi-aromatic piperazine based 16 £3 40-60 [106] —55 + 59 [60]
[104] polyamide [105]
PES300° Postnova, Germany 300 [107] Polyethersulfone (PES) [107] 5+1 23 + 54 —77 £ 5°
HY50 Hydranautics Nitto, 1000 [108] Sulfonated Polyethersulfone [108] 6+1 55 [108] -33+19[61]
USA
HY10 Hydranautics Nitto, 3000 [108] Sulfonated Polyethersulfone [108] 5445 20 [108] —38 +£19[61]
USA

@ Based on previous reports and product datasheets from the manufacturers.
b Data from this work, measured in stirred cell filtration.

¢ Supplier product code: AF2000 MF-AF4 Analytic PES Membrane, Z-AF4-MEM-611-300D [107].

4 Measured with 5 and 10 mM NaCL

¢ Data from this work, measured with 1 mM KCl at pH 6.9, corresponding to the molarity and pH of the FFFF mobile phase.

at approximately 50000 mgC.L !, which was diluted to make stock so-
lutions. The extracted liquid from the worm farm was used as WF stock
solution at a concentration of 400-600 mgC.L’l. TA, TANN, Tea, and
BSA solutions were used within two days of stock preparation since they
have been observed to be susceptible to mold growth and hydrolysis.
Feed solutions in filtration experiments contained 13 + 3 mgC.L™! OM
at pH 8.0 & 0.2 with the background electrolytes 1 mM NaHCOg3 (Bernd
Kraft, purity >99.7%, Germany) and 10 mM NaCl (VWR chemicals,
purity >99.9%, Germany), diluted from the respective stock solutions in
Milli-Q water.

Surface water samples were collected from three tropical countries in
sub-Saharan Africa (Ghana, Tanzania, and The Gambia) [14,112,113],
and the Black Forest (Germany) [114,115], where high concentrations
of natural organic matter (NOM) had previously been reported. The
water sources included four rivers, two lakes, a swamp, a swamp lake,
and a wastewater. Table S4 summarizes the sampling details and the
water quality of the samples used for fractionation in FFFF.

The fractionation of standard OM with known MWs in the FFFF-OCD
with different membranes was performed using 15 + 2 mgC.L™! poly
(styrene sulfonate) sodium salt (PSS) (Polymer Standards Service GmbH,
Mainz, Germany) of nominal MWs 1, 2, 10, 67, 140, and 280 kDa. PSS is
considered an ideal molecular weight standard for validating the frac-
tionation of NOM due to its comparable density, molecular conforma-
tion, charge density, and hydrodynamic properties [47,53,116]. The
molar mass at the peak maximum (Mp) measured with GPC/SEC, as
reported by the manufacturer, is 891, 2180, 9740, 65400, 151000, and
258000 Da, respectively. Table S3 summarizes the carboxylic and
phenolic acidity and the net anionic charge of the OM.

2.5. Water analysis

The dissolved organic carbon (DOC) of the OM samples was
measured for the stock, feed, permeate, and concentrate as non-
purgeable organic carbon (NPOC) using a total organic carbon
analyzer (TOC-L CPH, Shimadzu, Japan). Surface water samples were
filtered with 0.45 pm cellulose acetate filters (Millisart, Sartorius, Ger-
many) to remove suspended particles before analysis. Consequently, the
analyzed samples represent the dissolved organic matter (DOM) in the
respective surface waters. The samples were acidified with 1.5% of the
sample volume of 1 M HCI (Bernd Kraft, Germany), then sparged with Ny
gas at a flow rate of 100 mL.min " to strip off any purgeable organic and
inorganic carbon. The sample was then injected into a combustion tube
at 680 °C for catalytic oxidation and finally analyzed with non-
dispersive infrared detection.

The OM fractions in the permeate samples of stirred cell NF experi-
ments were analyzed using a liquid chromatography-organic carbon
detector (LC-OCD)-organic nitrogen detector (OND) (Model 9, DOC
Labor, Germany) and a UV-detector at 254 nm without being coupled to

FFFF. An SEC column (Toyopearl 341 HW50-S, Tosoh Bioscience,
Japan) was used to separate OM based on the size of the organic frac-
tions and their secondary interactions with the hydroxylated meth-
acrylic polymer resin in the column. A detailed description of the
protocol is given by Huber et al. [117]. Potassium hydrogen phthalate
(KHP) was used for OCD and TOC calibrations (see calibration graphs in
Figs. S3 and S4).

The specific ultraviolet absorbance (SUVA) of feed and permeate was
calculated as the ratio UV,54/DOC (L.cm_l.mg_l) (Fig. S16). It was
determined by measuring the absorbance of samples at 254 nm by using
UV/Vis (UV/Vis Spectrometer, Lambda 25, PerkinElmer, USA). The pH
value of samples and feed solution was measured using a pH meter (pH/
Cond 3320, WTW, Germany) with a pH sensor (SenTix® 41, WTW,
Germany). The turbidity of surface water samples was analyzed using a
turbidity meter (AL250T-IR, Aqualytic, Germany).

2.6. Data calculation

The equations used for various calculations are described in Table 2
and Table S9. Peak recovery (Eq. (4)) corresponds to the ratio of peak
area obtained with and without a permeate flow. Peak recovery was
calculated from peak areas that correspond to the peaks eluting during
the initial 70 min of the Elution I phase (see Table S6) when there is a
permeate flow. Aggregates or higher molecular weight fractions
adhering to the membrane due to the permeate drag that could elute
when the permeate flow is stopped in the Elution II phase are not
included in the recovery calculation. Normalized peak recovery (Eq. (5))
indicates the relative peak recovery of different OM types for a given
membrane. If a membrane achieves 100% normalized peak recovery of
an OM, this indicates the highest observed peak recovery for that
membrane. Conversely, 0% normalized peak recovery indicates the
lowest observed peak recovery among all OM types for that membrane.

Peak resolution (Eq. (7)) gives a measure of the separation of two
peaks of different retention times. The mass loss due to adhesive inter-
action was estimated as an indicator for the extent of adhesive interac-
tion of OM with NF membrane by following the protocol described
elsewhere [92]. Mass 10SSadhesion(%) was calculated by subtracting the
OM mass eluted over the membrane and OM mass permeated through
the membrane, from the mass in the feed as given in Eq. (10). Therefore,
mass loss due to the permeation through the membrane was excluded for
the calculation of the mass loss due to adhesion.

The permeate drag force was estimated (Eq. (11)) based on the hy-
drodynamic diameter determined from FFFF retention time and the
electrostatic force was estimated based on the surface potential of OM
(Eq. (12)) [118,119] and NF membranes (assumed to be equal to
membrane zeta potential, Table 1) [47].
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Table 2
Calculation parameters and equations for FFF and NF performance evaluation [109,110].
FFFF parameters Formula Eq.
Peak recovery (%) Peak recovery — AA 100 4)
0
Normalized peak recovery (%) Norm peak recovery — (X — Xmin) @ 100 5)
(Xmax — Xmin)
Peak retention ratio (—) Peak retention ratio — %0 6)
R
Peak resolution (—) Peak resolution — At (¢2)
2(01 +02)
NF parameters
Retention (%) R (1 B il’) 100 ®
Ch

OM flux (mgC.m’2.h’1) J =J, e, 9

Estimated parameters

Mass 108Sadhesion (%) Mass 108Sugheson. % — (mbypass — Mpppr — mp) «100 (10)

Mpypass
Permeate drag force (N) Fpp = 3-y-de-Up 1n
Electrostatic force (N) Fg = 12)
2
32-m-e0-6rk-de (l%) -tan (:;(PI;,) -tan (%) e K(21-de)/2

Term Unit Definition

A - Peak area under the OM peak in the sample runs through the channel with a
membrane.

Ao - Peak area (—) of OM in the calibration run through a capillary bypassing the
channel.

X OM peak recovery (%) value under normalization to 0-100% for a membrane.

Xinin Lowest value of OM peak recovery (%) observed for a given membrane.

Xmax Highest value of OM peak recovery (%) observed for a given membrane.

to min Void time of the unretained sample during focusing.

tr min Retention time (min) of the OM peak during the elution (only the peak closest to
the void peak is presented).

At min to-t;, where t; and t, (min) are the maxima of peak 1 and peak 2 under
consideration.

21 min 20, and 20, are the full width at half maximum (FWHM) of peaks 1 and 2.

A mgC.L™" Initial permeate concentration, measured using TOC.

Ch mgC.L™} Concentration of OM in the cell. The cp; of the ith sample was estimated by
subtracting the permeate sample concentration, c;, from the initial feed
concentration, cs, and then dividing it with the corresponding retentate volume,
Vi

Jy L.m 2h! Flux.

Mpypass mgC Total OM mass estimated by injecting feed in FFFF-OCD, through a capillary tube
bypassing FFFF channel-membrane

MEFFR mgC Total OM mass (sum of OM sample peak (peak 1) and reversible OM by
permeation (peak 2)) after eluting through the FFFF channel with the membrane.

m, mgC OM mass permeating through membrane in FFFF, estimated by re-injecting the
permeate volume in a separate run in FFFF-OCD bypassing the membrane

n kg.m 157! Mobile phase viscosity.

d. m Equivalent-volume diameter: diameter of a spherical particle with the same
volume as the non-spherical particle.

U, m.s? Applied permeate flow velocity.

£ cvim™? Permittivity of the vacuum.

& - Relative permittivity of the solution.

k kg.m2s 2K! Boltzmann constant.

T K Absolute temperature.

e C Electronic charge.

! m! Debye screening length.

Ym, Wp \4 Membrane and particle surface electric potentials.

l m Mean layer thickness or the position of the particle with respect to the membrane.

2.7. Error analysis

The methodology used to calculate errors in the analysis involves
identifying sources of errors, such as temperature variation, permeate
flow rate, TOC calibration, and feed preparation by the operator.
Membrane originated errors such as the variability in pore size, due to a
potentially wider pore size distribution, were accounted for in the error
estimation of the membranes’ permeability. Absolute errors for
measured quantities were calculated using the error propagation
method described by Imbrogno et al. [120]. Tables S10-S13 present

detailed, quantified errors to ensure a thorough assessment of
uncertainties.

3. Results and discussion

The fractionation performance of the membrane in FFFF depends on
several factors, such as OM retention, OM-membrane adhesive in-
teractions, and membrane permeability. High OM retention and low
adhesive interactions yield high peak recovery in FFFF, whereas a high
permeate flow rate generates high permeate drag for separation, thereby
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enhancing peak resolution. Peak recovery, resolution, and retention
ratio were used as OM fractionation performance indicators to evaluate
the different nanofiltration (NF) membranes in FFFF.

3.1. Peak recovery of organic matter during fractionation in FFFF

Evaluating peak recovery in FFFF helps the optimization of OM
fractionation when varying membrane material and MWCO, permeate
flow rate flow, and mobile phase composition [121]. The peak recovery
of various OM types in FFFF was analyzed to examine the loss of OM
fractions when different NF membranes were used (Fig. 3A). The
apparent MW observed from LC-OCD measurements [122] (see
Table S3) is presented to account for the OM size-based peak recovery. A
poor peak recovery indicates low retention and high loss of OM fractions
by permeation, membrane-OM interactions, or both. The peak recovery
of PSS was analyzed to evaluate the fractionation of OM with a range of
known molecular weights and the NF membranes under consideration.
PSS of MWs 1-280 kDa were selected as model compounds with the
same functional group but different sizes (Fig. 3B).

Peak recovery for all membranes was generally high (>50%) for OMs
with a higher carboxylic acidity. AUS, HA, and BSA with carboxylic
acidities of 5.2, 7.5, and 9.3 mmol.gC ™! exhibited high peak recovery,
whereas TAN, TEA, FP, and TA with lower carboxylic acidity exhibited
low peak recovery. The retention of negatively charged organic solutes
on negatively charged nanofiltration membranes is mainly due to elec-
trostatic repulsion, which prevents the solutes from passing through the
membrane. This repulsion, caused by the Donnan effect, is stronger at
higher pH levels where the membrane’s negative charge is more
prominent [6]. As all the membranes (Table 1) have negative surface
charges at the filtration pH conditions, the electrostatic repulsion of the
OM by the membrane surface is the reason for the high peak recovery of
OM with high carboxylic acidity. A similarly high peak recovery (>90%)
has been reported for carboxylated polystyrene nanoparticles (85 nm)
due to electrostatic repulsion with a negatively charged 30 kDa regen-
erated cellulose membrane, in contrast to uncarboxylated nanoparticles
(102 nm) [123].

High peak recovery is expected when the membrane achieves high
OM retention due to size exclusion, charge repulsion, or a combination
thereof, and low membrane-OM adhesion [124]. However, despite
having the highest net anionic charge of 215 peq.L™}, high carboxylic
acidity of 10 mmol.gC™}, and a high molecular weight of 180 kDa, SA
exhibited very poor peak recovery with all membranes compared to HA
with an anionic charge of 143 peq.L ™, carboxylic acidity of 7.5 mmol.

Apparent MW (kDa)
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gC~!, and a MW of 780 Da (Table S3). Equally important is that the peak
recovery did not follow the order of the different OM types’ MW
(Fig. 3A). This indicates that Donnan exclusion due to identical charges
and size exclusion may not be the only factors determining the peak
recovery of OM. A synergistic effect of size and charge exclusions,
membrane-OM interactions, and drag force may play a role in deter-
mining peak recovery [78,124].

Peak recovery of PSS (Fig. 3B) does not strictly follow the order of
membrane MWCO, similar to the case of OM (Fig. 3A), even though it is
expected to decrease with membrane MWCO [47,54]. Peak recovery of
high molecular weight PSS (140 and 280 kDa) is counterintuitively low.
A decreased peak recovery for OM is usually observed when i) the
membrane-OM adhesion is very high [70,125], ii) OM loss through the
permeate is high [47,124], and iii) the permeate drag force is high due to
the high permeate flow rate of the membrane and solute with a large
molecular size [70,124]. In the first case, PSS with different MWs possess
the same functional groups and negative charges. Therefore, the adhe-
sive interactions based on charge and secondary interactions [92] with
the membrane would be similar for all PSS irrespective of the MWs,
which will not alter the peak recovery. In the second case, the MWCO of
all the membranes except HY10 lies below the molecular weight of PSS.
Thus, the chances of PSS loss through the permeate are low as the size
exclusion works well, in addition to the effect of the Donnan exclusion.
Therefore, the decreased peak recovery of PSSs with high molecular
weights (67-280 kDa) could be due to the third case: drag forces induced
by the larger size of the solute and the resulting drag of OM towards the
membrane. A later section explores membrane-OM adhesive in-
teractions and the drag force experienced by OM to evaluate their role in
determining OM fractionation.

Evaluating the OM retention of the membrane can help to explain the
role of membrane-OM interplay in fractionation [124]. For this, the NF
membranes used in FFFF were evaluated in terms of OM retention, OM
permeate concentration, and solute flux in stirred cell dead-end filtra-
tion at a controlled flux (54 + 10 L.m~2h 1) (Fi g. 4). The selected flux is
comparable to that used in FFFF during the elution of OM.

All OM types except FP were retained over 90%. Among all the
membranes, NF270 and NF90 had the highest retention (>97%) for all
OM types except FP, which is one of the smallest. The retention of most
of the OM is due to the combined effects of the size-exclusion and
Donnan exclusion mechanisms. The size-exclusion mechanism is mostly
prevalent for high molecular weight OM, whereas the interplay between
size and Donnan exclusion plays a major role in the retention of charged
low molecular weight OM [6]. For FP, NF90 exhibited the highest
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Fig. 3. Peak recovery in FFFF with different NF membranes as a function of (A) OM carboxylic acidity and (B) PSS nominal MW. 15 + 2 mgC.L~' OM and PSS, 50 pL
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Fig. 4. Organic matter (A) retention, (B) permeate concentration, and (C) so-
lute flux as a function of OM and membrane type during stirred cell NF ex-
periments (13 + 3 mgC.L’1 OM, 700 mL, 1 mM NaHCO3, 10 mM NacCl, pH 8.0
+ 0.2, retention at 65 + 5% recovery, 400 rpm, 22 + 1 °C, fixed flux of 54 L.
m’z.h’l, membrane area 38.5 cm?).

retention of 82%, NF270 had a mid-range retention of 54%, and HY10
had the lowest retention of 26%. The highest permeate concentration of
6.6 mgC.L~! was observed for FP with HY10. The poor FP retention was
aresult of poor size exclusion due to the larger pore diameter (~1.4 nm)
of HY10 in comparison to the hydrodynamic diameter of FP (~0.5 nm).
Additionally, poor charge repulsion due to a relatively weaker zeta po-
tential of HY10 (—38 mV) and FP’s very low anionic charge (2 peq.L ™)
led to HY10’s poor retention of FP. A decrease in the permeate con-
centration of OM with apparent molecular weight is evident in Fig. 4B.
The most extensive variation in OM retention and OM flux for different
OM types was observed for the membranes HY10 and HY50, whereas
NF90, NF270, and PES300 membranes showed very similar OM reten-
tion and flux, except for FP.

Permeate OM concentration and solute flux decreased with the
apparent molecular weight of the OM. On the other hand, the peak re-
covery observed in FFFF (Fig. 3) did not show any trend with respect to
the apparent molecular weight of OM. Even though peak recovery ob-
tained by OM elution in FFFF is broadly analogous to the retention
obtained by OM filtration in the stirred cell, the different trends between
OM peak recovery in FFFF (Fig. 3) and OM retention in stirred cells
(Fig. 4) imply that OM-membrane adhesive interactions (electrostatic,
van der Waals and hydrophobic) other than size exclusion play a role in
OM fractionation in FFFF. It should be noted that the FFFF process dif-
fers greatly from NF filtration in a stirred cell, which hinders direct
comparison.

The OM peak resolution and peak retention ratio were evaluated
further to understand the role of each membrane in separating the OM
fractions.

Journal of Membrane Science 713 (2025) 123248
3.2. Separation of OM fractions: peak retention ratio and peak resolution

The fractionation of OM types with low molecular weight fractions
(e.g., TEA, FP, and TA) is challenging, perhaps due to their low peak
recovery, faster diffusion, and low drag force. The fractionation of OM
types with larger fractions (e.g., TAN and SA) is equally challenging,
possibly due to their enhanced interactions with the membrane because
of greater proximity to the membrane surface induced by the high
permeate drag force. The peak retention ratio and resolution of the
smallest fractions resolved for OM (peaks eluting nearest to the void
peak) are presented for evaluating the fractionation of OM with different
NF membranes (Fig. 5).

The peak resolution of OM fractions (Fig. 5A) did not vary with
different membranes and OM types except for HA and BSA. On the other
hand, the peak resolution of PSS (Fig. 5B) improved with nominal mo-
lecular weight. Different NF membranes did not have a considerable
impact on the peak resolution of low molecular weight PSS (1-10 kDa)
compared to high molecular weight PSS (67-280 kDa). NF90 and NF270
had the highest peak resolution for all PSS fractions.

HA, with a carboxylic acidity of 9.3 mmol.gC ™!, exhibited an optimal
peak retention ratio of 0.25 (designated by Gigault et el. [126]) with
NF270 and a moderate peak retention ratio of 0.55 with NF90. BSA with
high carboxylic acidities of 7.5 mmol.gG ! also showed a moderate peak
retention ratio. However, AUS and SA with carboxylic acidities of 5.2
and 10 mmol.gC~! did not exhibit low peak retention ratios. Similarly,
other OM types exhibited poor peak retention ratios (0.6-1.0) across all
membranes (Fig. 5C).

An increase in peak retention ratio corresponding with PSS’s mo-
lecular weight was very evident for all membranes (Fig. 5D). High
molecular weight PSS (67-280 kDa) had excellent peak retention ratios
(<0.3) (Fig. 5D) and good separation with all membranes compared to
low molecular weight PSS (<10 kDa). This observation is in agreement
with previous reports [47,127] that the peak retention ratio reduces
(separation enhances) with the molecular weight of the solute. For
instance, the 10 kDa PSS was observed to have a peak retention ratio of
0.6, whereas it was 0.3 for the 30 kDa PSS when fractionated with a 1
kDa MWCO UF membrane [47]. The peak retention ratio significantly
improved when using an NF membrane in comparison with UF mem-
branes. In previous work [47], a UF membrane with a 1 kDa MWCO at a
permeate flow rate of 2.0 mL.min"! resulted in a peak retention ratio of
0.6. However, using NF membranes with a 0.3 kDa MWCO at a permeate
flow rate of 3.0 mL.min"! improved the peak retention ratio to 0.3,
indicating the higher efficiency of NF membranes in fractionating OM in
the lower molecular weight range.

The solution’s ionic strength affects charge repulsion and may cause
a difference in peak resolution and retention ratio. In nanofiltration, the
feed solution’s ionic strength affects separation, while in FFFF, the
mobile phase ionic strength is important as only a small sample volume
of 50 pL is injected into a continuously flowing mobile phase in the
channel with a channel volume of 700 pL.

3.3. The role of ionic strength in improving fractionation

The solution’s ionic strength can influence the OM-membrane
interaction in several ways: i) the ability of a negatively charged OM
to approach or pass through the membrane increases at high ionic
strength due to the reduction in electrostatic double layer thickness
[128], ii) structural changes in the membrane due to a thinning of the
double layer can lead to reduced water permeability [129], and iii)
conformational changes of the OM such as coiling or aggregation can
lead to an increase or decrease in OM retention [47,51]. In addition,
when a membrane’s salt retention is high, a counteracting osmotic
pressure will reduce the effective driving force created by the applied
permeate flow. Thus, peak recovery of OM may reduce with ionic
strength due to its adhesion to the membrane or permeation through the
membrane [47,125]. These fractionation characteristics, such as peak
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Fig. 5. Peak resolution and peak retention ratio of OM (A, C) and PSS (B, D) in FFFF with different NF membranes. 15 + 2 mgC.L’1 OM, 50 pL, pH 8.0 + 0.2in 1 mM
NaHCOs3 and 10 mM NaCl, 1 mM KH,PO, and Na,HPO, buffer mobile phase, pH 6.9 + 0.2, 25 °C. Qp 3.0 mL.min~}, Qc 0.5 mL.min"'. Peak resolution and peak
retention ratio are presented for the smallest resolved OM fraction nearest to its void peak.

recovery and peak resolution at various ionic strengths, could poten-
tially be used to assess how fractionation is affected by membrane-solute
interactions.

SA, HA, and FP were selected for ionic strength experiments based on
carboxylic acidity, anionic charge, and size (see Table S3). Among the
OM types studied, SA is the largest, with a molecular weight of 180 kDa,
high carboxylic acidity of 10 mmol.gC ™}, and a high net anionic charge
of 218 peq.L ™. HA is one of the most widely studied OM types for
fractionation (Table S2), with a small size of 0.8 kDa, high carboxylic
acidity of 7.5 mmol.gC~!, and a moderate net anionic charge of 143 peq.
L~L. FP is one of the smallest OM types, with a size of 0.5 kDa, low
carboxylic acidity of 2.4 mmol.gC™?, and a poor net anionic charge of 2
peq.Lfl. Three membranes HY10, NF270, and PES300 were selected for
the ionic strength experiments based on their active layer chemistry
(sulfonated polyethersulfone, semi-aromatic piperazine-based poly-
amide, and polyether sulfone), zeta potential (—38, —55, and —77 mV),
MWCO (3, 0.3, and 0.3 kDa), and permeability (54, 16, and 5L m~2.h .

ar 1) (see Table 1). The OM fractionation with the selected OM types
(SA, HA, and FP with NF270 and HY10) was performed at varying ionic
strength (0-100 mM NaNOs) of the mobile phase. Fig. 6 presents the
elugrams of fractionation.

At all ionic strengths, NF270 exhibits higher peak intensity and
better-defined peaks than PES300 and HY10, which have poor peak
intensity and poorly resolved peaks. Prominent signals for FP are not
observed with HY10 and PES300, indicating a nearly complete loss of FP
through HY10 and possible combined effects of adhesion and loss in the
case of PES300. Conversely, FP peaks are present in the case of NF270
but are poorly separated. HA and SA exhibit peaks of smaller intensity
with PES300 and HY10 than NF270 at all ionic strengths. Fractionation
into partially separated multiple peaks of SA and HA is apparent for
NF270 in Fig. 6D and G, whereas PES300 and HY10 did not produce

such a multipeak fractionation. The changes observed in the elution
profiles at higher mobile phase ionic strengths are due to a shift in the
balance between permeate drag force and diffusion, affecting the steady-
state cloud of particles [125]. Increasing ionic strength compresses the
electrostatic double layer of both the membrane and OM [128],
reducing the OM’s hydrodynamic diameter. For instance, the hydrody-
namic size of PSS has been reported to decrease with ionic strength due
to compression of the electrical double layer and collapsed conformation
[130]. Such a reduction in the electrostatic double-layer thickness al-
lows OM molecules to move closer to the membrane, potentially leading
to increased interaction, irreversible adsorption, and sample loss during
fractionation [51,125]. The separation of larger OM fractions is partic-
ularly sensitive to changes in ionic strength [125], as larger fractions are
more influenced by hydrodynamic drag and electrostatic forces.
Increased interactions with the membrane at higher ionic strengths can
slow down larger fractions during elution, leading to enhanced separa-
tion, as observed in Fig. 6. High ionic strength can also cause aggrega-
tion of some solutes, leading to an increase in their hydrodynamic size,
which in turn affects their fractionation [51]. The size distribution of HA
isreported to be slightly broadened due to aggregation at increased ionic
strengths [131,132]. The additional shoulder at 12 min that appeared
for HA at 100 mM with NF270 membrane is most likely due to the ag-
gregation of HA at such a high ionic strength.

Fig. 7 presents the impact of ionic strengths on peak recovery,
retention ratio, and resolution.

The impact of mobile phase ionic strength on peak retention ratio
varied with OM and membrane type. For NF270, the lowest peak
retention ratio for HA, SA, and FP was observed at 10 mM mobile phase
ionic strength, indicating the highest separation at this intermediate
ionic strength. For HY10, the lowest OM peak retention ratio was also
observed for the 10 mM NaNOs condition, except for FP, which was
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Fig. 6. Elugram of HA, FP, and SA with NF270, PES300 and HY10 membranes at different ionic strengths. 15 + 2 mgC.L71 OM, pH 8.0 + 0.2 in 1 mM NaHCOj3 and
10 mM NaCl, mobile phase: 0, 10, and 100 mM NaNOs added to KH,PO, and Na,HPO,4 1 mM buffer, pH 6.9 =+ 0.2, 25 °C, Qp 3.0 mL.min"?, Qc 0.5 mL.min"'. There
are no elugrams for HY10 at 100 mM NaNOj3 due to the absence of a signal detected in OCD.

completely lost at this ionic strength. At 100 mM NaNOs, all the OM
types were lost with HY10, whereas only FP was lost with NF270. On the
other hand, PES300 presented very high peak retention ratios indicating
a poor retention for all OM at all ionic strengths.

Peak resolution generally deteriorated with ionic strength for NF270
and HY10. At 10 mM NaNOg, slightly improved peak resolution was
observed for SA and FP with the NF270 membrane, whereas HA did not
exhibit much difference from the 1 mM ionic strength condition. Peak
recovery of HA increased when ionic strength was increased to 10 mM
with both NF270 and HY10, but such an increase was not evident for SA
and FP. However, the complete loss of FP was observed at ionic strengths
of 10 and 100 mM. The difference in charge screening and interaction
between HA, SA, and FP with the membranes could be the reason for
different peak recoveries and peak resolutions for these OM types across
different membranes in FFFF. Increasing ionic strength in the solution
leads to the compression of the electrical double layer surrounding the
negatively charged organic solutes [128] and may also cause solute
aggregation in some cases [51]. Larger aggregates are more likely to be
retained by the membrane due to size exclusion mechanisms, while
smaller aggregates or individual molecules might permeate more
readily. The increased peak recovery of HA at high ionic strengths of
10-100 mM is likely due to an increase in its size because of aggregation.
On the other hand, SA exhibits such an increase in peak recovery only at
100 mM ionic strength, not at 10 mM. The reduction in or absence of FP
peak recovery at high ionic strengths might be due to the loss of FP on
the membrane, which can happen due to its adsorption or permeation
through the membrane caused by the masking of electrostatic repulsion
and compression of the electrical double layer of both the membranes

10

and FP.

Considering only electrostatic interactions, HA and SA are expected
to interact similarly with the membrane due to their high carboxylic
acidity of 7.5 and 10 mmol.gC ™! and substantial net anionic charge of
143 and 218 L.mgC~l.m™}, respectively. However, explanations based
on OM-membrane electrostatic interactions are insufficient to explain
the fractionation behavior of HA, SA, and FP in response to the change in
the mobile phase’s ionic strength. The difference in HA and SA elution
properties at varying ionic strengths leads to the hypothesis that addi-
tional interactions may also play a role in their fractionation.

Multiple factors such as hydrodynamic, electrostatic, and adhesive
interactions were examined to validate the hypothesis of distinct in-
teractions of HA, SA, and FP with membranes.

3.4. Membrane-OM interactions responsible for fractionation

To verify the hypothesis that the difference in peak resolution and
peak retention ratio behaviors of OMs is due to different OM-membrane
interactions, the following factors were estimated (Fig. 8) using FFFF
elution data based on protocols adapted from previous reports; i)
permeate drag force (due to different OM size and membrane permeate
flow velocity) [47], ii) electrostatic force (due to different charges of OM
and membranes) [47], ii) electrostatic force (due to different OM
charges and membranes) [47], OM mass loss due to adhesion to the
membrane (due to different functional groups) [92].

As expected, the impact of ionic strength on the mass loss due to
adhesion varies with the nature of the OM and membrane. PES300 ex-
hibits the highest mass loss due to adhesion when compared to NF270
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detected in OCD.

and HY10. For NF270, the mass loss of HA and FP due to adhesion did
not change with the ionic strength of the mobile phase, in contrast to SA.
The mass loss of SA decreased with the ionic strength, supporting the
observation of an increase in peak recovery of SA with ionic strength,
indicating higher retention of SA with NF270 membranes at high ionic
strength. The nearly complete retention (>99%) of SA in stirred cell
filtration with the NF270 membrane at 100 mM NaNOs ionic strength
supports this observation of increased peak recovery. For, PES300 the
mass loss of both HA and SA decreased with ionic strength, whereas the
mass loss of FP was unaffected by ionic strength. Conversely, for HY10,
the mass loss of HA, SA, and FP increased with ionic strength. The fact
that HA (98%), FP (90%), and SA (99%) are well retained in stirred cell
filtration with HY10 membrane at 100 mM NaNOs suggests that the OM
mass lost due to adhesion could be due to deposition on the membrane
surface or in the membrane pores.

The permeate drag force for HA, SA, and FP with NF270 increased at
an ionic strength of 10 mM and stayed constant with a further increase in
ionic strength. The permeate drag force for PES300 did not change
considerably for HA and FP, whereas decreased for SA with ionic
strength. For HY10, the permeate drag force increased for HA and SA at
an ionic strength of 10 mM but did not change for FP. The electrostatic
repulsive force diminished with ionic strength for HA and SA for both
membranes. The electrostatic repulsive force of FP was not high enough
to observe any changes. At 100 mM ionic strength, a major fraction of
HA and SA were adhered to HY10 due to the reduction in resistance due
to electrostatic repulsion and reduced further, probably due to the
reduction in the size of the OM due to coiling [116,133]. The electro-
static repulsive force diminished completely with an increase in ionic
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strength from O to 100 mM. A decrease in electrostatic persistence length
from approximately 115 nm-17 nm for SA was observed with a change
in ionic strength from 10 to 100 mM [134]. A decrease in electrostatic
persistence length leads to a decrease in the overall stiffness of the
polymer chain. Consequently, the polymer chain becomes more flexible
and less extended. Additionally, the same study found that the electro-
static repulsions between the SA chains are screened at a distance of
approximately 100 nm. This observation is in qualitative agreement
with the observation of poor or no electrostatic forces (Fg) at an ionic
strength >10 mM at a distance of 10 nm used to estimate Fg. A compact
and more flexible conformation of SA may result in increased adhesive
interactions or even deposition on the surface and pores of the HY10
membrane. Such a change in mass loss or permeate drag force was not
observed for PES300 with lower permeability and smaller pores.

The results indicate that OM-membrane interactions depend on OM
and membrane properties. The high adhesive interaction and permeate
drag of SA might be responsible for its poor peak resolution and reten-
tion ratio, especially with HY10, even though the electrostatic repulsion
of SA is higher than HA. The results for FP suggest that if the OM is not
charged and adhesive interaction with the membrane is high, peak re-
covery and peak resolution can be low. This means fractionation de-
pends on the OM size, charge, and adhesive interactions when using NF
membranes. For instance, a membrane such as NF270 with a high
negative surface charge, moderate pure water permeability, and a low
MWCO may be used with moderate ionic strength (e.g., 10 mM NaCl) for
the fractionation of HA.

Given the minimal or conditional differences observed in the frac-
tionation of various OM types, applying the method to a mixture of these
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OM types is justified as it better represents the complex and heteroge-
neous nature of OM in real water environments. This approach enhances
the relevance and applicability of the findings to real-world scenarios
where mixtures of different OM types are commonly encountered.

3.5. Fractionation of natural organic matter

The fractionation of a mixture of nine different OM types, namely
HA, AUS, FP, SA, WF, TA, TAN, TEA, and BSA, with a net TOC of 36
mgC.L™}, was performed at different ionic strengths with NF270 and
HY10 to evaluate the suitability of NF to fractionate a complex model
matrix of OM. Additionally, NOM fractionation was carried out using
surface water samples from rivers, lakes, swamps, and wastewater
sources (Fig. 9). The organic carbon and organic nitrogen fractions
present in the samples, analyzed using LC-OCD-OND are presented in
Fig. S15. The diverse water types offer a broad basis for evaluating the
FFFF method’s effectiveness in fractionating water samples with varying
NOM characteristics.

The elugram of the mixture of nine OM types shows a distribution of
multiple peaks at various retention times. NF270 exhibits higher peak
intensity (height) and fractionation than PES300 and HY10 for all
conditions. Elugrams with a normalized peak height for comparison of
the peak profile are provided in Fig. S14. The peak positions of the OM
mix sample do not strictly match the peak retention times of its com-
ponents when fractionated independently. Similar observations were
reported for various molecular weights using a 0.3 kDa MWCO mem-
brane [135]. Peak intensity and, hence, peak recovery are highest at
very low ionic strength in the absence of NaNOsg, in contrast to the in-
dividual OM runs. Peak recovery of the OM mixture at 100 mM NaNOs is
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very low, presumably due to the loss of OM due to adhesion and
permeation, as in the case of individual OM fractionations (Fig. 7).

The surface water samples generally exhibit multiple peaks and
broader distributions, indicating complex mixtures of NOM with varying
molecular sizes. Peak shoulders and multiple peaks are more pro-
nounced with NF270 than PES300 and HY10, indicating that NF270
provides better separation of heterogeneous NOM fractions. All the
surface water samples display multiple peaks and shoulders on the
NF270 membrane at 0 and 10 mM ionic strength, indicating a diverse
NOM composition. The natural water samples exhibit broader peaks and
more shoulders than HA, suggesting a more heterogeneous NOM. The
OM mix sample shows distinct peaks with shoulders, similar to the
profiles observed in the natural water samples at a low retention time
(low molecular weight region). At a low ionic strength of 0 mM, all
samples exhibit broad peaks with multiple shoulders, indicating high
NOM heterogeneity. At a medium ionic strength of 10 mM, peaks
become slightly more defined, showing a mix of NOM fractions. At 100
mM, peaks are narrower or absent, indicating a substantial loss in the
information on NOM fractions, especially with PES300 and HY10
membranes. While the loss of NOM in HY10 is attributed primarily to
permeation, the case of PES300 suggests a synergistic effect of both
permeation and adhesive interactions, as observed with various types of
OM (Fig. 8).

A 0.3 kDa MWCO NF membrane with lower OM interaction proved
superior to both a 0.3 kDa MWCO membrane with higher OM interac-
tion and a 3 kDa membrane with high OM loss for fractionating NOM, as
it offers better separation of heterogeneous NOM fractions. This study
advances previous findings by offering detailed evidence supporting the
use of NF membranes for better size fractionation, consistent with earlier
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reports [52,54] recommending colloidal size characterization of natural
DOM samples using 0.3 kDa MWCO membranes using FFFF coupled
with UV/fluorescence detectors. OCD coupled with FFFF enables the
fractionation of OM fractions that are not UV/fluorescence active.
However, the long capillary connections used in this setup can decrease
peak resolution due to OM diffusion within the tubing.

In the low molecular weight range, LC-OCD with an SEC column
outperforms FFFF with NF membranes for the separation of different OM
fractions (see Fig. S15). Therefore, it is essential to focus on improving
NF-based FFFF to enhance their performance in these applications. The
NF membrane-based fractionation of OM demonstrates that peak re-
covery, retention ratio, and peak resolution of many organic compounds
can be improved by choosing a membrane with a low MWCO such as 0.3
kDa, and by adjusting the salt concentration of the mobile phase typi-
cally to moderate ionic strength. NF remains limited by the perme-
ability, which raises incompatibility issues with the commercial FFFF
channel hardware. The pressure limitations of the FFFF channel can be
overcome, similar to ultra-high pressure chromatography, when suitable
pumps that can deliver constant permeate flow without fluctuations are
employed. The range of NF membranes for fractionation can then be
further improved to achieve size fractionation at the lower limit,
enabling enhanced separation of OM fractions in the 500 Da size range.
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A challenge that will not be so simple to resolve is the interference in OM
signal intensity and size distribution caused by salt retention by denser
NF membranes.

4. Conclusions

Five nanofiltration (NF) membranes of varying MWCOs and material
compositions were applied in FFFF to assess the fractionation efficiency
of humics, polyphenols, biopolymers, and low molecular weight or-
ganics. The impact of NF membranes on the fractionation of nine OM
types in FFFF was evaluated in terms of peak recovery, peak resolution,
and peak retention ratio. The influence of varying ionic strength on peak
recovery and resolution of OM was assessed, and the contribution of
electrostatic, adhesive, and permeate drag interactions between OM and
NF membranes in fractionation at different ionic strengths in FFFF was
estimated.

The fractionation of OM in FFFF is governed not only by the MWCO
of the membrane but also by the OM-membrane interactions. Peak re-
covery of the OM in FFFF depends on factors such as the electrostatic
and adhesive interactions between the membrane and OM and the
permeate drag, in addition to the size exclusion. Stirred cell filtration of
OM was conducted with the same membranes used in FFFF to perform a
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detailed analysis of peak recovery and solute flux.

NF membrane with a MWCO of 0.3 kDa and low OM interaction
exhibited notably good peak recovery and peak resolution for OM types
such as HA. Conversely, a loose NF membrane with an MWCO of 3 kDa
demonstrated poor peak recovery, attributed to significant OM loss
resulting from both adhesion and permeation, particularly at high ionic
strengths (100 mM). A 0.3 kDa NF membrane (NF270) at low ionic
strength demonstrated effective fractionation of a diverse mixture of
nine types of OM, and NOM in surface water samples from rivers,
swamps, and lakes across four different countries. In line with previous
studies that suggested colloidal size characterization of natural DOM
samples, this work expands on prior findings by providing extensive
evidence supporting the use of NF membranes for improved size
fractionation.

The capability of NF membranes to analyze OM and colloids in the
smallest size range (<1 kDa MW) can be enhanced by selecting an
appropriate mobile phase composition, such as low to moderate ionic
strength, and by modifying the surface characteristics of the active layer
to control OM interaction. Addressing pressure limitations within FFFF
channel hardware will be a critical step in advancing the application of
NF membranes for fractionating low molecular weight OM fractions.
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