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16 Abstract 

17 Estimation of membrane molecular weight cut off (MWCO) in the range between ultrafiltration (UF) 
18 and nanofiltration (NF) is challenging because retention is not controlled only by size exclusion. This 
19 review provides an experimental and theoretical overview of the membrane MWCO in the range from 
20 UF to loose NF (from 500 to 0.7 kDa) to evaluate the significance of membrane MWCO on predicting 
21 retention of organic solutes when approaching NF pore structure. The experimental section includes 
22 filtration of: i) organic tracers with different molecular weights (MW) and properties (e.g. 
23 polyethylene glycol (PEG) and oligosaccharides), and ii) natural organic matter (e.g. humic acid, 
24 alginic acid, Tanzanian and Australian organic matter) in the MWCO range between UF and NF, at 
25 minimal concentration polarization. The role of molecule structure, size exclusion and charge 
26 shielding when filtering organic solutes is elucidated. The molecular structure of uncharged organic 
27 tracers plays a major role on MWCO estimation, especially for loose NF membranes, where 
28 oligosaccharides are retained more effectively compared to PEG tracers of similar MW. The MWCO 
29 determined by PEG filtration and estimated from the pore radius distribution are consistent in the UF 
30 range from 1 to 500 kDa, indicating major contribution of size exclusion. Conversely, MWCO of 
31 loose NF membranes determined with PEG tracers is overestimated. Charged organics, such as humic 
32 acid (1.5 kDa < MW< 3 kDa), shows retention between 60 and 80% for UF membrane MWCO below 
33 30 kDa (pore radius < 14 nm) and full retention by loose NF (pore radius below 1.4 nm). This is 
34 explained with an interplay of size exclusion and charge shielding in the pore. This review can assist 
35 in the selection of the organic tracer and operating conditions for membrane MWCO determination 
36 between UF and NF, elucidating the relevance of membrane MWCO in organic matter retention.

37 Graphical abstract
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42 1. Introduction

43 Membrane molecular weight cut-off (MWCO) is defined as the MW of the organic tracer that is 90% 
44 retained by the membrane, determined by drawing the organic tracer retention as a function of the 
45 tracer MW [1]. An overview of membrane MWCO ranging from nanofiltration/reverse osmosis 
46 (NF/RO) to microfiltration (MF), and the corresponding pore diameter is shown in Figure1A. A 
47 typical range of MWCO for UF membranes is 1-500 kDa [2], while NF membranes typically have a 
48 MWCO below 1kDa (0.15-0.3 kDa) [3]. ‘Loose’ NF membranes have a MWCO of 0.5-2 kDa with 
49 unique properties including high retention of charged organics (e.g. dyes and organic matter), low 
50 salt retention (both monovalent and multivalent), and lower operating pressure than NF (< 6 bar) [4-
51 6]. MWCO is a size exclusion parameter that averages the pore size and does not consider molecular 
52 interactions (such as adsorption, charge interaction, solute-solvent interaction), which become 
53 relevant for separation in the range between UF and NF processes [7-9]. 

54 In the following sections, the most commonly applied methods to determine the MWCO of UF and 
55 NF membranes are described and the specific limitations are highlighted. These methods are: i) 
56 filtration of organic tracers with different MW [10-12], ii) estimation from pore radius distribution 
57 by using liquid-liquid displacement porosimetry (LLDP) [13], and ii) coupling of polymer mixture 
58 filtration (like poly-ethylene glycol, dextrans) with liquid chromatography [14-17].

59 Although there is extensive literature available on the UF and NF membrane MWCO characterization 
60 with organic tracers, the comparison of studies and results performed with different conditions, 
61 devices (hence hydrodynamics), tracers type and a limited range of MWCO is difficult. This is 
62 challenging especially at the interface between UF and NF (such as for loose NF) where the MWCO 
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63 is determined mostly with charged organics, such as dyes [4, 6, 18-21]. In case of UF membrane 
64 MWCO, most of the studies have been performed in a range of tracers concentrations (especially 
65 dextran, polyethylene glycols) between 0.3 to 3.6 g/L [11, 22-25] and with tracer mixtures [11, 26-
66 28], which enhances concentration polarization leading to artefacts in MWCO determination. For this 
67 reason, an extensive experimental section has been included in this review to provide a complete and 
68 comprehensive overview of the experimental MWCO determined by filtration of different tracers in 
69 the full range from UF to loose NF membranes (from 500 kDa to 0.7 kDa) under similar filtration 
70 and hydrodynamic conditions and minimal concentration polarization. This is relevant to: i) elucidate 
71 in which range of MWCO and for which organic tracer type the role of molecular structure and solute-
72 membrane interaction are relevant to control the retention, ii) clarify when the membrane MWCO 
73 and solute MW are relevant to predict the retention of natural organics, in UF and NF. The 
74 experimental section provides a guidance to: i) select the organic tracer type and the operative 
75 conditions to estimate the MWCO for the UF to NF range, ii) help in understanding the mechanisms 
76 controlling the retention of organic tracer and organic matter in the UF to NF range, and iii) determine 
77 the MWCO of loose NF membranes by using oligosaccharides as tracers. Experimental results 
78 include filtration of different organic tracers (e.g. PEG/PEO and oligosaccharides) as well as organic 
79 matter (OM) commonly found in natural water (e.g. humic acid, alginic acid, Tanzanian and 
80 Australian OM). This variety of organic solutes and membrane MWCO will lead to a better 
81 understanding of which OM and organic tracers are separated based on membrane MWCO.

82

83 2. Methods for membrane MWCO determination

84 2.1. Estimation of UF and NF MWCO from organic tracer filtration 

85 Filtration of organic tracers with different MW is widely applied to estimate MWCO of UF and NF 
86 membranes at both laboratory scale and by membrane manufacturers. The most commonly used 
87 organic tracers for UF MWCO estimation are neutral polymer tracer solutes, like polyethylene glycol 
88 (PEG), polyethylene oxide (PEO), oligostyrene, alkanes, and dextrans (see Figure 1A) [1, 11, 12, 16, 
89 24, 29, 30]. Various factors can affect the MWCO estimation with this method as the retention of 
90 these molecules is not solely controlled by size exclusion. A schematic representation of the retention 
91 and transport mechanisms occurring during filtration of organic tracers from UF to NF range is shown 
92 in Figure 1B-D. The transport of smaller MW tracers when present in a mixture with larger MW 
93 tracers is hindered by polymer-membrane interaction or pore blockage, solute-solute interactions and 
94 cake layer formation by larger MW tracers [11, 26-28]. These interactions can result in the creation 
95 of MWCO artefacts as the retention is not dominated by size exclusion (see Figure 1B) [16, 24, 31]. 
96 Additionally, the operating conditions applied in filtration (pressure, polymer concentration and use 
97 of mixtures that are not always specified) affect polymer retention due to concentration polarization, 
98 usually resulting in underestimation of the MWCO [16, 26-28, 32].

99 In the case of NF membranes, saccharides (including mono and di-saccharides) and oligosaccharides 
100 are used as alternatives to PEG/PEO for MWCO and pore radius estimation because they are neutral 
101 and hydrophilic organic molecules with low MW (below 2 kDa) and negligible solute-membrane 
102 interaction (see Figure 1D) [33-35]. When these tracers are used, the presence of defects, defined as 
103 non-uniform and highly permeable membrane areas, can interfere with the organic tracer retention 
104 based on size exclusion, thus affecting MWCO estimation [36-38]. 

105 When approaching the range between UF and NF membranes MWCO, such as the loose NF, the 
106 organic tracer molecular shape, size and flexibility become relevant for the separation of low MW 
107 organics by size exclusion (see Figure 1C) [9, 39-41]. Molecular shape of organic molecules is usually 
108 described by the molecule length and width, and their ratio. Molecule length (L) is defined as the 
109 longest distance between two atoms in the molecule when it is projected on a plane with a z-x-y axis. 
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110 Width and depth are measured by projecting the molecule on the plane perpendicular to the length 
111 axis and measuring the longest (width) and shortest (depth) distances (Figure S1) [39, 40, 42]. 
112 Previous studies reported a sharper increase of organic tracer retention (hence MWCO) by NF when 
113 the molecular width is considered instead of MW, because molecules with shorter width can permeate 
114 more easily [39, 40, 43]. This highlights that when approaching nanoscale porous structures, in the 
115 UF/NF range, MW cannot predict molecule retention. 

116 Several studies demonstrated that molecular shape plays an important role in controlling not only the 
117 molecule size, but also the spatial orientation at the pore entrance [9, 20, 39, 42, 44]. Long-chain 
118 organics (such as polymer tracers) are subjected to macromolecular deformation (like elongation) 
119 under applied pressure, which facilitates permeation especially through NF membranes (see Figure 
120 1C) [41, 45, 46]. In fact, polymers with a high length-width ratio (like PEG/PEO or dextran) can 
121 elongate more easily than short chain oligomers (like oligosaccharides) or saccharides (with a length-
122 width ratio close to 1), resulting in artefacts for MWCO estimation [9, 42, 44-47]. 

123

124 Figure 1. A) Overview of membrane MWCO, pore diameter, and organic tracers used for MWCO 
125 characterization, * pore size for RO membranes refers to void space, B-D) schematics of expected 
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126 retention and transport mechanisms of different tracers by UF, loose NF and NF membranes. 
127 Chemical structures were drawn with ChemDraw Professional. 

128 Organic tracers with small molecular width and a capsule shaped geometry (like oligosaccharides) 
129 are reported to give better prediction of retention (hence MWCO) by NF membranes because 
130 retention is controlled by size exclusion [9, 39, 47, 48].

131 Besides the uncharged organic tracers, charged organic molecules (like natural organic matter, water 
132 soluble dyes and polyelectrolytes) have been used for MWCO characterization of NF membranes, 
133 especially for loose NF. However, in this case charge interaction results in a tracer specific MWCO 
134 rather than MWCO as an intrinsic membrane property [4, 6, 18-20, 49]. This is because of a 
135 synergistic contribution of charge repulsion by the negatively charged NF membranes and size 
136 exclusion (Figure 1C), which is relevant especially for charged low MW dyes [21]. In addition to 
137 charge repulsion, the electric double layer within the charged NF membrane porous structure (namely 
138 Debye length) can play a role in the retention by size exclusion of electrolytes and charged organics, 
139 like natural organic matter (OM), as it changes the actual pore radius of the membrane in the presence 
140 of ionic strength [50]. 

141 2.2. Estimation of MWCO from liquid-liquid displacement porosimetry (LLDP)

142 LLDP has been proposed as an alternative method to estimate UF membrane MWCO using the 
143 measured pore radius distribution, as opposed to the time-consuming method of organic tracer 
144 filtration [13, 51]. Other liquid displacing techniques (e.g. mercury porosimetry, bubble point method, 
145 thermo and permporometry) [52-54] and the filtration of rigid nanoparticles [55-59] have been used 
146 to estimate the pore size distribution of UF membranes. Among the liquid displacing techniques, 
147 LLDP is more advantageous as the membrane sample is not destroyed by the high pressure applied 
148 and the remaining mercury in the pore structure [60, 61]. LLDP is based on the convective transport 
149 of a displacing liquid inside the porous membrane (previously wetted by an immiscible liquid). The 
150 method uses Young-Laplace equation to describe the pressure difference across the interface of two 
151 immiscibile liquids assuming a simplified structure of capillary cylindrical pores, to relate the applied 
152 pressure and the pore radius opened to flux [61, 62]. The resulting flow as a function of pressure (or 
153 equivalently, pore radius) is related to the pore radius by the Hagen-Poiseuille equation, which is used 
154 to determine the number of pores for each pore radius involved in the flow [61-63]. By applying a 
155 pressure gradient, the number of pores involved in the flow increases, resulting in a pore radius 
156 distribution as a function of flow [61, 62]. Once the normal distribution of the membrane pore radius 
157 is obtained, the mean pore radius is used to estimate the size (and accordingly the MW) of the tracer 
158 molecules which are expected to be 90% retained. The use of two immiscible liquids (a wetting and 
159 a displacing liquid) in LLDP allows for lower pressure to be applied compared to gas LDP. LLDP 
160 allows to measure pore radius below 20 nm with a detection limit approaching 2 nm (dependent on 
161 the operating conditions), which is not suitable for NF membranes with pore radius below 1 nm and 
162 a porous void structure [60, 61, 64]. 

163 2.3. Estimation of MWCO from mixed organic tracers and liquid separation chromatography 

164 Liquid chromatography (LC) analysis coupled with polymer tracer filtration has been proposed as an 
165 alternative method for the estimation of MWCO, when a mixture of polymer tracers with different 
166 MW is used [14-16]. This allows to determine the MWCO by performing one filtration, instead of 
167 several filtrations of individual polymer tracers. The LC techniques mostly used to identify the 
168 polymer tracers permeating through the membrane are: i) high pressure liquid chromatography 
169 (HPLC) [14, 15], ii) size exclusion chromatography (SEC) or gel permeation chromatography (GPC) 
170 [16, 17], and iii) LC combined with an organic carbon detector (LC-OCD) in cases of organic solutes 
171 separations based on their MW [65, 66]. HPLC analysis is limited to a range of PEG MW from 0.7 
172 to 6 kDa, which is suitable for UF with MWCO below 5 kDa and NF membranes [14, 15]. Conversely, 
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173 SEC analysis allows to cover broader UF MWCO due to the possible separation of bigger MW tracers 
174 up to 1000 kDa [16]. When separating OM of different MW, LC can be combined with fluorescence, 
175 organic carbon detection (OCD) and organic nitrogen detection (OND) [65, 66]. LC-OCD is mostly 
176 applied to separate OM into biopolymers (BP, MW <10 kDa), humic substances (HS, MW 1 to 7 
177 kDa), building blocks (BB, MW < 1 kDa), low molecular weight acids and neutral organics (LMW, 
178 MW < 0.4 kDa) [65, 66]. The major drawbacks of LC for polymer tracers or OM separation are 
179 organic solutes-column interaction and solute-solute interaction, which can result in underestimation 
180 of membrane MWCO or artefacts with OM separation and MW determination [17].

181 3. Implication of UF and NF MWCO for organic matter removal

182 Similar to the filtration of organic tracers for MWCO estimation, the OM retention by UF and NF 
183 membranes is controlled by an interplay of different mechanisms, such as size exclusion, charge 
184 repulsion, and other solute-membrane interactions. The different mechanisms lead to inconsistent 
185 retention of OM based solely on membrane MWCO [67-71]. This is highlighted in several studies 
186 where variable range of retention and mechanisms are reported for OM separation by UF and NF 
187 membranes. 

188 Humic acid removal from 70 to 86 % has been reported for UF MWCO below 10 kDa, while removal 
189 higher than 95%  has been reported for NF with MW of 300 Da [70, 72-74]. This was attributed to 
190 an interplay of hydrophobic interactions with the membrane and charge repulsion. In contrast, neutral 
191 low MW organics (MW 200- 400 Da) are less removed by NF with a retention between 80 and 88% 
192 [70, 72-74]. Schäfer et al. [75] demonstrated that retention of natural organics ranges between 50 and 
193 80% depending on their MW. The same study reported a sharp increase in retention with membrane 
194 pore diameters below 6 nm (MWCO below 10 kDa), due to a dominance of size exclusion. Yu et al. 
195 [76] reported an inconsistent removal of OM with MW below 0.8 kDa by loose NF membranes 
196 (MWCO of 0.8 and 1 kDa), which was pH dependent. This can be attributed to the molecular shape 
197 of humic substances containing charged functional groups (e.g. COOH and OH groups), which vary 
198 their molecular size under different water conditions (pH and ionic strength) and consequently their 
199 retention by size exclusion [50, 71].

200 4. Experimental methodology 

201 4.1. Organic tracer type and solution chemistry 

202 Two polymer tracers were used for MWCO determination, PEG (MW 0.2-35 kDa, purity not 
203 specified, Sigma Aldrich, Germany) was used for loose NF and UF MWCO below 30 kDa, and PEO 
204 (MW 100-4000 kDa, purity not specified, Sigma Aldrich, Germany) was used for UF MWCO above 
205 100 kDa. Oligosaccharides (maltose, malto-triose, malto-hexaose, xylo-pentaose and fructo-
206 oligosaccharide from Merck, purity >90%, Germany) were selected for MWCO determination of 
207 loose NF membranes. Molecule structure and characteristics (pKa, MW, molecular width, length and 
208 Stokes radius) of PEG/PEO and oligosaccharide tracers are reported in Table S1. An individual 
209 polymer tracer solution of 0.020 g/L, 0.025 g/L for maltose and 0.023 g/L for the other 
210 oligosaccharides (corresponding to 10 mgC/L) was used to minimise concentration polarization 
211 according to mass transfer calculations [77]. All solutions were prepared in MilliQ water to avoid 
212 interference of ionic strength by the presence of salts for MWCO determination. The resulting pH of 
213 the organic tracer solutions prepared in MilliQ water was 5.3 ± 0.4. To estimate the MWCO from the 
214 mean pore radius determined with LLDP, the PEG/PEO tracer water diffusivity (Dw, m2/sec) was 
215 calculated from the tracer MW (g/mol) using Eq. (1), valid in a range of polymer MW between 21 
216 and 530 kDa [13, 78]. 
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𝑙𝑜𝑔𝐷𝑤 = ―4.11
― 0.48log (𝑀𝑊)

(1)

217 4.2. Organic matter type and solution chemistry 

218 Sodium alginate salt (AA, 72−78% purity, Alfa Aesar, Germany) and humic acid (HA, technical 
219 grade 80% purity, Sigma Aldrich, Germany) were used as representative cases of biopolymers and 
220 humic substances. Natural waters from Tanzania (Tanz, from a swamp of the Maji ya Chai River 
221 [79]) and Australia (Aus, from Gosford Mooney pump station in Brisbane Water National Park, 
222 Australia [80]) were used as examples of natural OM. The HA stock solution of 500 mgC/L was 
223 prepared by dissolving 0.5 g of powder in 500 mL of MilliQ water, adding 1 g of NaOH and stirring 
224 for 24 hours. The HA and natural water stock solutions were filtered with a nitrate cellulose 0.45 µm 
225 filter to remove suspended solids, and the dissolved organic carbon (DOC) concentration was 
226 measured with a total organic carbon analyser (TOC, Sievers M9, General Electric, USA). The OM 
227 feed solutions were prepared by diluting a certain volume of the OM stock solutions in a background 
228 electrolyte solution containing 1 mM NaHCO3 (99.7% purity, Bernd Kraft, Germany) and 10 mM 
229 NaCl (99.7% purity, VWR Chemicals, Germany) to have an OM feed concentration of 10 mgC/L. 
230 The feed solution pH was adjusted to 8 ± 0.2 by adding HCL 1 M and NaOH 1 M. 

231 4.3. UF and loose NF membranes characteristics

232 Membrane MWCO, permeability and pore radius 

233 Biomax and Ultracel UF membranes (Millipore, Bedford, USA) were selected to cover the full range 
234 of UF membrane MWCO (1-500 kDa) and representative materials, namely polyethersulfone 
235 (Biomax) and regenerated cellulose (Ultracel). Three NF membranes (Nitto-Hydranautics, Germany), 
236 namely Hydracore10 (Hy10), Hydracore50 (Hy50) and Hydracore (Hy70), made of sulfonated 
237 polyethersulfone were used. These NF membranes have a nominal MWCO that is in the range 
238 between UF and NF from 0.7 to 3 kDa. Membrane characteristics (nominal MWCO, pore radius, top 
239 dense layer material and pure water permeability) are reported in Table 1.

240 Table 1. Nominal MWCO, pore radius, pure water permeability (Lp, L/m2hbar) and material of 
241 Biomax, Ultracel UF and loose NF membranes

Membrane 
type

Supplier 
Code

Nominal MWCO 
(kDa)a

Pore radius 
(nm)b

Top dense layer 
material

Lp 
(L/m2hbar)

PLCHK 100 9.1 200

PLCTK 30 4.8 130

PLCGC 10 2.7 80

PLCCC 5 1.8 10

Ultracel UF

PLCBC 3 1.4

Regenerated cellulose

5
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PLHAC 1 0.8 4

PBVK 500 21.3 1330

PBMK 300 16.2 1620

PBHK 100 9.1 930

PBQK 50 6.1 630

PBTK 30 4.8 503

PBGC 10 2.6 390

Biomax UF

PBCC 5 1.8

Polyethersulfone

68

Hy70 0.7 0.7 2.5

Hy50 1 0.8 14Hydracore 
NF

Hy10 3 1.4

Sulfonated 
polyethersulfone

30

242 a determined by manufacturer at 90% retention of: i) maltodextrin (for UF MWCO range 1-10 kDa) and dextran 
243 mixture (for UF MWCO range 10-1000 kDa) from 0.7 to 3.6 g/L for Biomax and Ultracel [16], 2) dyes (type 
244 not specificed) retention for Hydracore NF as provided by the supplier [6]; b calculated from the MWCO as 
245 the equivalent sphere radius 𝑟𝑃 = 2.0374 10-11 MW0.53 where rp (m) is the membrane pore radius [81]

246 Membrane surface and cross-section morphology

247 Microscopy analysis of the membrane surface and cross-section was performed to evaluate the pores 
248 spatial distribution and superficial pore structure of membranes with varying MWCO range from UF 
249 to NF. Biomax and Ultracel UF membranes were analysed using a helium ion microscope (HIM, 
250 ORION NanoFab, Carl Zeiss AG, Germany) at an acceleration voltage of 30 kV and beam current of 
251 0.3 pA. UF membrane samples were soaked for 1 hour in MilliQ water and then rinsed to remove the 
252 glycerine coating. The membrane coupons were air-dried before analysis with the microscope and no 
253 metal sputtering was required. Microscopy imaging of Ultracel membranes was challenging due to 
254 the low conductivity of the regenerated cellulose, which could not be solved with metal sputtering. 
255 The imaging of Ultracel membranes with MWCO below 100 kDa was not successful. Hydracore NF 
256 membrane surface and cross-section were imaged with a scanning electron microscope (Ultra 55 SEM, 
257 Carl Zeiss Ltd., Germany) at the Leibniz Institute of Surface Engineering (IOM), with sample 
258 preparation and analysis conditions for the NF membranes reported elsewhere [82]. Images are shown 
259 in Figure 2. 
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260

261 Figure 2. HIM micrographs of Biomax (Bio) and Ultracel (Ultra) UF membrane surface (resolution 
262 100 nm for MWCO from 5 to 50 kDa, 500 nm resolution for MWCO from 100 to 500 kDa). SEM 
263 micrographs of NF Hydracore (NF Hy) are adapted from Boussouga et al. [82] 

264 A highly porous surface is evident for Biomax membranes with a larger MWCO (300-500 kDa) and 
265 heterogeneous pore entrance structure. For membranes with MWCO below 300 kDa the superficial 
266 pores are less visible and the membrane surface becomes denser. When approaching UF and loose 
267 NF membrane MWCO below 5 kDa, the membrane surface appears dense without visible superficial 
268 pores. 

269 Membrane surface charge and Debye length 

270 Ultracel and Biomax UF membranes, as well as Hydracore NF membranes are negatively charged at 
271 pH above 2 [82-84]. At pH 8, corresponding to the pH at which OM filtration was performed, zeta 
272 potentials values (determined with streaming potential measurements) reported in previous studies 
273 are in the range of -10 to -19 mV for Ultracel and Biomax [83, 84], and -30 mV for Hydracore NF 
274 membranes [82]. Given the negative charge of the membranes and the presence of an electrolyte 
275 background of 10 mM NaCl and 1 mM NaHCO3 in the feed solution containing OM, the Debye 
276 length within the porous structure of UF and NF membranes was calculated. The aim was to 
277 determine the contribution of charge shielding by the electric double layer of the ions in the pore to 
278 OM retention. The Debye length, 𝜆𝐷 (m) was calculated using Eq. (2) [85, 86]:

𝜆𝐷 = (
 𝜀0𝜀𝑟 𝑅𝑇

𝐹2 ∑
𝑖 𝑧2

𝑖 𝑐𝑖
)

1 2 (2)

279 where ε0 is the permittivity of vacuum (8.85∙10−12 C/V.m), εr is the relative permittivity (78.2), R is 
280 the gas constant (8.3143 J/mol.K), T is the temperature (K), F is Faraday’s constant (96487 C/mol), 
281 zi is the valence of ion i (1 for NaCl and NaHCO3), and ci is the ion concentration (11 mol/m3). A 
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282 Debye length of 4.1 nm for loose NF membranes with pore radius in the range 0.7 to 1.4 nm (see 
283 Table 1) and an electrolyte background of 10 mM NaCl and 1 mM NaHCO3 was calculated, which 
284 is similar to the value reported by Boussouga et al. [86] (~ 3.0 nm) for NF membranes (NF270, NF90) 
285 and similar electrolyte background of 10 mM NaCl. The Debye ratio (or feed screening length) (λ) is 
286 obtained by dividing the Debye length by the membrane pore radius (rp) as presented in Eq. (3). This 
287 parameter is relevant to determine the variation of charge shielding within the pore when the pore 
288 radius (hence the MWCO) is varied [85].

𝜆 =
𝜆𝐷
𝑟𝑝

(3)

289

290

291

292

293

294 4.4. Filtration equipment and protocol 

295 A stainless steel dead-end stirred cell was used for: i) organic tracer filtration of different MW to 
296 determine the retention and membrane MWCO of UF and loose NF, and ii) OM filtration through UF 
297 membranes with a range of MWCO between 1 and 50 kDa and loose NF to evaluate the role of 
298 membrane MWCO on the separation of different OM. A detailed description of the filtration protocol 
299 is given in Table S2. Some of the operating conditions (recovery of 30%, stirring speed 400 rpm, and 
300 feed concentration of 10 mgC/L) were similar to the MWCO characterization protocol for NF 
301 membranes reported previously [77]. The range of fluxes, pressures and temperatures are reported in 
302 Table S3. PEG/PEO filtration by UF membranes was performed at a fixed permeate flow rate of 0.35 
303 ± 0.04 L/h for membranes with MWCO ranging from 5 to 500 kDa and 0.17 L/h for Ultracel 
304 membranes with MWCO ranging from 1 to 3 kDa. The permeate flow rate was controlled with a flow 
305 regulator valve (SS-2MG Swagelok, Germany) installed in the permeate side (system schematic is 
306 depicted in Figure S2). For loose NF membranes, PEG/PEO filtration was performed at a flux of 20 
307 L/m2h due to the limited permeability of Hy70 and the highest possible pressure achievable in the 
308 system (9.6 bar). Observed retention (Robs), determined experimentally from the feed and permeate 
309 concentration at 15% recovery, was used for the MWCO estimation with PEG/PEO and 
310 oligosaccharides at minimal concentration polarization as previously reported [77].

311 4.5. Pore size distribution by liquid-liquid displacement porosimetry (LLDP)

312 An automated liquid-liquid displacement porosimetry (LLDP), built at the University of Valladolid, 
313 was used to measure the pore radius distribution of Biomax and Ultracel UF membranes in the range 
314 of MWCO from 1 to 500 kDa to estimate the MWCO from the pore radius distribution [87]. NF pore 
315 radius distribution was not measured by LLDP due to pressure limitations and a pore radius detection 
316 limit of 2 nm [61, 62]. Biomax membranes were soaked for 1 hour in MilliQ water to remove 
317 glycerine and freeze-dried (Aplha 2-4 LSC plus, Germany) for 22 hours at a temperature of –20 °C 
318 and a pressure of 0.0001 mbar prior to analysis. Ultracel membranes were not freeze dried because 
319 shrinkage of the membrane was observed afterwards.  The flow of the displacing liquid was controlled 
320 by a syringe pump, the pressure was monitored by a pressure transducer (0-5 MPa, DFP®, AEP), the 
321 membrane holder area was 2.5∙10-4 m2 and the analysis was performed at a controlled temperature of 
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322 20 ± 0.1 °C. The membrane coupon was soaked for 45 minutes in wetting liquid containing isobutanol 
323 saturated with water (1/1, v/v) prior to LLDP analysis. The displacing liquid was water saturated with 
324 isobuthanol (1/1, v/v) and pumped through the membrane coupon at a pressure ranging between 0.1 
325 and 40 bar.

326 The log-normal distribution function was used to obtain the differential permeability distribution as 
327 a function of the mean membrane pore radius and the normal pore radius distribution versus 
328 permeability [88]. MWCO was estimated from the mean pore radius following the method published 
329 by Calvo et al. [13] In this method, the pore radius (rp, m) that covers 90% of the cumulative pore 
330 radius distribution was converted to MWCO by considering the equivalent spherical radius of the 
331 PEG/PEO tracer molecule and the PEG/PEO tracer water diffusivity. The assumptions to apply this 
332 method for MWCO estimation are: i) neutral spherical organic tracer, ii) negligible tracer-membrane 
333 interaction, iii) retention by size exclusion, and iv) molecule flexibility or deformation at the pore 
334 entrance is negligible. Assumption (ii) is valid as negligible PEG/PEO adsorption by UF Biomax and 
335 Ultracel membranes was observed, while assumptions (i) and (iv) simplify the real conditions where 
336 PEG/PEO tracer may elongate (high length- width ratio) under applied pressure in filtration (hence 
337 no spherical shape) [20, 39, 42, 44].

338 4.6. Organic matter fractionation by LC-OCD analysis 

339 LC-OCD (Model 9, DOC Labor, Germany) was used to determine the OM type and MW in the feed, 
340 retentate and permeate samples after filtration by UF and NF membranes. A SEC column (Toyopearl 
341 HW50-S, Tosoh Bioscience, Japan) was used for the separation of OM based on the different elution 
342 times when the solution was pumped at a constant flow rate of 2 mL/min (Azura P 4.1S, Knauer, 
343 Germany). ChromLOG and ChromCALC software (version 2.5) were used for organic carbon and 
344 UV signal processing and data acquisition. A TOC calibration was performed with standard solutions 
345 of potassium hydrogen phthalate (purity > 99.5%, Merck, Germany) in a concentration between 0.1 
346 and 5 mgC/L. The calibration and the limit of detection are reported in Figure S5B. To relate the MW 
347 of OM with the elution time, the system was calibrated using standard molecules of different MW 
348 ranging from 0.2 to 65 kDa. The standards type and MW are given in Table S4 and the calibration is 
349 shown in Figure S5. The standard solutions were prepared at 5 mgC/L in MilliQ water and the pH 
350 was adjusted to 8.0 ± 0.5. A dilution factor of two and five was used for OM permeate and feed 
351 samples, respectively, before LC-OCD analysis to have a DOC concentration below 5 mgC/L. OM 
352 types contained in the feed are given in Table 2. Aus and Tanz waters have a higher HS content 
353 compared to HA. HS are negatively charged at pH above 4 due to the deprotonation of COOH groups 
354 present in humic acid and fulvic acid (pka=4.3) [89], hence charge repulsion by UF and NF 
355 membranes is expected. 

356 Table 2. Organic matter type in the feed, MW, hydrodynamic radius (rh) 

OM Fractions  by LC-
OCD 

MW from LC-OCD 
(kDa)d

MW range

(kDa)

rh (nm)

AA BIO: 96% 65 12 -180 [90] -

HA HS: 37%

BB: 20%

1.5-2.7
1

Acids< 0.5
Neutral 0.2

0.2-30 [91, 
92]a

0.3-1.5 [93, 94] 

b
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LMW: 31%

Aus HS: 67%

BB: 13%

LMW: 20%

0.5-1.5 [66]c

-

Tanz HS: 75%

BB: 15%

LMW: 10%

HS:1.5-2.7

BB:1

LMW: Acids< 0.5

Neutral 0.2 0.5-1.5 [66]c

-

357 a determined by GPC of HA natural sources, bmeasured by FFF and FFF combined with UF fractionation, 
358 c determined by LC-OCD,d determined from the elution time and calibration in Figure S4 and Figure S5, 
359 BIO= biopolymers, HS=humic substances, LMW=low molecular weight neutrals and acids, BB= building 
360 blocks, from Nguyen et al. [95]

361 4.7. Total organic carbon analysis

362 The concentration of PEG/PEO, oligosaccharides and OM in feed, retentate and permeate samples 
363 was measured using a total organic carbon (TOC) analyser (Sievers M9, General Electric, USA). The 
364 analysis was performed using an acid and oxidizer flow rate of 1 µL/min. A dilution factor of two 
365 was used for the feed, retentate and permeate samples to have a TOC below 10 mgC/L. A calibration 
366 with standard solutions of potassium hydrogen phthalate (purity > 99.5%, Merck, Germany) in a 
367 range of concentrations from 0.1 to 10 mgC/L was performed, see Figure S3.

368 5. Experimental overview on organic tracer and organic matter retention

369 Membrane MWCO of UF and NF was determined experimentally by PEG/PEO and oligosaccharide 
370 filtration at the point of 90% retention. The role of molecular structure (short chain oligosaccharides 
371 versus long-chain polymer tracers) and adsorption on tracer retention and, consequently, MWCO 
372 determination were elucidated. Furthermore, the removal of different OM types commonly found in 
373 natural waters and the OM MW not retained by the membranes were determined to elucidate the 
374 contribution of size exclusion in the range between UF and NF.  

375 5.1. UF membrane MWCO by PEG/PEO tracer retention

376 Tracer retention of PEG/PEO of different MW was investigated to evaluate the consistency between 
377 tracer MW and UF membrane MWCO at 90% retention in the range between 1 and 500 kDa (Figure 
378 3).
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379

380

381 Figure 3. PEG/PEO observed retention by (A, B) Biomax and (C, D) Ultracel UF membranes (10 
382 mgC/L PEG/PEO in MilliQ, 15% recovery, 400 rpm, pH 5.3 ± 0.4, 23.2 ± 1.3 °C). Data points in 
383 brackets are repeated experiments.

384 For UF Biomax membranes (Figure 3A and B) with a nominal MWCO between 5 and 100 kDa, the 
385 experimental MWCO was determined when the observed retention reached 90% for PEG/PEO MW 
386 of 4, 8, 20 and 100 kDa, respectively. In the case of Ultracel membranes (Figure 3C and D) with a 
387 nominal MWCO between 1 and 30 kDa, the experimental MWCO was obtained when the observed 
388 retention reached 90% for PEG MW of 1, 4, 6, 8 and 35 kDa, consistently with the nominal MWCO. 

389 An overestimation of the experimental MWCO was observed for the UF membranes with nominal 
390 MWCO of 100 kDa (Figure 3D), where the observed retention reached 90% with PEO MW above 
391 400 kDa. Similarly, for the nominal MWCO of 500 kDa (Figure 3B), the observed retention reached 
392 90% with PEO MW above 400 kDa, while it remained to 80% for 300 kDa, considering the 
393 experimental error. One explanation for the overestimated MWCO could be the occurrence of PEO 
394 interaction with the membrane [11],  resulting in higher retention. Loss of up to 25% of the PEO mass 
395 in the feed (Figure S12) and a flux reduction after filtration between 50 and 85% (Figure S13) were 
396 observed, which could be related to the occurrence of PEO deposition in the membrane for larger 
397 MWCO. While PEO deposition in the membrane could be more relevant for larger UF membrane 
398 MWCO, polymer adsorption was negligible for UF MWCO below 100 kDa, displaying no 
399 interference with the UF MWCO estimation. In the next step, the role of tracer molecular structure 
400 on loose NF MWCO estimation was investigated.

401 5.2. Loose NF membrane MWCO by PEG/PEO and oligosaccharide tracer retention

402 PEG/PEO (long-polymer chain) and oligosaccharide (spherical colloid structure) retention by loose 
403 NF membranes was investigated to determine if the molecular structure of uncharged tracer interferes 
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404 with the MWCO estimation. The observed retention as a function of tracer MW is shown in Figure 
405 4.

406

407  When oligosaccharide tracers (spherical colloid structure) were filtered, 90% retention was reached 
408 with xylo-pentaose (0.7 kDa) for Hy70 and fructo-oligosaccharide (1.9 kDa) for Hy50, indicating a 
409 MWCO of 0.7 and 2 kDa, respectively. Surprisingly, PEG tracers (long-polymer chains) with similar 
410 MW to oligosaccharides showed lower retention (below 20%), and the 90% retention was reached 
411 with PEG MW of 35 kDa, resulting in an unrealistic MWCO for loose NF membranes. 

412 Possible reasons for such a variable MWCO with different tracers could be: i) tracer adsorption on 
413 the membrane, and ii) the molecular structure associated with different molecule size. PEG mass loss 
414 at the low feed concentration of 10 mgC/L was negligible within the experimental error (Figure S15), 
415 suggesting that PEG adsorption on the membrane was not responsible for the different MWCO. In 
416 terms of molecular structure, PEG tracers are long polymer chains with a molecule length about 1.6 
417 times (for MW below 1.5 kDa) larger than the oligosaccharides, and a molecule width about 3.6 times 
418 smaller (Table S1). Hence, PEG tracers could more easily elongate at the pore entrance and permeate 
419 through the porous structure compared to the oligosaccharides with a more spherical colloid structure. 
420 Similar findings were reported by Liu et al.[44], who demonstrated that the long polymer shape of 
421 PEG tracers (larger length/width ratio) facilitates elongation at the pore entrance and permeation by 
422 NF, resulting in lower retention of PEG molecules compared to oligosaccharides.

423 5.3. Size exclusion in organic tracer retention by UF and NF

424 The role of size exclusion in MWCO estimation with PEG/PEO tracers was determined from the pore 
425 radius distribution obtained with LLDP. The normalized pore radius distribution as well as the mean 
426 pore radius of UF Biomax and Ultracel membranes are reported in Figure 5A-D. 

Figure 4. PEG/PEO and oligosaccharide 
retention by loose NF membranes Hy70, Hy50 
and Hy10 (10 mgC/L in MilliQ, 21.4 ± 2.6 
L/m2h, stirrer speed 400 rpm, 24 ± 2 °C, 15% 
recovery, pH 5.3 ± 0.4). 
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427

428 Figure 5. Log-normal differential permeability distribution of Ultracel (A) and Biomax (B) 
429 membranes as a function of mean pore radius determined by LLDP, (C-D) mean pore radius 
430 extrapolated from the permeability distribution as a function of membrane MWCO. Error bars are 
431 standard deviation of the pore radius measurements from the permeability distribution.

432 Mean pore radius increased from 2 to 32 nm with the increase of UF membrane MWCO ranging from 
433 1 to 500 kDa (Figure 5 C,D). This is consistent with the range of pore radius reported in literature for 
434 UF membranes (between 2 and 24 nm) [63, 88, 96]. 

435 A wider pore radius distribution was observed for UF membranes with larger MWCO above 100 kDa 
436 (Figure 5A and B), which can be explained with the standard deviation of the normal distribution 
437 being proportional to the mean pore radius. The wider distribution indicates more variability in porous 
438 structure and size for larger UF membrane MWCO (consistent with the heterogeneous porous 
439 structure of HIM images in Figure 2). This can result in less predictable MWCO estimation from the 
440 retention of organic tracers with different MW. 

441 The contribution of size exclusion was elucidated by comparing the MWCO estimated from the pore 
442 radius measured by LLDP, with the experimental MWCO determined by PEG/PEO tracer filtration. 
443 The log-normal distribution of experimental MWCO and the MWCO estimated from the pore radius 
444 is shown in Figure 6. The MWCO determined experimentally by PEG/PEO filtration was similar to 
445 the MWCO estimated from LLDP for the UF membranes. This is an indication that PEG/PEO 
446 retention is mostly controlled by size exclusion and that polymer MW is an appropriate size exclusion 
447 parameter for UF membranes. This result was expected since PEG/PEO tracers are uncharged 
448 molecules (pKa~16-18, see Table S1) and the experimental MWCO was determined at low tracer 
449 concentration (in MilliQ water), which provided negligible concentration polarization and tracer 
450 adsorption onto the membrane. Similar results were reported in previous studies by Calvo et al. [13, 
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451 51], who compared the experimental MWCO of UF membranes determined with dextran tracers and 
452 the MWCO estimated from LLDP. 

453

454 In the case of loose NF membranes, the MWCO determined experimentally by PEG filtration was 
455 clearly overestimated compared to the nominal MWCO (0.7 to 3 kDa). This discrepancy suggests 
456 that polymer MW is not an appropriate size exclusion parameter when approaching loose NF MWCO. 
457 Notably, a comparison between the PEG tracer chain width (0.3 to 0.32 nm, see Table S1) and the 
458 nominal pore radius estimated from MWCO (0.7 to 1.4 nm, see Table 1) revealed that the PEG width 
459 is 2 to 5 times smaller than the pore radius. This indicates that retention is predominantly controlled 
460 by the width of the polymer chain when approaching loose NF MWCO.

461 5.4. Size exclusion in OM retention by UF and NF

462 Previous results obtained with organic tracers suggested that molecular structure is a relevant size 
463 exclusion parameter, especially in the range between UF and NF. The role of size exclusion under 
464 varying membrane MWCO was further investigated to separate different OM types, commonly 
465 present in natural waters. Observed retention and permeate concentrations of different OM filtered 
466 with different membrane MWCO are shown in Figure 7.

467 The results presented in Figure 7 indicate that alginic acid (AA) was retained above 90% by loose NF 
468 and UF membranes, irrespective of membrane MWCO. This was expected given the larger MW of 
469 AA with 65 kDa (see Table 2) compared to the membrane MWCO up to 50 kDa. 

Figure 6. Log-normal plot of experimental 
and nominal MWCO determined with 
PEG/PEO filtration for UF and loose NF 
and calculated from LLDP for UF (10 
mgC/L, MilliQ, 15% recovery, 101 ± 5 
L/m2h for Biomax, 35 ± 5 L/m2h for 
Ultracel 1-3 kDa, pH 5.3 ± 0.4, 22.8 ± 
1.2 °C). 
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470

471 Figure 7. OM observed retention at different membrane MWCO and organics (10 mgC/L, 1 mM 
472 NaHCO3, 10 mM NaCl, 15% recovery, 400 rpm, pH 8 ± 0.2, 23.2 ± 1.6 °C). Data for Aus, HA and 
473 AA with NF Hydracore are adapeted from Gopalakrishnan et al. [97] 

474 In contrast, humic acid (HA) and OM of natural waters from Australia (Aus) and Tanzania (Tanz) 
475 were highly retained (above 80%) by loose NF and UF with MWCO below 3 kDa. This observation 
476 is consistent with the range of HA MW reported in Table 2 (MW of 1.5 to 2.7 kDa), as well as the 
477 retention reported in literature for UF membranes with MWCO below 10 kDa (up to 70%) and NF 
478 membranes (up to 90%) [70, 72-75]. For larger UF membrane MWCO above 10 kDa, HA would be 
479 expected to be poorly retained due to the lower MW. However, a retention in the range between 36 
480 and 80% was observed for UF MWCO above 10 kDa. Similarly, when natural waters (Aus and Tanz) 
481 were filtered, retention remained constant at about 40% for a UF MWCO above 10 kDa.  

482 These results indicated that OM type strongly affected the retention by UF with different membrane 
483 MWCO, and that there was not a clear correlation between the OM type and the membrane MWCO. 
484 Given the heterogeneous composition of natural waters, the different OM MW present in the permeate 
485 were analyzed to relate the OM MW with the membrane MWCO and to elucidate the contribution of 
486 size exclusion. The various OM types in the permeate and feed samples reported as humic substances 
487 (HS), building blocks (BB), and low molecular weight acids and neutrals (LMW) separated with UF 
488 and NF membranes are shown in Figure 8 and Figure S4, respectively.

489 When HA was filtered (Figure 8 A and E), low MW neutrals and acids (200 to 400 Da, Table 2) were 
490 the dominant OM type in the permeate of UF membranes below 3 kDa and loose NF membranes 
491 (Figure S4), which is plausible given the smaller MW compared to the membrane MWCO range. A 
492 similar result was observed for natural water OM (Aus and Tanz) (Figure 8 B, D, F, H), where HS 
493 and low MW acids were the dominant OM types in the permeates filtered with UF MWCO above 3 
494 kDa. 

495 A different OM composition of the permeate was observed when HA was filtered with larger UF 
496 MWCO. Notably, the HS peak did not appear at UF MWCO below 30 kDa (Figure 8 A and E), which 
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497 indicated that HS was fully retained despite the larger pore radius (below 14 nm) compared to the HS 
498 hydrodynamic radius range (0.3-1.5 nm) and MW (1.5 to 2.7 kDa). This result suggested that HA 
499 retention was not controlled solely by size exclusion as there is not a clear correlation between HS 
500 retention and the membrane MWCO. HS is known to have functional groups, such as COOH groups, 
501 that can deprotonate at pH above 4 (pka~4 71) providing negative charge which may result in: i) charge 
502 repulsion by the negatively charged membrane, and ii) charge shielding by the electric double layer 
503 in the porous structure [50, 70, 71]. 

504



19

505 Figure 8. Organic carbon signal in the feed and permeate samples of (A, E) humic acid, (B, F) 
506 Australian OM, (C, G) alginic acid, (D, H) Tanzanian OM filtered by Biomax (A-D) and Ultracel 
507 (E-F) (10 mgC/L, 1 mM NaHCO3, 10 mM NaCl, 15% recovery, and 400 rpm, pH 8 ± 0.2).

508 5.5. Charge shielding on OM retention in the range between UF and NF

509 In presence of ionic strength and charged NF membranes, the formation of an electric double layer 
510 (Debye length) in the pores occurs resulting in a charge shielding, which varies the effective pore 
511 radius. [50] The variation of the Debye ratio (electric double layer) as a function of membrane pore 
512 radius and MWCO was investigated to elucidate the role of charge shielding on the OM retention in 
513 the range between UF and NF. The relation is shown in Figure 9A and schematics of charge shielding 
514 within the pores are depicted in Figure 9B-C. 

515

516 Figure 9. A) Debye ratio as a function of membrane pore radius and the corresponding MWCO in 
517 the range between UF and NF and constant ionic strength (electrolyte background of 10 mM NaCl 
518 and 1 mM NaHCO3), B and C) schematic of Debye screening layer within the pore of a loose NF and 
519 UF membrane and its effect on the retention of different OM.

520 Debye ratio (λ) (Figure 9A) decreased with the increase of pore radius and membrane MWCO, 
521 confirming that the charge shielding in the pore by the electric double layer is more significant for 
522 smaller pore radius. This is consistent with literature where it is stated that when the pore radius 
523 approaches value smaller than the Debye length (such as in NF), the electric double layer overlaps 
524 and charge shielding is stronger [85, 98]. At pore radius above 3.7 nm (UF MWCO > 10 kDa), the 
525 Debye ratio decreased to values below 1. This indicates that charge shielding in the pore is weaker 
526 and consequently the retention of charged OM, such as HS is lower (Figure 9C). This is consistent 
527 with the results of HA and natural OM retention reported in Figure 7,  where HA retention between 
528 35-40% was observed irrespective of UF MWCO. At pore radius below 3.7 nm (UF MWCO < 10 
529 kDa), λ is larger than 1 indicating a more dominant effect of charge shielding by the electric double 
530 layer within the pore. This means that charge shielding becomes stronger at smaller pore radius, 
531 enhancing the size exclusion of HA with charge repulsion. 

532 These findings highlight that when approaching loose NF membranes, charge shielding by the electric 
533 double layer and size exclusion contribute to the retention of charged OM, such as HA, which cannot 
534 be predicted solely by the HA MW and hydrodynamic radius [50, 73, 74]. In the case of UF 
535 membranes with MWCO above 10 kDa, the contribution of charge repulsion is weaker than loose NF 
536 due to a weaker electric double layer within the pores.

537
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538 6. Conclusions

539 Three main conclusions can be drawn from this review. When uncharged organic tracers are filtered, 
540 the molecular structure plays a major role than the MW to explain retention by size exclusion for 
541 loose NF. In fact, an inconsistent membrane MWCO was obtained when the MW of the organic tracer 
542 was considered, as reported for the loose NF membranes and PEG/PEO tracers. By looking at the 
543 molecular structure (chain width and length) of PEG/PEO and oligosaccharides, it was observed that 
544 the width of the polymer tracer controlled predominantly the retention by size exclusion. In contrast, 
545 for colloidal shape oligosaccharides, the retention as a function of MW was consistent with the 
546 MWCO. In the case of UF membranes with MWCO > 5 kDa, the polymer tracer MW is an appropriate 
547 size exclusion parameter to predict membrane retention as demonstrated by the similar log-plot of the 
548 experimental MWCO and the one calculated from the pore radius measured with LLDP.  

549 In the case of charged organic solutes, such as humic acids commonly found in natural water, the 
550 charge interaction and charge shielding by the electric double layer (Debye length) are involved in 
551 the retention by loose NF membranes. By increasing the membrane MWCO > 10 kDa, although the 
552 charge shielding is less significant, the retention of humic acids is still controlled by an interplay of 
553 charge interaction and size exclusion and the electric double layer, which varies the actual pore 
554 diameter. Hence, the retention of OM cannot be predicted by looking solely at the organic solute MW 
555 in both cases of UF and loose NF membranes.

556 In conclusion, at the interface between UF and NF (such as loose NF) the membrane MWCO can be 
557 considered a useful parameter to predict the retention of small uncharged organics with colloidal 
558 shaped structure (saccharides with MW < 2 kDa), while it is not useful to predict the retention of 
559 uncharged organics with high length to width ratio (e.g. long chain polymers) and charged organics 
560 (e.g. organic matter). The results reported in this review are useful to predict the retention mechanisms 
561 when loose NF membranes are applied for retention of organic micropollutants with various 
562 molecular structure and charge properties. 
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