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Abstract 19 

To comparatively assess the Evapoporometry (EP) technique vis-à-vis the Liquid-Liquid 20 

Displacement Porosimety (LLDP) technique, the pore size distributions, mean pore diameters 21 

(davg) and porosities of five polymeric (namely, nylon, PES, PTFE, PET and PVDF) and one 22 

inorganic (namely, alumina) UF/tight MF membranes were quantified by both techniques. For 23 

all the membranes, the pore size ranges were generally narrower and the pore size distributions 24 

had distinctive peaks for the LLDP technique. For the nylon, PES and PTFE membranes, the 25 

davg values obtained from the two techniques agreed well. However, for the PET and PVDF 26 

membranes, the differences were twofold due to the higher pressure needed for the LLDP tests. 27 

Specifically, for PET, the davg value obtained via EP was half that via LLDP, because the higher 28 

pressure compacted the lower mechanical strength polymer, leading to pore closure. On the 29 

other hand, for PVDF, due to the rubber nature, the higher pressure caused the pores to be 30 

stretched, leading to larger pores. As for the alumina membrane, because of the more ideal 31 

cylindrical pores, the d4-weighting of the LLDP measurement gave a greater davg value than 32 
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that of the d2-weighting of the EP measurement. Also, porosity measurements were erroneous 33 

for LLDP if the active layer cannot be precisely quantified. With respect to MWCO, while EP 34 

does not explicitly quantify this, the LLDP generally over-estimated the values, because of the 35 

errors associated with the measurement of the first (largest) pores at the lowest pressures. 36 

Keywords: Pore size distribution (PSD); wettability; surface tension; membrane 37 

characterization; porosity   38 
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1. Introduction 39 

Membrane technology has been gaining importance as a promising alternative to the 40 

conventional separation methods, because of well-recognized advantages such as lesser 41 

complexity, lower operation costs, fewer effluents (thus a more environment-friendly process), 42 

ease of control and lower energy demand [1]. In most membrane processes, pore sizes play a 43 

key role in controlling the separation process with respect to the most important performance 44 

parameters of permeability and selectivity. In terms of pore sizes, membrane-filtration can be 45 

classified into microfiltration (MF; 0.1 to 5 µm), ultrafiltration (UF; 1 to 100 nm), nanofiltration 46 

(NF; 0.5 to 10 nm), and reverse osmosis (RO; non-porous) [2]. Unsurprisingly many methods 47 

are available for the measurement of pore sizes, as overviewed in Fig. 1. The direct methods 48 

include the microscopic techniques (e.g., SEM, TEM, AFM, STM) [3-5] and spectroscopic 49 

techniques (e.g., EIS, PAS, RS, NMR) [6-19]. On the other hand, indirect methods are also 50 

available, which are based on some theoretical basis to convert measured parameters into pore 51 

sizes. The focus of this study is on the use of indirect methods to characterize UF/tight MF 52 

membranes.  53 

 54 
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 55 

Figure 1: Pore size distribution (PSD) measurement techniques for membranes. 56 

 57 

Some examples of the indirect methods based on the Kelvin equation are the Gas 58 

Adsorption-Desorption (GAD), permporometry, and evapoporometry (EP) techniques. In the 59 

GAD method, the membrane pores are filled via capillary condensation and adsorption due to 60 

the pressure increment [20, 21]. The Kelvin equation determines the evaporation of liquid from 61 

the largest pores to the smallest pores when decreasing the pressure, and the desorbed gas 62 

amount is used to calculate the volume of pores for a given diameter. Requirements for both 63 

volume and pressure measurements (for the gas) limit the accuracy of this method [22]. The 64 
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permporometry technique includes a condensable gas like the GAD method, but a non-65 

condensable gas is also applied in order to measure only the continuous pores and exclude the 66 

dead-end pores [22-25]. The flow of non-condensable gas makes it possible to observe the 67 

continuous pores that cannot be observed via the GAD method. Another relatively new Kelvin 68 

equation-based technique is the EP method that requires a volatile wetting liquid for 69 

characterizing both inorganic and polymeric membranes [26-32]. In the EP method, progressive 70 

evaporation is observed from the largest to smallest pores by means of a microbalance; then, 71 

the mass associated with each pore size can be obtained using the Kelvin equation. The 72 

measurement of mass provides for high accuracy. PSDs can be obtained from multi-bore and 73 

hollow fiber membranes [31], fouled membranes [26], backwashed membranes [28], and 74 

biofouling layers [29]. Recently, EP has been advanced to distinguish continuous from dead-75 

ended pores [33].  76 

Gas-liquid displacement porosimetry (GLDP), liquid-liquid displacement porosimetry 77 

(LLDP), and mercury porosimetry are examples of other indirect methods based on the Young-78 

Laplace equation. Mercury is used as a non-wetting fluid for the well-known mercury 79 

porosimetry method [34-37], with the progressive pore filling from the largest pores to the 80 

smallest pores. In order to provide the entrance of mercury into the pores, especially the smallest 81 

ones, high pressures are required; hence, the PSD of compressible polymeric membranes can 82 

be altered during the mercury porosimetry tests. Moreover, since mercury is toxic, samples so 83 

analyzed must be properly discarded. On the other hand, liquid displacement porosimetry 84 

(LDP) uses a non-toxic wetting fluid to completely wet the membrane, which is later emptied 85 

by dispelling the wetting liquid with an immiscible one. Two different methods arise from this 86 

concept, namely, the Gas Liquid Displacement Porosimetry (GLDP) or Liquid-liquid 87 

Displacement Porosimetry (LLDP), depending on whether the displacing fluid is a liquid or a 88 

gas. In both methods, by increasing the pressure applied by the displacing fluid, the wetting 89 
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fluid saturating the membrane pores is progressively displaced from the largest pores to the 90 

smallest pores; thereby, the fluid flow through the pores are measured. The Young-Laplace 91 

equation is used to correlate the diameter of the pores just emptied with the pressure applied. 92 

Both LDP techniques can be applied for MF membranes well. Unfortunately, for tight UF 93 

membranes, the GLDP method cannot be used for tight UF membranes, since the high pressures 94 

necessary to empty the small nanometer-sized pores (due to the relatively high surface tension 95 

of the air-liquid interface) may alter the PSDs of UF membranes [38-40]. Fortunately, LLDP is 96 

able to by requiring a significantly reduced pressure to displace the liquid, because of the 97 

dramatically different surface tension at the liquid-liquid interface relative to that at the gas-98 

liquid interface [3, 41-50].  99 

Since Kelvin equation - based EP and Young-Laplace equation - based LLDP are two 100 

promising PSD characterization techniques with recent advances, it is timely to comparatively 101 

assess the obtained results. Accordingly, this study was targeted at evaluating six membranes, 102 

of which five are polymeric and one inorganic, using both techniques. Pore size distributions, 103 

mean pore diameters and porosities from both techniques are juxtaposed, and the underlying 104 

differences explained. The molecular weight cut-off (MWCO) was also quantified by LLDP 105 

and compared to reported values. 106 

2. Theory 107 

2.1. Evapoporometry (EP) principles 108 

The evaporation of a volatile wetting liquid from a saturated membrane naturally occurs 109 

progressively from the largest pores to the smallest pores. The EP method measures the mass 110 

loss rate due to evaporation of the volatile wetting liquid from the pores, from which the pore 111 

size distribution (PSD) can determined by the Kelvin equation [51-53]:  112 

ln
𝑃𝐴

𝑃𝐴
0 = −

4𝑉𝛾 cos 𝜃

𝑑𝑅𝑇
         (1) 113 
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where 𝑃𝐴 is the vapor pressure of the volatile wetting liquid, 𝑃𝐴
0 is the normal vapor pressure of 114 

the volatile wetting liquid, 𝑉 is the molar volume of liquid, and T is the absolute temperature. 115 

According to Eq. (1), the vapor pressure of the liquid decreases with pore diameter (𝑑) and 𝑑 116 

can be calculated if 𝑃𝐴 is known. Eq. (1) can be re-cast in terms of evaporation rate (𝑊𝐴) instead 117 

of vapor pressure as follows: 118 

 𝑑 = −
4𝑉𝛾 cos 𝜃

𝑅𝑇 ln
𝑊𝐴

𝑊𝐴
0

          (2) 119 

Therefore, the PSD can be quantified by measuring the evaporation rate, 𝑊𝐴, from the saturated 120 

membrane using a high-resolution balance [27].  121 

  122 

2.2. Liquid-liquid displacement porosimetry (LLDP) principles 123 

The LLDP technique is based on the well-known Young-Laplace equation which governs 124 

the pressure difference at the interface between two immiscible fluids. For a general geometry, 125 

the pressure difference at the interface (ΔP) can be expressed as: 126 

ΔP = 2γH              (3) 127 

where γ is the interfacial surface tension of both immiscible fluids; and H is the interface 128 

curvature, which from geometric considerations, can be expressed as: 129 

𝐻 =
1

2
(

1

𝑟1
+

1

𝑟2
)     (4) 130 

where r1 and r2 are the principal radii of curvatures for the surface.  For the case of a cylindrical 131 

tube (i.e., the ideal pore), the Young-Laplace equation must be modified to include the contact 132 

angle (𝜃) between the spherical meniscus formed in the inner pore and the pore wall, resulting 133 

in: 134 

𝛥𝑃 =
4𝛾cos𝜃

𝑑
                       (5) 135 
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For the case of a membrane, made up of a bunch of pores that could be simplified as straight-136 

through cylinders with a range of diameters, Eq. (5) can be applied to determine the PSD 137 

through measuring the 𝛥𝑃 values.  138 

Correspondingly, the LLDP technique requires a wetting liquid that is immiscible with 139 

another liquid that displaces it from the pores. When the pressure of the displacing liquid 140 

applied to the membrane is gradually increased, the wetting liquid will be displaced from the 141 

largest pores first, then progressively to the smallest ones. Applying Eq. (5) to each pressure 142 

step allows for the size of the pores to be determined. Consequently, a good selection of the 143 

pair of liquids to be used for wetting and displacing is key to the successful implementation of 144 

this characterization method. Liquids pairs with very low interfacial tension [48] are more 145 

suitable for testing membranes with pore sizes in the nanometer range. For example, according 146 

to Young-Laplace equation, for the Water/Isobutanol liquid pair (γ=1.7 mN/m), and assuming 147 

complete membrane wetting (i.e., 𝜃 = 0), pores with diameters of 50 nm (i.e., in the 148 

ultrafiltration (UF) range) will be expelled out by the displacing liquid at a pressure of ~1.3 bar, 149 

which is reasonably low, particularly for membranes operating at higher pressures.  150 

 151 

 152 

3. Materials and Methods 153 

 154 

3.1.Membranes 155 

 Six flat-sheet membranes were characterized. They were selected such that the pore sizes 156 

span most of the UF range, and also made of different materials, namely, Nylon, PTFE, PVDF, 157 

PES, PET, and Al2O3 (commercialized by Whatman as Anopore®). The information available 158 

on the membranes are given in Table 1. In the case of the Nylon, PTFE and PET membranes, 159 

these were pre-commercialized and under-going research under a non-disclosure agreement 160 
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that prevents the publishing of the company name (designated as ‘Company A’ in Table 1). All 161 

membranes were received in the form of flat sheets, except the Al2O3 ones that were available 162 

as circularly shaped samples, which were cut to the required diameter to be used in both 163 

porosimetric devices, namely, EP and LLDP. For each membrane and technique, at least three 164 

fresh samples from the same batch, were analyzed and results were averaged. From the standard 165 

deviation of results, percentage of error were calculated as: Standard deviation / Average value. 166 

Table 1. Characteristics of the six membranes analyzed. 167 

Material Manufacturer Pore Range  
Nominal MWCO/Pore 

size 

Type 

Nylon Company A UF Not available Flat Sheet 

PES Pall Corporation UF 300 kDa Flat Sheet 

PTFE Company A UF Not available Flat Sheet 

PET Company A UF Not available Flat Sheet 

PVDF Synder Filtration UF 100 kDa Flat Sheet 

Al2O3 Whatman MF 0.1 µm Disk 

 168 

3.2. Evapoporometry (EP) method 169 

The EP setup (Fig. 2a) was the same as that reported in previous studies [26-28, 30-33]. In 170 

order to maintain equilibrium saturation at the interface between the gas and liquid phases in 171 

the pores that evaporation is occurring from, the membrane was housed in a test cell (Fig. 2b), 172 

which had a lid with a small hole of 6 mm to limit the mass-transfer rate from the test cell [27]. 173 

Specifically, the test cell had an inner diameter of 35 mm and height of 25 mm, and was made 174 

of polytetrafluoroethylene (PTFE) to avoid wetting by the volatile liquid. A microbalance with 175 

a resolution of 10 μg (Mettler-Toledo; XP56) was used to measure the progressive loss of mass 176 

due to evaporation. Other components of the setup (Fig. 2a) included an incubator (Yihder; LE-177 

150D) to keep the temperature constant (29 °C) during each run, and an anti-vibration table to 178 

avoid disturbances to the microbalance. The measurement of the mass values from the 179 

microbalance was constantly recorded every 10 s via the Balance Link Software (Mettler 180 

Toledo). Granular activated carbon (GAC; Sigma-Aldrich) was placed on a stand above the test 181 
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cell in the microbalance chamber (Fig. 2b) to reduce the vapor concentration of the volatile 182 

wetting liquids in the chamber. The volatile wetting liquid used was isopropyl alcohol (IPA; 183 

99.9%; Sigma-Aldrich), which was also used in several prior EP studies [26-28, 32].  184 

The membranes were cut into circles each with a diameter of 40 mm, then positioned 185 

between the flanges at the bottom of the test cell, after which a thin film of vacuum grease (Dow 186 

Corning) was applied before clamping the flanges to prevent evaporation of the volatile wetting 187 

liquid from the periphery. Subsequently, the volatile wetting liquid was added to the top of the 188 

clamped membrane to ensure the entire membrane was immersed in a free-standing liquid layer 189 

(i.e., excess liquid after pore-wetting), whose evaporation rate was used to determine the mass-190 

transfer coefficient of the diffusion test cell (Fig. 4b). The data-analysis protocol was similar to 191 

earlier studies [26-28, 30-32]. In brief, the steps were: (i) plot WA, determined from the slope of 192 

the mass loss versus time plot, versus time; (ii) determine the evaporation rate for the free-193 

standing liquid layer (WA0) from the portion of the mass versus time plot over which WA is 194 

constant; (iii) determine the onset of pore-draining (i.e., from the largest pores) by the point at 195 

which the instantaneous mass of the liquid is equal to that in the saturated membranes; (iv) 196 

determine the instantaneous values of WA and the corresponding pore diameter (d) using Eq. 197 

(2); and (v) collate the measured pore diameters (d) into 5 nm bins, and plot the cumulative 198 

mass in each pore size bin as a function of the pore diameter (d) to determine the PSD.  199 
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 200 

Figure 2. Schematic of the (a) EP experimental setup; and (b) EP test cell. 201 

 202 

3.3.Liquid-liquid displacement porosimetry (LLDP) method 203 

The Fluid-Fluid Porometer (FFP; model PRM-8710®) used in the LLDP analysis 204 

consisted of an automated pressure constant device suitable for Gas/Liquid and Liquid/Liquid 205 

tests (Fig. 3). It has been developed and commercialized by IFTS®, and it is right now the only 206 

device available in the market [54]. The device is configured for testing of pore sizes down to 207 

4 nm and uses relatively low pressures for the characterization of porous membranes in the UF 208 

range. The equipment allows for implementing very stable pressure and leads to very accurate 209 

measurement of resulting fluxes by using an analytical balance (Sartorius® Practum, accuracy 210 

of 1 mg). It is able to determine several important parameters related with PSD, including mean 211 

pore diameter, peak pore size, pore size distribution, solvent permeability, and droplet point. It 212 

also can be adapted to analyze various membrane types, including hollow fiber, tubular and flat 213 

sheet. 214 
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 215 

Figure 3. Schematic of the IFTS FFP®: (1) air supply; (2) air pressure tank; (3) feed line; (4) 216 

membrane-housing cell; (5) disposal; (6) analytical balance; (7) retention line (pressure 217 

sensor); and (8) IFTS LLDP software 218 

 219 

 In this study, flat sheet membranes were characterized by a membrane filtration cell with 220 

a diameter of 47 mm. LLDP experiments were performed according usual procedure, [44-46]. 221 

In these experiments, the applied pressure is increased gradually, and the membrane 222 

permeability, defined as the flux to pressure ratio, monitored. The differential increase of 223 

permeability is defined as:  224 

∆𝐿𝑘 =
𝐿𝑘−𝐿𝑘−1

𝐿𝑡𝑜𝑡
                                  (6) 225 

where 𝐿𝑘 is the permeability of the kth step (𝑘 = 1, 2, … , 𝑖)  and 𝐿𝑡𝑜𝑡 is the final permeability 226 

(asymptotic permeability) in the final step (i.e., k = i). The value of the asymptotic permeability, 227 

𝐿𝑡𝑜𝑡, corresponds to the moment when the wetting liquid is drained away from all the membrane 228 

pores. It must be noted that the calculation of ΔLk only accounted for positive values, as negative 229 

ones mean that yet opened pores were again closing or non-contributing to total permeability. 230 

The plot of contributions to total permeability for each pore size opened (then for each pressure 231 

increase step) can be understood as a pore size distribution in terms of flow (or permeability). 232 

From such a permeability distribution, PSDs in terms of pore number can be obtained by 233 

application of the calculation algorithm developed by Grabar and Nikitine [55] to determine the 234 
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number of pores open to flow in each increment nk. The algorithm makes use of the Hagen-235 

Poiseuille model for convective flow through pores, which needs to assume cylindrical 236 

geometry for the pores and a continuous curve of permeability variation for derivation. In 237 

practical tests, experiments lead to a bunch of discrete data pairs (i.e., flux versus pressure), so 238 

the conversion algorithm must be converted from a continuous variation to incremental 239 

variations. This leads to the following equation: 240 

 𝑛𝑘(𝑑) =
256𝜂𝑙

𝜋𝑑𝑘
5 ∆𝐿𝑘            (7) 241 

where 𝜂 is dynamic viscosity of the displacing liquid; 𝑙 is the length of the pore; and 𝑑𝑘 is the 242 

pore diameter of the pores opened up to the kth step. It should be noted that the 𝑙 value equals 243 

to the active layer thickness and membrane thickness for the asymmetric and symmetric 244 

membrane types, respectively. For each increasing pressure step, ∆Pk, a corresponding 245 

volumetric flow was measured, Qk , and pore diameter (dk) values were obtained.   246 

A very stable 1:1 (v/v) binary mixture composed by water/isobutanol (𝛾 =1.7 mN/m) was 247 

used. All liquids were of reagent grade and used as received without further purification 248 

(Sigma- Aldrich®: Purity ≥ 98.5 %). The temperature was kept constant at 22 °C (± 0.1 °C). 249 

The mixtures were prepared by adding targeted amounts of Milli-Q®grade water and alcohol 250 

into a separatory funnel, and shaking it vigorously before the mixtures were allowed to phase-251 

separate overnight. The water-rich phase (i.e., higher density mixture) was firstly drained off, 252 

and then the organic-rich phase was collected, being both phases now fully immiscible in each 253 

other. For the organic membranes (Table 1), the organic phase was used as the wetting liquid 254 

and the water phase as displacing liquid, because the alcohol-rich phase wets the polymeric 255 

structures better. On the other hand, in the case of Anopore® (aluminum oxide), the liquid roles 256 

were interchanged, with the water-rich phase used to wet the inorganic membranes to obtain 257 

better porosimetric curve results. 258 
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 259 

4. Results and Discussion 260 

4.1.Mass loss and evaporation rate for EP technique 261 

The PSD was characterized via EP based on the evaporation rate with time. As previous 262 

EP studies have shown [26-28, 30-32], both the mass and evaporation rate versus time plots 263 

reflect the three key phases, namely, (1) transient period, during which the temperature in the 264 

setup equilibrates; (2) free-standing liquid evaporation, during which the volatile liquid above 265 

the membrane evaporates, and thereby the mass loss with time is linear and the evaporation rate 266 

can be assumed constant despite a slight decrement; and (3) pore-liquid evaporation, during 267 

which the volatile liquid evaporates from the membrane pores. Figs. 4a and b depict 268 

respectively the representative mass and evaporation rate versus time plots, which were 269 

obtained for the Nylon membrane investigated (Table 1).  270 

 271 
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Figure 4. EP characterization: evolution of (a) net mass, and (b) evaporation rate for the 272 

Nylon membrane investigated. 273 

4.2. Flux-pressure curve for LLDP technique 274 

The PSD was characterized via LLDP based on the effluent (i.e., flux-pressure) curve 275 

obtained when consecutive pores of the membranes were successively subjected to flow of the 276 

displacing liquid. The resulting curve is S-shaped, as presented in Fig. 5, with the maximum 277 

slope corresponding to the moment all the pores are opened to flow so that the permeability 278 

became constant and no more pores can be opened. 279 

 280 

Figure 5. LLDP characterization: measured and calculated flux versus pressure plots 281 

4.3.Comparison of pore-size distributions (PSDs)  282 

The EP and LLDP techniques respectively provide mass-based and flow-based diameters, 283 

which in principle necessitates conversion to the same basis for a fair comparison. For the LLDP 284 

technique, the conversion of flow-based diameters to number-based ones was enabled by using 285 

the Hagen-Poiseuille model for convective transport [55]. This model assumes cylindrical 286 

geometry for the pores. Similarly, for the EP technique, the conversion from mass-based to 287 

number-based data requires the assumption of cylindrical pore geometries. Certainly this 288 



16 
  

geometry assumption, even being frequently used in membrane modelling, is not the case for 289 

most membranes, particularly for the polymeric ones and thereby could result in compromises 290 

on the resulting accuracy. Since both EP and LLDP provide the characterized diameters without 291 

any assumption or calibration, this study compares the results directly despite the different 292 

bases, as has been reported before [31]. In both EP and LLDP tests, three repeated runs were 293 

carried out for each sample. Results from both tests, which are presented in next figures (6 to 294 

11) present some sample to sample variability. This variability may be due to the own way of 295 

manufacturing the membranes that result in slight differences between different areas of the 296 

resulting sheet. But it also can be influenced by the fact that, in both techniques, the samples to 297 

be analyzed need a previous preparation (sample wetting), which may be subject to some 298 

environmental influence. In any case, the differences found are within the expected margin of 299 

experimental error. 300 

Figs. 6a and b display the PSDs for the Nylon membrane obtained via the EP and LLDP 301 

techniques, respectively. For the EP method (Fig. 6a), the pore diameters measured in each of 302 

the three runs were in the range of 5 – 130 nm, and the average pore diameter (average of the 303 

mean pore diameters found for each of the three runs, davg) was 56.7 ± 3 nm. For the LLDP 304 

method (Fig. 6b), the pore diameters measured were in a narrower range of 45 – 75 nm, with a 305 

distinctive peak pore diameter of 59 nm, and a permeability-based davg of 57.6 ± 3 nm and 306 

number-based davg of 56.3 ± 4 nm. The key observations are that: (i) the repeated PSDs were 307 

similar for each technique, indicating good reproducibility and thereby reliability; (ii) the 308 

permeability- and number-based davg values for LLDP were similar despite the different 309 

weightings; and (iii) the davg values given by the EP and LLDP methods were in good 310 

agreement, despite the different weightings and different pore diameter ranges.  311 
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 312 

Figure 6. Pore size distributions (PSDs) of the Nylon membrane obtained using the (a) 313 

EP and (b) LLDP techniques. 314 

The PSDs of the PES membrane are shown in Fig. 7. The davg value was 30.8 ± 2 nm 315 

by the EP technique, and the permeability- and number-based davg values were respectively 35.3 316 

± 9 nm and 32.9 ± 12 nm by the LLDP technique. As for the PTFE membrane (Fig. 8), the davg 317 

was 60.5 ± 4 nm by the EP technique, while 74.5 ± 2 nm for the permeability-based davg and 318 

73.7 ± 2 nm for the number-based davg given by LLDP.  319 

 320 
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 321 

Figure 7. Pore-size distributions (PSDs) of PES membrane obtained using the (a) EP 322 

and (b) LLDP techniques 323 
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 324 

Figure 8. Pore-size distributions (PSDs) of PTFE membrane as obtained from: (a) EP 325 

and (b) LLDP techniques 326 

Fig. 9 presents the PSDs of PET membranes. The davg was found to be 50.0 ± 5 nm via 327 

EP, and the LLDP gave the permeability-based davg as 27.2 ± 2 nm and number-based davg as 328 

22.7 ± 9 nm. Notably, in contrast to the previous polymeric membranes, the discrepancy 329 

between EP and LLDP results is significant, with that by EP approximately twofold that by 330 

LLDP. A plausible reason is the lower mechanical strength of the PET membrane [56, 57], 331 

which caused greater compaction by the high pressures of the LLDP technique and thereby pore 332 

closure. A possible way to circumvent this is to use an alternative liquid couple with lower 333 

surface tension, which thus allows for a lower pressure during the test. 334 
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 335 

Figure 9. Pore-size distributions (PSDs) of PET membrane as obtained using the (a) 336 

EP and (b) LLDP techniques 337 

The PSDs of the PVDF membrane are displayed in Fig. 10. The davg values were 35.2 338 

± 0.7 nm for EP, and 61.3 ± 4 nm (permeability-based) and 51.9 ± 3 nm (number-based) for 339 

LLDP measurements. The difference between the EP and LLDP results are similarly significant 340 

as per that for the PET membrane. However, whereas the davg via EP was approximately twofold 341 

that via LLDP for the PET membrane, it was the other way around here, specifically in that the 342 

davg via EP was approximately half that via LLDP. In this case, the rubbery nature of PVDF 343 

membranes caused the pores to be stretched under the high pressure during the LLDP tests and 344 

thus enlarged [28]. 345 

 346 
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 347 

Figure 10.  Pore-size distributions (PSDs) of PVDF membrane as obtained using the 348 

(a) EP and (b) LLDP techniques 349 

The PSDs of the aluminum oxide membrane are plotted in Fig. 11. EP gave a davg of 350 

74.7 ± 4 nm, while LLDP gave 118.3 ± 3 nm as the permeability-based davg and 115.6 ± 3 nm 351 

as the number-based davg. In view of the pores in this case being more ideal cylinders relative 352 

to the other polymeric membranes, the discrepancy in this case can be attributed to the different 353 

weightings of the davg values [58]. Specifically, since the diameter values obtained by EP has a 354 

d2 dependency while that by LLDP has a d4 dependency, the davg values given by LLDP is 355 

greater. 356 

 357 
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 358 

Figure 11. Pore-size distributions (PSDs) of Al2O3 membrane as obtained using the (a) 359 

EP and (b) LLDP techniques 360 

4.4.Comparison of other membrane characteristics 361 

Table 2 summarizes the davg and porosity values obtained via both EP and LLDP. As 362 

indicated earlier for davg, nylon, PES and PTFE gave better agreement of the davg values between 363 

EP and LLDP, PET and PVDF gave significant discrepancies due to the nature (e.g., mechanical 364 

strength, stretchability) of the membranes, while Al2O3 with more ideal pores (i.e, more 365 

cylindrical) caused some discrepancies of the davg values due to the different weightings. Also, 366 

both the davg values obtained via EP and LLDP agree reasonably well with the nominal value 367 

reported for the Al2O3 membrane. 368 
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With respect to porosity, Table 2 shows that the discrepancies between EP and LLDP 369 

results are much greater, with the best agreement for the Al2O3 membrane, and worst of an 370 

order-of-magnitude for the PVDF membrane. This is because the calculation of porosity from 371 

LLDP data relies on substitution of pore length into the Hagen-Poiseuille model, which 372 

corresponds to the membrane thickness for symmetric membranes like Al2O3, but only the 373 

active layer thickness for the asymmetric membranes like the polymeric ones. Because the 374 

thickness is available for the Al2O3 membrane through measurement with a pair of Vernier 375 

calipers and the PES membrane through SEM (scanning electronic microscope) images of the 376 

cross-section, these porosity values via LLDP of these two membranes agree best with that of 377 

EP. For the rest of the membranes, a reasonable value of 10 µm was used as an estimation of 378 

active layer thickness. Unfortunately, most UF membranes are asymmetric, which necessitates 379 

cross-sectional SEM images to determine the active layer that is typically not distinctly 380 

demarcated from the porous support. 381 

Table 2: Mean pore diameters (davg) and porosity values obtained via EP and LLDP for the six 382 
membranes investigated. Errors are calculated as percentage of the corresponding value. 383 

 384 
  EP LLDP 

Membrane Nominal davg (nm) davg 

(nm) 

 

Porosity %  davg (nm) 

(Number-

based)  

davg (nm) 

(Permeability-

based) 

 

Porosity %  

Nylon Not available 56.7±5 56.9±15 56.3±4 57.6±3 11.3±0.5 

PES Not available 30.8±8 69.8±5 32.9±12 35.3±9 34±4 

PTFE Not available 60.5±7 80.7±3 73.7±2 74.5±2 13.0±0.5 

PET Not available 50±9 78.9±2 22.7±9 27.2±2 15.8±1.2 

PVDF Not available 35.2±3 87.2±3 51.9±3 61.3±4 1.7±0. 4 

Al2O3 100 75.7±6 71.7±5 115.6±3 118.3 ±3 61±15 

 385 

Table 3 compares the reported and measured (via LLDP) MWCO (molecular weight cut-386 

off) values, since UF membranes are typically selected based on the MWCO value supplied by 387 

the manufacturer. Unfortunately, EP currently does not explicitly give MWCO, though it has 388 

been reported in an earlier study that the MWCO is equivalent to the 90th percentile (number-389 
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based) pore diameter [31]. Out of the five MWCO values measured by LLDP, only that for PES 390 

and PET were in the typical UF range. Also, for PES and PVDF membranes that the MWCO 391 

values are available for, the LLDP gave values greater than the nominal ones, with that for 392 

PVDF being more than 10 times that of the nominal value. It should be noted that MWCO refers 393 

to the 90% retention value, which thereby is governed by the largest pores in the distribution. 394 

Even if the mean pore diameters (Table 2) gave reasonable values, errors associated with the 395 

measurement of the first (largest) pores at the lowest pressures would cause the cut-off values 396 

to be overestimated. This can be circumvented by the use of another liquid pair with higher 397 

surface tension and thereby greater accuracy in the equilibrium pressure determination. It also 398 

must be noted that all empirical correlations used to estimate molecular weight from molecule 399 

size are based on power laws that magnify small errors in the pore size calculations [45].  400 

 401 

Table 3: Comparison of nominal and measured MWCO values  402 

Membrane 
Nominal 

MWCO (kDa) 

LLDP MWCO 

(kDa) 

Nylon Not available 1460 

PES 300 470 

PTFE Not available 2570 

PET Not available 350 

PVDF 100 1150 

 403 

5. Conclusions 404 

This study compared the pore size distribution measurements obtained by using the 405 

Evapoporometry (EP) and Liquid-Liquid Displacement Porosity (LLDP) techniques for the 406 

analysis of six UF/MF membranes, namely, five polymeric ones (i.e., nylon, PES, PTFE, PET, 407 

and PVDF) and one inorganic (i.e., alumina). Both methods have been used in the past for the 408 

characterization of commercial membranes; thus, the comparative assessment presented here 409 

was aimed at a better understanding of the differences, capabilities, and potential of these 410 

relatively new membrane characterization methods. It should be noted that LLDP characterizes 411 
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the pore throat (i.e., narrowest cross-sectional diameter of the pore), while EP the pore diameter 412 

at the evaporating liquid surface. Therefore EP accounts for both continuous and dead-ended 413 

pores while LLDP only measures flow-through pores. Accordingly, some slight differences 414 

between both techniques are reasonably expected. 415 

Three key results regarding davg are described as follows. Firstly, for three of the polymeric 416 

membranes, namely, nylon, PES and PTFE, the davg values given by the EP and LLDP methods 417 

were in good agreement, despite the different weightings and different pore diameter ranges. 418 

Both EP and LLDP techniques provide directly information regarding, respectively mass-based 419 

and flow-based diameters. While, the conversion to number-based distributions for LLDP 420 

(applying Hagen-Poiseuille model) and for EP requires assumption of a cylindrical pore 421 

geometry which compromises the resulting accuracy, as it not normally fulfilled. Therefore, the 422 

measured diameters, that are without any assumption or calibration, are used directly for 423 

comparison. Secondly, the davg value given by EP was approximately twice that by LLDP for 424 

PET, whereas half that by LLDP for PVDF. This can be linked to the higher pressure during 425 

LLDP testing. Specifically, the high pressure caused the lower mechanical strength PET to be 426 

subject to pore closure upon compaction that resulted in lower davg values, while the rubbery 427 

PVDF was subject to pore-stretching that led to higher davg values. This highlights the adverse 428 

effect of pressure on the membranes, but can be circumvented by choosing a different liquid 429 

pair that would require a lower pressure. Thirdly, for the inorganic alumina membrane, the davg 430 

values determined by both EP and LLDP agree reasonably well with that provided by the 431 

manufacturer. Due to the more ideal cylindrical pores of this membrane, the d4-weighting of 432 

the LLDP measurement gave a greater davg value than that of the d2-weighting of the EP 433 

measurement.  434 

Regarding porosity, reasonable agreements between EP and LLDP were only obtained for 435 

the PES and alumina membranes, for which the thicknesses of the active layers were explicitly 436 
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known. While EP does not require the active layer thickness as an input, this parameter is 437 

needed in the Hagen-Poiseuille model used for LLDP. With respect to MWCO, the LLDP 438 

generally over-estimated the values, because of the errors associated with the measurement of 439 

the first (largest) pores at the lowest pressures. This can be circumvented by the use of another 440 

liquid pair with higher surface tension and thereby greater accuracy in the equilibrium pressure 441 

determination. 442 

 443 

Table 4: Advantages and disadvantages of EP and LLDP to determine PSD of membranes 444 

Method Advantages Disadvantages 

EP 

- Mass-based PSD† at sample surface 
- large sample size 
- high accuracy of gravimetric measurement 
- measurement at ambient conditions 
- it uses readily available and inexpensive 
laboratory equipment 
- it can characterize biofouling layer 

- Indirect method based on Kelvin equation 
- decreasing accuracy with increasing pore diameter 
- includes information about dead-ended pores 
- adsorbed t-layer correction required  

LLDP 

- Flow-based PSD† 
- it can test both large or small sample size 
- determines smallest diameter in pores open to 
flow 
- adaptable for different membrane configurations 
(flat, tubular, fibbers) 
- it can be used to estimate cut-off 

- Indirect method based on Young-Laplace equation 
- flow-based measurement less sensitive to small 
pores 
- requires high pressure for very small pores 
- cannot characterize biofouling layer 
- pairs of liquids with lower surface tension would 
improve applicability 

Common 

- minimal sample preparation, small footprint and 
simple procedure 
- pore geometry not assumed for direct results 
- they characterize UF and MF membranes 
- fast, reliable and accurate analysis 
- they can determine the effect of fouling 

- Pore geometry assumption needed to convert data 
into a different calculation basis 
- extension to NF requires stretching limits of  their 
theoretical basis 
- less accurate when dealing with low porosity 
membranes 
- interconnecting pores could affect results  
- sensible to sample wettability  

 445 

Some advantages and disadvantages (some of them common to both) from studied 446 

techniques are shown in Table 4, arising from this study and previous experience of both 447 

research labs. To summarize, both EP and LLDP techniques are suitable characterizing the PSD 448 

and mean pore diameters for UF/tight MF membranes, giving important information that could 449 

be related to membrane performance and retention capabilities. Surely, a better understanding 450 

of the underlying reason of such observed differences particularly for the PET, PVDF and Al2O3 451 

membranes is needed, which could result from the application of different liquids with different 452 

surface tension values and better wettability. 453 
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 461 

Nomenclature 462 

 463 
ΔLk                Differential permeability in step k; ( k=1...i) (m3/s/Pa) 464 

ΔP                 Hydraulic pressure (Pa) 465 

ΔPk                Applied pressure corresponding to the kth of analysis; ( k=1...i)  (Pa) 466 

dk                   Pore diameter of the pores opened in step k (k= 1,. . .,i) (m) 467 

d        Equivalent pore diameter (m) 468 

H                   Mean curvature (m-1) 469 

Lk                  Hydraulic permeability in step k ; (k=1...i) (m3/s/Pa) 470 

Ltot                 Total Hydraulic permeability in step k=i ; (Asymptotic permeability) (m3/s/Pa) 471 

l                     Pore length (m) 472 

nk                   Number of pores opened in step k; (k= 1,. . ., i) (dimensionless) 473 

P0                  Total  Pressure (Pa) 474 

PL,V        Liquid/Vapor phase pressure (Pa) 475 

P0
A                Normal vapor pressure of the volatile wetting liquid (Pa) 476 

PA                 Vapor pressure of the volatile wetting liquid (Pa) 477 

Qk                 Volumetric flow corresponding to the kth step of analysis (m3/s)  478 

r                    Equivalent pore radius (m)       479 

R       Gas constant=8.3145 (J/mol·K) 480 

T       Temperature (K) 481 

VL,V       Liquid/Vapor molar volume (m3/mol) 482 

W0
A               Evaporation rate of liquid A during pore draining (mol/s) 483 

 484 
WA                Evaporation rate of liquid A overlying the membrane (mol/s) 485 
 486 
 487 
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Greek letters 488 

𝜂                   Dynamic viscosity of the displacing liquid (Pa s) 489 

𝛾                     Interfacial tension of the liquid/vapor pairs (mN/m) 490 

𝜃                  Contact angle (°)                   491 

𝜇𝐿        Chemical potential of the liquid phase (J/mol) 492 

𝜇𝑉            Chemical potential of the vapor phase (J/mol) 493 

 494 
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