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Abstract 13 

 14 

We report on the preparation of electropositive nanofiber membranes by electrospinning 15 

with in situ photo-crosslinking and their preliminary evaluation in virus adsorption and 16 

removal tests. Poly(vinyl alcohol) (PVA) and polyethyleneimine (PEI) were modified with 17 

glycidyl methacrylate, to form an acrylated crosslinked polymer (a-PVA/a-PEI) upon UV 18 

exposure during the electrospinning process. The a-PVA/a-PEI nanofibers were 19 

electrospun on a non-woven polyester support to form an electropositive (ζ = 7 mV at 20 

pH 7.4) and hydrophilic (𝜃𝑤 ≅ 53°) membrane with the mean pore size of 0.48 µm. The 21 

microfilter had the specific permeate flux of ~ 6.9∙104 L/(m2∙h∙bar), comparable with that 22 

of commercially available membranes of similar nominal pore sizes. Adsorption of the 23 

negatively charged and hydrophilic bacteriophage MS2 (𝑑 ≅ 27 nm) onto the membrane 24 

followed Freundlich isotherm and could be classified as favorable with the average 25 

adsorption intensity 𝑛−1 ≅ 0.91. The 99% retention of MS2 in flow-through virus 26 

clearance tests was attributed to adsorption and was likely controlled by the limited 27 

detention time within the membrane. 28 

 29 

Keywords: electrospinning; nanofiber membranes; photo-crosslinking; microfiltration; 30 

bacteriophage MS2 31 
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1. Introduction 33 

 34 

Electrospinning is commonly used to make nanofibers ranging from ~10 nm to several 35 

hundred nanometers in diameter [1].  Comparatively simple and inexpensive [2, 3], the 36 

electrospinning method offers an alternative to other nanofiber manufacturing 37 

techniques such as drawing, template synthesis, phase separation and self-assembly 38 

[4]. Electrospinning relies on electrostatic forces to draw ultrafine solid threads from 39 

solutions of polymers of sufficiently high molecular weight and does not require 40 

coagulation chemistry or high temperatures [1, 5].  Fiber mats produced by 41 

electrospinning are lightweight and characterized by high porosity, small inter-fiber pore 42 

size and large surface area [1, 6].  Electrospun nanofiber membranes (ENMs) have 43 

found a wide range of applications including drug delivery [7], scaffolding in tissue 44 

engineering [8], clothing protection [9], sensing [10], as well as adsorption [11, 12] and 45 

filtration [13].  In membrane filtration applications, ENMs have been used as microfilters 46 

[14, 15] and as supporting layers for both ultrafilters and salt-rejecting membranes [16]. 47 

The high porosity and interconnected pore structure of ENMs brings about increased 48 

permeability and higher separation throughput. 49 

 50 

Many polymers processable by electrospinning are water-soluble and, when 51 

unmodified, are not suitable as materials for water treatment membranes [17, 18].  52 

Physical or chemical crosslinking of polymer structures is a common method of 53 

rendering the nanofibers insoluble and increasing their thermal and chemical stability.  54 

Most ENMs have been produced by post-spinning crosslinking, as well as pre-55 

crosslinking. Each of these approaches, however, adds another step to the fabrication 56 

process. Furthermore, pre-crosslinking, which involves mixing the polymer solution and 57 

chemical crosslinker, could lead to gel formation making continuous or large scale 58 

production difficult [19]. In our previous study, in situ UV radiation was implemented 59 

during electrospinning to achieve crosslinking [12, 20, 21].  In addition to being a very 60 

fast one-step process, this novel approach can ensure high crosslinking efficiency to 61 

minimize the amount of unreacted and leachable cytotoxic agents.  62 

 63 
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Key metrics of ENMs are fiber morphology and surface chemistry. The former define the 64 

nominal pore size and the permeability of the fiber mat while the latter govern 65 

adsorptive characteristics of the material. ENMs can be used to remove microorganisms 66 

from water either in purification applications or for pathogen detection. For example, 67 

VIRADEL (virus adsorption and elution) method employs charged microporous filters to 68 

concentrate viruses from water samples for further detection by downstream assays 69 

[22]. Viruses, with their size typically in the 20 to 200 nm range are too small for size 70 

exclusion by microfilters to be effective [15]. Instead, electrostatic interactions between 71 

the filter surface and viruses are employed to ensure sufficient removal. Because the 72 

charge of most viruses at pH typical for natural aqueous media is negative, 73 

electropositive filters are a common choice. The attractive feature of electropositive 74 

filtration is that virus removal can be achieved even though the pore size is much larger 75 

that the virus; the large pore size and porosity enable high permeate fluxes making, 76 

high throughput separations possible [23].  77 

 78 

Significant amount of work has been done on virus adsorption by free nanofibers (i.e. 79 

nanofibers not cast as a membrane) – both electrospun and otherwise. For example, Mi 80 

et al. demonstrated that crosslinked N-[(2-hydroxyl-3-trimethylammonium) propyl] 81 

chitosan (HTCC)– polyvinyl alcohol (PVA) nanofibers adsorbed enveloped and 82 

nonenveloped viruses [24]; although ENMs were produced in this study, their separation 83 

properties (e.g. water permeability and nominal pore size) were not evaluated. Bai et al. 84 

showed that functionalization of electrospun chitosan nanofibers by a quaternary amine 85 

increased porcine parvovirus (<25 nm) removal from 30% to 70% [25]. Park and Kim 86 

prepared PVA nanofibers containing a quaternary ammonium compound (benzyl 87 

triethylammonium chloride) as an antimicrobial agent and showed that, in addition to 88 

bacteria, bacteriophages MS2 and PhiX174 could be removed; the removal was 89 

attributed to hydrophobic interactions between quaternary ammonium and viruses 90 

although the mechanism of inactivation remained unclear  [26]. 91 

 92 

While virus adsorption to free nanofibers has been explored extensively, to our 93 

knowledge, only three studies to date have evaluated ENMs for their ability to remove 94 
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viruses from water. Working with bacteriophage MS2, Chu and colleagues first reported 95 

99.99% retention of MS2 by composite fibrous membranes modified with PEI [27]. 96 

Wang et. al. showed that two-layered polyacrylonitrile (PAN) / 97 

polyethyleneterephthalate (PET) ENMs amended with ultrafine (~ 5 nm) cellulose 98 

nanofibers achieved 99.99% removal for MS2 [28]. The same degree of removal of this 99 

bacteriophage was achieved in another study where by Ma et. al. used poly(1-(1-100 

vinylimidazolium) ethyl-3-vinylimdazoliumdibromide/PAN ENMs and attributed the high 101 

removal of the virus to its adsorption to the membrane [29].  102 

 103 

The goal of the present work was to evaluate the feasibility of electrospinning with in 104 

situ crosslinking as a one-step method of fabricating electropositive water-stable 105 

membranes with high capacity for virus adsorption. We designed such membranes 106 

using PVA and PEI as base polymers. A biodegradable hydrophilic polymer, PVA is 107 

easy to process and functionalize and has high chemical and thermal resistance [12, 108 

20].  The hydrophilicity of PVA should help make the resulting membrane more resistant 109 

to fouling. PVA is also a highly versatile material whose properties can be adjusted by 110 

regulating the degree of hydrolysis [30]. PEI is an aliphatic polyamine containing 111 

primary, secondary, and tertiary amines, which make this polymer suitable for producing 112 

polycationic nanofibers [19].  PEI is water-soluble and, unmodified, cannot be used as a 113 

material for water treatment membranes [17, 18]; thus to fabricate water-stable ENMs, 114 

PVA and PEI where photo-crosslinked during electrospinning.  We characterized ENMs 115 

in terms of their morphological, chemical, and hydraulic properties and evaluated the 116 

filters in virus removal tests. 117 

 118 

  119 
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2. Materials and Methods 120 

 121 

2.1 Materials 122 

 123 

Poly(vinyl alcohol) (PVA; 87-89 % hydrolyzed, 146 -186 kDa), glycidyl methacrylate 124 

(GMA; 97%) and tetraethylmethylenediamine (TEMED) were purchased from Sigma 125 

Aldrich.  Polyethyleneimine (PEI; 60 kDa) was obtained from Alfa Aesar.  The radical 126 

photoinitiator, 2-hydroxy-2-methyl-1-phenyl-1-propan-1-one (Darocur 1173) was 127 

supplied by Ciba Specialty Chemicals. Dimethyl sulfoxide (DMSO), chloroform and 128 

ethylene alcohol were purchased from Merck. All chemicals were used as received from 129 

vendors without further purification. The polyester (polyethyleneterephthalate (PET); 130 

CraneMat® CU 434 UF nonwoven fabric sheets (porosity of 181 1/m2/s at 200 Pa) used 131 

as support materials were supplied by Neenah Technical Materials.  132 

 133 

2.2 Preparation of membrane casting solutions 134 

 135 

Prior to the preparation of membrane casting solutions, PVA and PEI were acrylated 136 

with GMA to enable photopolymerization during the electrospinning process. First, PVA 137 

was reacted with GMA following the procedure described by Crispim et al. [31]. Briefly, 138 

PVA was dissolved in DMSO at ~70 °C to yield 80 g(PVA)/L. GMA was then added 139 

dropwise into the solution magnetically stirred in the presence of TEMED as a catalyst 140 

at 70 °C for 4 h. The acrylated PVA (a-PVA) was precipitated three times using ethanol 141 

as a non-solvent and then dried under vacuum for 1 week. Second, GMA was added 142 

drop by drop to a PEI solution in 10 mL of chloroform at 0 °C to prepare acrylated PEI 143 

(a-PEI) and the solution was vigorously stirred overnight at room temperature in an flask 144 

wrapped in aluminum foil [19]. In the GMA/PEI mixture, the molar ratio of the secondary 145 

amine group on PEI to the epoxy group on GMA was 1.69:1. Then the acrylated PEI 146 

was precipitated with acetone to remove free GMA. The residue was washed with 147 

acetone three times and then filtered, dried, and stored in the fridge. Scheme 1 shows 148 

reaction pathways for the synthesis of a-PVA and a-PEI. The membrane casting 149 
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solution was prepared by dissolving 5 g  a-PVA and 1 g  a-PEI (i.e. PVA:PEI mass ratio 150 

of 5:1) in 5 mL of ethanol with 3 wt% admix of Darocur 1173. 151 

 152 

 153 

 154 

Scheme 1. Synthesis pathways for a-PVA (a) and a-PEI (b). 155 

 156 

 157 

2.3 Synthesis of electrospun nanofiber membranes 158 

 159 

The prepared solution was placed in a syringe connected to the positive terminal of a 160 

high-voltage (20 kV) power supply. The negative terminal of the power supply unit was 161 

connected to a conductive collector positioned 15 cm away from the syringe needle. 162 

The solution was spun at the flow rate of 0.10 mL/h for 10 h at room temperature while 163 

being irradiated by UV light (𝜆𝑚𝑎𝑥= 365 nm, OSRAM 300W high pressure UV lamp). 164 

The fibers were collected on the PET filter support paper (Figure 1). The non-woven 165 

PET support helped improve the mechanical stability of the membranes as unsupported 166 

ENMs are fragile.  167 

 168 

To improve mechanical properties of ENMs they were subjected to compression and 169 

heat treatment [24]. Square (50 mm × 50 mm) pieces of the cast ENM mats were cut, 170 
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layered and placed in between two 100 mm × 100 mm square dies. For each 171 

membrane, 4 layers were compressed by a manual hydraulic press (Specac) at a load 172 

of 5 MPa for 1 min [32]. Then the ENM sheets were placed into a preheated oven at 90 173 

°C for 10 min.  174 

 175 

 176 

Figure 1. Schematic diagram of the electrospinning-UV process. 177 

 178 

 179 

2.4 Membrane characterization 180 

 181 

The infrared absorption spectra of the prepared ENMs were recorded using a FTIR 182 

spectrometer (Nicolet 6700). The morphology of ENMs was assessed using the ultra-183 

high resolution scanning electron microscope (SEM; JEOL 7500F). The pore size of 184 

ENMs was measured by capillary flow porometer (Quantachrome 3GWin). Membrane 185 

porosity, 𝜀, was determined gravimetrically as follows: first the volume of electrospun 186 

membrane (𝑉𝑡𝑜𝑡) was calculated by multiplying the thickness of the membrane by its 187 

surface area. Second, the mass of water was converted to the pore volume, 𝑉𝑝𝑜𝑟𝑒, of the 188 

membrane in the assumption that all pores were filled with water. Finally, the pore 189 
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volume was divided by the total volume to give membrane porosity: 𝜀 =
𝑉𝑝𝑜𝑟𝑒

𝑉𝑡𝑜𝑡
× 100%. 190 

The 𝜁-potential of ENMs was measured using Anton Paar Surpaas electrokinetic 191 

analyzer. The water contact angle on ENM surface was determined using the sessile 192 

drop method within the first 5 s of droplet deposition onto the membrane surface. The 193 

permeability of ENMs was measured using a dead-end filtration cell (see 194 

Supplementary content (SC); Figure S1). A 25 mm diameter ENM disk was placed in 195 

the filtration cell filled with 10 mL of distilled water and permeate flux was measured 196 

under three different transmembrane pressures at room temperature. 197 

 198 

2.5 Propagation and purification of bacteriophage MS2 199 

 200 

To examine the filtration performance of ENMs, bacteriophage MS2 (ATCC15597-B1) 201 

was used as a model virus. MS2 stock (1 mL) was mixed with 1 mL of suspension of E. 202 

coli (ATCC 15597) in 10 mL tryptone yeast extract broth and 0.8 mL of this preparation 203 

was placed into plate containing trypticase soy agar and incubated for overnight at 37 204 

°C. After incubation, the MS2 suspension was centrifuged at 1000 rpm for 20 min and 205 

the supernatant was filtered through a 0.45 μm sterile syringe filter(EMD Millipore). The 206 

MS2 concentration in the obtained stock suspension was ~1010 plaque forming units 207 

(PFU) per 1 mL. The MS2 stock suspension was stored at 4 °C. 208 

 209 

2.6 MS adsorption tests 210 

 211 

In adsorption experiments, 10 mg of ENMs was added to 5 mL of MS2 suspension of 212 

different concentrations. Contact times up to 60 min were used in each adsorption test. 213 

Each adsorption measurement was performed at room temperature and neutral pH and 214 

was replicated once. 215 

 216 

2.7 Filter challenge tests with bacteriophage MS2 217 

 218 

The MS2 feed suspension was prepared by diluting 1 mL of the stock (~1010 PFU/mL) 219 

in 1 L of sterilized distilled water giving the MS2 concentration in the membrane feed of 220 
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~107 PFU/mL. The pH of the feed was ~7.4. The suspension was filtered through an 221 

ENM disc using the transmembrane pressure of 2.5 psi (~ 0.17 bar) in the dead-end 222 

filtration cell (Figure S1). The permeate was collected in an autoclaved vial and the virus 223 

concentration in the permeate was determined by the plaque assay procedure. Serial 224 

dilutions of the permeate samples for MS2 assaying were prepared using phosphate 225 

buffer solution (pH 7.2).  A small volume (0.3 mL) of each permeate sample was added 226 

into the glass vial containing approximately 5 mL of soft agar and then 0.1 mL of E. coli 227 

solution was added. This mixture was poured onto the 100 mm diameter petri dishes 228 

with solid agar and allowed to harden. All petri dishes were incubated overnight at 37°C. 229 

All experiments were repeated 3 times. After incubation, the plaques were counted to 230 

yield the concentration of MS2 phage in PFU/mL.  Virus retention by the membranes 231 

was calculated as the log reduction values defined as 𝐿𝑅𝑉 = 𝑙𝑜𝑔(𝐶𝑓/𝐶𝑝), where 𝐶𝑓 and 232 

𝐶𝑝 are concentrations of MS2 in the feed and in the permeate, respectively [33]. 233 

 234 

 235 

3. Results and Discussion 236 

 237 

3.1 Chemical and morphological characterization of ENMs 238 

 239 

To obtain water-insoluble ENMs, a-PVA and a-PEI were synthesized first. The FTIR 240 

spectrum of a-PVA (Figure 2) presented a broad band at 3432 cm–1 (–OH stretching), a 241 

band at 2980 cm–1 (C–H vibrational stretching), and a band at 1023 cm–1 (C–O 242 

vibrational stretching). The bands at 1710 (C=O stretching) and 1646 cm–1 (C=C 243 

stretching) stemmed from methacrylate groups of GMA used to modify PVA [34]. The 244 

FTIR spectrum of a-PEI contained bands at 3307 and 3352 cm-1, corresponding to N-H 245 

and –OH groups respectively. The carbonyl (C=O) stretching and vinyl (C=C) groups 246 

gave rise to 1710 cm-1 and 1647 cm-1 bands. The peak at 1040 cm-1 was attributed to 247 

C-N group [19]. 248 
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 249 

Figure 2. FTIR spectra of a-PVA, a-PEI, electrospun polymer solution and ENMs. 250 

 251 

 252 

 253 

 254 
 255 

Scheme 2. Proposed structure of the ENM polymer synthesized by crosslinking a-PVA 256 

with a-PEI. 257 

 258 

 259 

 260 
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 261 

 262 

 263 

 264 

 265 

Figure 3. An SEM image of the cross-section of a-PVA:a-PEI (mass ratio of 5:1) the 266 

electrospun nanofiber membrane (thickness of ~98 µm) on the non-woven 267 

polyethyleneterephthalate support (thickness of ~110 µm). 268 

 269 
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 270 

(a) 

 

(b) 

 

    

(c) 

 

(d) 

 

 271 

Figure 4. SEM images of electrospun nanofiber membranes of pure PVA (a, b) and of a-PVA/a-PEI (c, d). 272 
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The FTIR analysis of the photo-crosslinked ENMs produced by mixing of these 273 

oligomers showed that photo-crosslinking of the nanofibers was followed by the 274 

disappearance of the double bond (C=C) band at ~1646 cm-1 (Figure 2). Scheme 2 275 

shows the proposed structure of the synthesized ENMs. 276 

 277 

SEM imaging of ENMs revealed a mat of randomly oriented intertwined nanofibers on 278 

the non-woven support (Figure 3). The pure PVA nanofibers appeared to be smooth 279 

with the fiber diameter of 245 ± 25 nm (Figures 4a and 4b). After acrylation, more 280 

intertwined nanofibers with  beady inclusions and more apparent crosslinking between 281 

the fibers were observed. Parameters, such as the polymer concentration and 282 

molecular weight, pH, salt and surfactant contents of the solution, are known to affect 283 

the morphology of electrospun PVA fibers [30]. The beading observed in our study was 284 

an expected result attributable to the acrylation-induced increase in the molecular 285 

weight of the polymer.  The diameter of fibers ranged from 90 nm to 350 nm with the 286 

average of 228 nm. The modification of PVA and PEI with GMA and crosslinking of 287 

those materials may have led to an increase in the molecular weight of the resulting 288 

polymer [35]. Based on the SEM images (Figures 4c and 4d), the average thickness of 289 

the ENM was ~98 µm. 290 

 291 

Table 1. Morphological properties of a-PVA/a-PEI electrospun nanofiber membranes on 292 

PET non-woven support. 293 

A Determined from SEM micrographs using image processing software. 

B Measured gravimetrically (see section 2.4). 

C Calculated based on the air permeability data provided by the manufacturer (see SI, eq. S4 and eq. 
S5). 

D Calculated based on the values of porosity (for the support layer) and thickness (of both the 
support and ENM layers (see SI, eq. S8)). 

 294 

 
Average fiber 

diameter, µm 

Layer 

thickness, µm 
Porosity, % 

    

Non-woven PET support 16.95A 110A 63.0C 

ENM layer 0.23A 98A 91.3D 

Overall membrane n/a 208 76.3B 
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 295 

The mean pore size and the maximum pore size of ENMs were found to be 0.48 µm 296 

and 0.75 µm, respectively. The calculated porosity of the ENM layer (91.3%) is higher 297 

than values typically reported for ENMs (typically ~ 80% [13]). The compression that 298 

accompanied heat treatment (see section 2.3) was primarily used to improve the 299 

mechanical stability of the membrane. However, it likely also reduced both the pore size 300 

and the porosity. If larger pore size is desired, it may be possible to avoid compression 301 

as heat treatment should be sufficient to render the membranes mechanically stable. 302 

Lower pore size and porosity, however, should translate into a higher frequency of 303 

virus-fiber collisions [23] and, therefore, higher virus removal. Thus, the decision on 304 

whether to employ compression depends on the desired balance between permeability 305 

and selectivity of the nanofiber membrane. 306 

 307 

The initial water contact angle of ENMs was measured to 52.7 ± 7.7°; the contact angle 308 

quickly decreased as the water droplet was absorbed by the ENM.  ζ-potential of ENMs 309 

at pH 7.4 was measured to be + 7 mV, which can be attributed to the positive charge of 310 

PEI; the value is lower than +20 mV reported for cellulose nanofiber membranes 311 

modified by polyvinylamine [28]. The relative contents of the electropositive PEI and the 312 

electronegative PVA should determine the overall electrical charge on the membrane 313 

and, therefore, should be expected to affect virus sorption by such composite 314 

membranes. 315 

 316 

3.2 Water flux performance of ENMs 317 

 318 

Clean water flux tests showed that the hydraulic resistance of the ENMs was on 319 

average 5.18109 m-1 (i.e. specific permeate flux of 69,290 L/(m2∙h∙bar)). Given the 320 

ENM’s estimated thickness of 98 µm (section 3.1), the measured value of the hydraulic 321 

resistance translates into the specific hydraulic resistance of 5.291013 m-2 and 322 

permeability of 1.8910-14 m2. For homogeneous, isotropic porous media, the square 323 

root of its permeability provides an estimate of the average pore size [36]. For the 324 
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prepared ENMs, the calculation gives ~ 0.14 µm, which is of the same order of 325 

magnitude as the 0.48 µm obtained by porometry (section 3.1). 326 

 327 

Four different porous membranes with the nominal pore size in the submicron range – 328 

a) commercial polycarbonate track etch membrane (𝑑𝑝𝑜𝑟𝑒 = 30 nm), b) commercial 329 

polyacrylonitrile membrane (𝑑𝑝𝑜𝑟𝑒 = 200 nm), c) PAN/PSf electrospun nanofiber 330 

membrane (𝑑𝑝𝑜𝑟𝑒 = 0.68 μm), and d) commercial fluoropolymer membrane (𝑑𝑝𝑜𝑟𝑒 = 800 331 

nm) were used as comparisons.  The average hydraulic resistances of these 332 

membranes were 1.90×1010, 1.68×107, 2.00×108 and 6.20×1010 m-1 respectively. 333 

(Permeate flux versus transmembrane pressure dependencies for these membranes 334 

are shown in SC, Figure S2.) Thus, the resistance measured for the synthesized ENM 335 

membrane (5.18109 m-1) is comparable with that of commercially available membranes 336 

of similar nominal pore sizes 337 

 338 

3.3 MS2 adsorption onto electrospun nanofibers 339 

 340 

To our knowledge, there have been no published reports with kinetics or isotherms of 341 

MS2 adsorption onto membrane polymers. In order to describe the adsorption capability 342 

of ENMs with respect to the bacteriophage, batch adsorption experiments were carried 343 

out. MS2 adsorption kinetics test showed the time to equilibrium of ~ 30 min (see SC; 344 

Figure S3). MS2 adsorption isotherms (Figure 5) followed Freundlich model (eq. (1)) 345 

much better than the Langmuir model (see SC): 346 

𝑞𝑒 = 𝑘𝐹𝐶𝑒

1
𝑛 

(1) 

 347 

The 𝑛−1 values predicted in two separate isotherm experiments showed favorable 348 

adsorption (𝑛 > 1) and were relatively close: 0.8782 ± 0.0119 and 0.9497 ± 0.0126. The 349 

units of the “capacity” constants, 𝑘𝐹, determined in the two isotherm tests are different 350 

so that, strictly speaking, the two constants cannot be compared one with another. 351 

However, because of the proximity of 𝑛−1 values in the two tests, we can draw a 352 

qualitative comparison of 𝑘𝐹 values. The ~ 34% difference (𝑘𝐹 = 2.63 ± 1.22 353 
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(mg/g)(L/mg)1.14 in test 1 versus 𝑘𝐹 = 1.97 ± 1.25 (mg/g)(L/mg)1.05 in test 2) can be 354 

interpreted as stemming in part from the difference in units and in part from the 355 

experimental error with the concentrations (PFU/mL) of the viable virus. 356 

 357 

Figure 5. Freundlich isotherm of MS2 adsorption on electrospun nanofibers. 358 

 359 

 360 

3.4 Removal of bacteriophage MS2 by electrospun nanofiber membranes in flow 361 

through tests 362 

 363 

MS2 is commonly used as a human virus surrogate in virus challenge studies. The 364 

hydrophilicity [37] and small size (~ 27 nm [38]) of this bacteriophage make it a suitable 365 

conservative tracer [39].  The pI of MS2 ranges from 2.2 to 4.0 depending on the 366 

solution chemistry [40]. At pH 7.6 (close to the feed pH of 7.4), the 𝜁–potential of MS2 367 

was measured to be ~ - 32 mV [41]. In the present study, dead-end filtration tests 368 

showed ~ 2 LRV of MS2 by ENMs (Figure 6), which compared well with removals 369 

achieved by PAN and cellulose-based ENMs (Table 2). 370 

 371 
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Several factors affect virus removal by membranes. First, when filter pore size is 372 

sufficiently small, viruses can be removed by size exclusion (i.e. sieving). Several 373 

expressions of varying complexity have been proposed to describe particle removal by 374 

filters via the size exclusion mechanism (see Baltus et al [42] for a discussion). In the 375 

assumption that only steric particle-pore wall interactions are important, the rejection 𝜎 376 

of rigid spherical particles of diameter 𝑑𝑝𝑎𝑟𝑡  by a membrane with cylindrical pores of 377 

diameter 𝑑𝑝𝑜𝑟𝑒 was shown to be accurately described by the following expression [43]: 378 

𝜎 = 1 − (1 − 𝜆)2 (
1 = 3.867𝜆 − 1.907𝜆2 − 0.834𝜆3

1 + 1.867𝜆 − 0.741𝜆2
) 

(2) 

where 𝜆 = 𝑑𝑝𝑎𝑟𝑡/𝑑𝑝𝑜𝑟𝑒.  Given the large difference between the sizes of MS2 and ENM 379 

pores, size exclusion should not make a significant contribution to MS2 removal. 380 

Indeed, the removal of MS2 (𝑑𝑝𝑎𝑟𝑡 = 27 nm) by the ENM (𝑑𝑝𝑜𝑟𝑒  = 480 nm) as predicted 381 

by eq. (2) is ~ 2%, much less than the 99% removal observed experimentally (Figure 6). 382 

 383 

Table 2. MS2 retention by select ENMs and other microfilters. 384 

 385 

Membranes Nominal 𝑑𝑝𝑜𝑟𝑒, μm MS2 LRV Reference 

ENM: a-PVA/a-PEI 0.48 2 This study 

ENM: cellulose 0.38 ~0 [28] 

ENM: cellulose w/ polyvinylamine grafting 0.32 >4 [28] 

ENM: PAN 0.22 2 [15]  

Modified (hydrophilic) PVDF microfilter 0.22 <0.5 [44] 

GS9035 commercial microfilter  n/a 1 [15] 

 386 

Adsorption of the virus to the membrane material is another possible mechanism of 387 

virus removal. In simple water matrices virus adsorption is governed by electrostatic, 388 

van der Waals and hydrophobic interactions between the virus and the filter. The 389 

hydrophobic interactions between the bacteriophage and the membrane, both of which 390 

are hydrophilic, had to be repulsive [45]. The electrical charges on the virus and on the 391 

membrane at the pH used in the challenge tests (pH 7.4) were of opposite signs 392 

(positively charge membrane and negatively charged MS2) so that the electrostatic 393 
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interactions were favorable. (The zeta potential of the membrane was measured to be 394 

+7 mV (see section 3.1) while, as mentioned earlier, the charge of MS2 at pH 7.6 is ~  395 

32 mV [41]). Thus, we attributed the observed adsorption of MS2 to the dominance of 396 

favorable van der Waals and electrostatic interactions over the hydrophilic repulsion. 397 

  398 

 399 

Figure 6. Log removal of MS bacteriophage by a-PV/a-PEI electrospun nanofiber 400 

membranes. 401 

 402 

Removing 2 logs of viable MS2 phage from the feed with the concentration of ~107 403 

PFU/mL means that for each mL of the permeate 102 PFU of MS2 were retained by the 404 

membrane. Given that the total volume filtered was 10 mL, ~103 PFU of MS2 ended up 405 

on the surface of ENM fibers. A simple calculation shows that only a very small fraction 406 

(~ 0.7∙10-12) of the total available membrane surface is occupied by the adsorbed 407 

viruses. Based on of the transmembrane pressure applied in the challenge tests (2.5 psi 408 

or ~ 0.17 bar) and the average hydraulic resistance measured for the membrane 409 

(5.18109 m-1; see section 3.2), the average permeate flux is ~ 3.28∙10-3 m/s. With the 410 

average membrane thickness of ~ 98 µm (section 3.1), this permeate flux value 411 

translates into the detention time of ~ 30 ms. This is more than 4 orders of magnitude 412 

smaller than ~ 30 min required to achieve adsorption equilibrium (Figure S3). Thus the 413 

incomplete (99%) removal of MS2 in the challenge tests was likely limited by the 414 

detention time of the virus within the membrane. Optimizing the PEI content of the 415 
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membrane to increase the positive charge on the fibers should help increase MS2 416 

removal while maintaining the same permeate flux. We note that due to its small size 417 

and hydrophilicity, MS2 provides a very conservative estimate of a filter’s ability to 418 

remove viruses. One can expect higher removals for most other viruses.   419 

 420 

4. Conclusions 421 

 422 

Electropositive nanofiber membranes based on acrylated poly(vinyl alcohol) and 423 

polyethyleneimine were produced by electrospinning with in situ photo-crosslinking.. 424 

The resulting membrane was an electropositive (ζ = 7 mV at pH 7.4) and hydrophilic (𝜃𝑤 425 

≅ 53°) microfilter with the mean pore size of 0.48 µm. The hydraulic resistance of the 426 

membrane was measured to be 5.18∙109 1/m, which as equivalent to the specific 427 

permeate flux of ~ 6.9∙104 L/(m2∙h∙bar). Data from batch adsorption tests with 428 

bacteriophage MS2 gave a high quality fit by a Freundlich isotherm pointing to favorable 429 

adsorption (𝑛−1 ≅ 0.91). The 99% retention of MS2 demonstrated in flow through virus 430 

clearance tests was attributed to adsorption; given the small size and hydrophilicity of 431 

MS2, the retention should be expected to be higher for most other viruses. In sum, 432 

electrospinning with in situ photo-crosslinking was shown to be feasible one-step 433 

method of fabricating electropositive nanofiber membranes capable of removing viruses 434 

much smaller the membrane pore size at high permeate fluxes. 435 

 436 
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