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Abstract

This work describes the fabrication of ceramic fibres by electrospinning based on
iron(111) oxide or copper(Il) oxide. The fibres were produced from organic salt /polymer
precursors and transformed into pure ceramic materials by firing. The fibres are aimed
to remove negatively charged viruses from drinking water. The obtained ceramic fibres
were characterised by the diameters of 0.23 £ 0.10 pum and 0.17 £ 0.06 pm for iron- and
copper-based fibres, respectively. The performance of 0.100 g of fibres in the removal
of MS2 bacteriophages in batch adsorption experiments reached the log reduction value
(LRV) of 1.70 and 0.44 after 5 min and 10 minutes of contact time for iron(I11) oxide
and copper(l1) oxide fibres, respectively.
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1. Introduction

Despite the fact that the quality of life in the world does increase, there are still many
regions suffering from the lack of access to basic services. Among them is the access to
safe drinking water. According to the World Health Organization (WHO) [1], 844 mil-
lion people lacked a basic drinking water service in 2015. The Sustainable Development
Goal global target is to achieve a universal and equitable access to safe and affordable
drinking water for all by 2030. WHO defines a basic drinking service as an access to
drinking water from an improved source with the collection time not longer than 30
minutes for a round trip, including queuing. The point-of-use (POU) filters are devices
providing on-site protection in the last possible moment before water use. Thus, the
search for affordable and accessible materials for POU filters is still much in demand.

Iron(111) oxide in its hematite phase, a-Fe20s, is a good choice for such materials. It was
used to purify water from heavy metals and their compounds, such as arsenic [2] or
chromate oxyanions [3]. It is inexpensive and widely available.

Copper(ll) oxide, CuO, was the second material used in this research. It is known for its
antibacterial [4, 5], antifungal [4] or antiviral [6] properties. Cu?* ions were reported [7]
to have had an impact on the conformation of specific peptides, which could potentially
lead to an indirect destabilisation of some viruses. In the past, CuO was used as an addi-
tive or a modifier of various materials, e.g. fibres [8]. Gabbay and colleagues imple-

mented it to impregnate socks and showed its antimicrobial and antifungal enhancement

[4].

To apply the selected substances, we formed them into submicron fibres. Such a shape
provides a large surface-to-volume ratio and allows to easily tailor the properties of the
final product, such as the pore size or the porosity. Moreover, the fibres will separate the
contaminants with the use of electrostatic adsorption [9] and not size exclusion.

There are numerous techniques to fabricate fibres of submicron dimensions. The most
notable examples are electrospinning, melt blow spinning [10], rotary jet-spinning [11,
12] and forcespinning [13] are notable examples.

One of the first works on electrospinning was presented by Charles L. Norton in his
patent in 1936 [14], in which he presented a method to form fibres from a viscous liquid
capable to solidify rapidly. It was a step forward from electrospraying which had been
developed earlier but produced strings of a liquid broken into droplets. Norton described
the fibres formed in this way “(...) well suited for packing, insulation, or similar pur-
poses.”. He also emphasised that the contour of fibres could be changed into more ir-
regular form by applying an external force. The force might have the form of an electric
field or an air blast, perpendicular to the flow of the newly-formed liquid strings before
their solidification. Thirty years later, Simons patented a method for the production of
patterned non-woven fabrics by using electrospinning [15]. The difference between
Norton’s and Simons’ work was , as Simons indicated, the possibility “(...) for the spun
fibres to be gathered into a thin, lightweight non-woven fabric with a pattern simulating
any desired woven fabric (...)".

Since then, electrospinning has evolved into a mature technique for the fabrication of
fibres. This was especially visible when nanomaterials and nanofibres were and still are
the main interest of many applications. Electrospun fibres are typically in the range of
tens to hundreds of nanometers. Electrospun fibres are applied in many different fields
of science and technology, such as photocatalysis [16], water purification [3, 17, 18],
supercapacitors [19], batteries [20], cell growth [21-23], dielectric composites [24, 25],
distillation [26] and others. This method is also considered the most common to fabri-
cate nanofibres.



In our work, we used electrospinning to fabricate ceramic fibres based on iron or copper
oxide from the mixture of the organic salts of metals and the polymer. After the for-
mation of the filaments, the composite fibres were calcinated at various temperatures to
transform the organic salts into their oxides and to remove the polymer from the fibres.
Finally, the fibres were tested for their capability to remove MS2 bacteriophages which
may be used as surrogates for negatively charged (in drinking water) human pathogenic
viruses.

2. Material and methods

2.1. The precursors

The fabrication of the ceramic electrospun fibres was realised by dissolving 6.00 g of
poly(N-vinyl-2-pyrrolidone) (PVP) of the molecular weight of 1300000 g/mol, obtained
from Sigma-Aldrich (Switzerland), in 24.6 cm?® of methanol under mechanical stirring at
250 rpm for at least 1 hour. Simultaneously, 0.60 g of Fe(CH3COOQO). (iron(l1) acetate,
97%, ABCR GmbH & Co. KG, Germany; further denoted as "Fe(Ac)2") or 0.06 g of
Cu(CH3COO): (copper(ll) acetate, 99% anhydrous, ACROS Organics™, Belgium; fur-
ther denoted as "Cu(Ac).") was dissolved in 20.0 cm? of methanol with the addition of
0.01 cm? of CH3COOH for the iron- and copper-based fibres, respectively. The amounts
of the acetates were dictated by their solubility in methanol. The values represent ap-
proximately the maximal amounts soluble at room temperature with the practical dura-
tion of mechanical stirring. After the complete dissolution of the salts, the polymer solu-
tion was added to the salt solution. The mixture was magnetically stirred for an addi-
tional hour to ensure proper mixing of the two components. Each dissolution and mix-
ing was conducted in a closed bottle to avoid losses of the volatile solvent.

The used acetic acid, CH;COOH, and methanol, CH3zOH, were of a technical grade.

The precursors were analysed in terms of viscosity in the function of a shear rate. The
measurements were performed at 25 °C with the use of the rotational viscosimeter Rhe-
olab MC 120 (PhysicaMesstechnik GmbH, Germany). Each measurement consisted of
increasing the shear rate from 10 to 2000 1/s and decreasing back to 10. Three such cy-
cles were performed for each type of the precursors. The results are calculated mean
values from the six slopes: three series with increasing shear rate and three with a de-
creasing one.

2.2. The spinning

The fibres were spun with the use of NEU-Pro device (Tong Li Tech Co. LTD, China)
equipped with syringe pumps to feed the precursors of the fibres into a five-needle (of
the inner diameter of 0.603 mm) head through a polypropylene tubing. The voltage was
applied to the needles whereas the rotating drum was grounded.

The precursor was loaded into a 10 cm?® plastic syringe connected to the electrospinning
head. The solution was pumped at a constant rate of 0.5 cm®/h. The collecting drum was
covered with aluminum foil and sprayed with WD-40 lubricant to prevent the mats from
sticking to its surface. The drum was then placed 16 cm from the spinneret head and set
in motion (10 rpm). The voltage of 20 kV was applied to the spinneret. The measured
ambient conditions in the spinning chamber were 24.5 °C and the humidity of 40%. As
soon as the whole precursor was used, the fibres collected on the drum were gently re-
moved from the foil.



2.3. MS2 Bacteriophages

In this study, MS2 bacteriophage was selected as a virus surrogate. MS2 is a commonly
studied surrogate for human enteric viruses detected in drinking water [27-29]. This F-
specific RNA bacteriophage is a member of the Leviviridae family. The phage consists
of a 20 - 30 nm diameter proteic capsid and a 3566 nucleotides RNA genome partly
bound to the capsid. The capsid exhibits pores on its surface and contains 180 copies of
the capsid protein (13.7 kDa) and one copy of the maturation protein (44 kDa). The re-
ported isoelectric point of MS2 is in the range of 2.2 - 3.9 [27, 28, 30]. The bacterio-
phages MS2 (DSMZ #13767) were obtained from the German Collection of Microor-
ganisms and Cell Cultures (DSMZ, Germany).

2.4. The calcination

In order to transform the organic salts of the metals and to remove the fibre-forming
polymer, the fibres were calcinated under oxidative atmosphere in the range of tempera-
tures of 500 - 1000 °C with the constant heating and cooling rate of 1 °C/min. Such
slow processing was selected to avoid unnecessary tension resulting from the rapid ex-
pansion of gases being the products of thermal decomposition of the salts.

The thermal decomposition of the acetate powders, as well as the composite fibres, was
analysed with the use of thermogravimetry (TG). The measurements were conducted in
Mettler Toledo TGA/sDTA 851e (Mettler Toledo, Switzerland) up to 1100 °C with the
heating rate of 5 °C/min with a flowing air atmosphere using 150 mm? Al,O3 crucibles.

2.5. The assessment of the properties of the fibresThe morphology of the fibres
was observed by scanning electron microscopy (SEM) with the use of Vega TS 5130
(TeScan s.r.o., Czech Republic) and Nova NanoSEM 230 (FEI, USA) for high-
resolution micrographs. Each specimen was coated with the conductive layer of Au-Pd
with the use of Cressington 108auto Sputter Coater (Ted Pella Inc., USA) prior SEM
observations. The diameters of the fibres were analysed from the SEM micrographs
using ImageJ software (National Institutes of Health, USA). The average diameter was
calculated from at least 100 measured fibres for each sample. The specific surface area
of the fibres was determined according to the Brunauer-Emmett-Teller theory (BET)
using Coulter SA3100 Surface Area and Pore Size Analyzer (Beckman-Coulter, USA).
The samples were dried under flowing air at 180 °C for 1 hour prior to the measure-
ments in Coulter SA-Prep Surface Area Outgas Station (Beckman-Coulter, USA).The
zeta potential of the fibres was calculated from streaming potential measurements (ac-
cording to the equation 1) by the Anton Paar software performed with SurPASS Elec-
trokinetic Analyzer (Anton Paar GmbH, Austria) equipped with an integrated titration
unit.
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where: ( - zeta potential, dU/dp - the slope of streaming potential in the function of
pressure, n - viscosity, € - the dielectric constant of the electrolyte, & - electrical permit-
tivity of vacuum, L - the length of the capillary system (the distance between the elec-
trodes measuring the streaming potential in the system), A - the cross-sectional area of
the capillary system, R - alternate current resistance of the dI capillary system filled
with the electrolyte.

Ultrapure water, purified with Barnstead™ Nanopure™ (Thermo Scientific, USA), was
used to prepare the electrolyte and to rinse the system. The electrolyte solution for the
measurements was 0.001 M KCI. The titrants used to adjust pH were either 0.5 M
NaOH or 0.5 M HCI. The sigmoidal fit for the zeta potential was performed with Fityk
software [31].

2.6. The bacteriophage retention batch tests

The Fe;O3 and CuO electrospun fibres annealed at 500 °C were tested for the retention
of MS2 bacteriophages. The batch adsorption was performed in a glass beaker contain-
ing 200 cm? of a virus dilution buffer (pH = 7.5). The liquid was monitored in terms of
pH changes and constantly stirred at 350 rpm with the use of a magnetic stirrer. Next,
20 mm? of the self-propagated and purified MS2 bacteriophages (the concentration of
5 - 10° pfu/cm®, plaque forming units per cubic centimetre) was added to the buffer and
stirred for 5 minutes. After 5 minutes, 0.100 g of the electrospun fibres were added to
the suspension. At this point, the sample of 1 cm?® was taken every 5 minutes. The ex-
periment was conducted for 30 minutes in total. After the sample was collected, it was
filtered through a PTFE membrane (pore size = 5 um) to physically remove possible
bacterial contamination or bacterial cell debris originating fromthe lysis of bacteria. The
membrane filtration and air exposure in the same conditions were experimentally con-
firmed [29] to have no statistically significant influence on the results.

Next, the amounts of MS2 bacteriophages in the collected samples were enumerated
with the use of the double plate agar method [29, 32]. A collected sample (100 mm?®)
containing MS2 was added to 200 mm? of Escherichia Coli (Migula 1895, Castellani

and Chalmers 1919, DSM No.: 5695) suspension (Optical Density at 600 nm = 0.2).
This mixture was then added to 7 cm? of liquid soft agar kept at 56 °C and homogenised.
Next, the suspension was poured onto a hard agar plate and incubated at 37 °C for 24
hours. During this time, the bacteria grow and form a milky semi-transparent layer

while active MS2 bacteriophages infect them. As a result, fully transparent spots in the
bacterial layer appear and can be counted. Each spot represents a plague-forming unit of
the bacteriophage.

The effectiveness of the MS2 removal was evaluated with the use of the Log Reduction
Value (LRV) which was calculated from the equation 2

LRVi = —loglo(l 'Ri) (2)

where: LRV; - the Log Reduction Value, R - the retention of the bacteriophages which
was calculated according to the equation 3



R =1—q ®3)

where: C; - the concentration of the bacteriophages after purification, Cio - the initial
concentration of the bacteriophages. The LRV of 1 corresponds to the tenfold decrease
of the concentration of the relevant species.

3. Results and discussion

3.1. The rheology of the fibre precursors

The viscosity relation of the iron- and copper-based precursors is presented in Figure 1.
The polymer exhibits the shear thinning effect resulting in the decrease of its viscosity
with an increasing shear rate.
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Figure 1. The viscosity of the fibre precursors in the function of a shear rate.

Such behaviour is beneficial in the systems in which a viscous liquid is pumped through
conduits, such as presented electrospinning system. The addition of the copper salt re-
sulted in the decrease of 0.025 Pa - s for the lowest shear rates (10 1/s). Presumably, this
reduction is caused by the distortion of PVVP chains arrangement. The relatively long
chains (1300000 g/mol) of the polymer create a mesh with hydrogen bonds formed be-
tween them. This mesh is destroyed with increasing stirring forces which explains the
decrease in viscosity at the higher shear rate of the rheometer. The formation of the
bonds, as well as the layout of the chains, are distorted by the introduction of additional
molecules of the metallic salts. At a higher shear rate, the distortion caused by the stir-
ring forces becomes dominant and the viscosity equalises with the viscosity of the PVP
solution.



The introduction of Fe(Ac)2 also leads to the reduction of the viscosity which is approx-
imately 8.6 times higher than that caused by Cu(Ac)2 (0.214 Pa - sand 0.025 Pa - s,
respectively). Since we introduced 10.5 times more mols of Fe(Ac)2, we assume the
difference of 8.6 times in the decrease of the viscosity derives from the larger amount of
the iron salt. However, this hypothesis was not further investigated.

3.2. The morphology of the composite fibres

The morphology of the electrospun polymer/ceramic fibres is presented in Figure 2. The
obtained fibres formed mats consisting of randomly oriented non-woven filaments.
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Figure 2. The morphology of the electrospun composite fibres: a) copper-bas, b)
iron-based.

The fibres were of a cylindrical shape with no visible open porosity. The surface of the
fibres was smooth and without major defects. No solidified droplets formed due to the
breakage of liquid jets were observed. Both types of fibres consisted of a mixture of
fibres of different fineness with copper-based fibres having their diameter less homoge-
neous (as will be shown in Figure 6). The larger size of the copper-based fibres is main-
ly related to the higher viscosity of their precursor in comparison to the iron-based pre-
cursor.

3.3. The thermogravimetric analysis

To select the appropriate temperature for the removal of PVP and the transformation of
the organic salts into oxides, thermogravimetric measurements were performed (Figure
3).
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Figure 3. The thermogravimetric analysis of the precursor powders and electrospun
composite fibres.

The mass of Cu(Ac): starts to rapidly decline at approximately 270 °C indicating the
thermal decomposition of the salt. Next, it reaches the minimum of 39.7% at 316.2 °C.
Later, it increases gently to the plateau at approximately 41.9% until 1016 °C where we
observed another decline. The calculated mass percentage of copper(ll) oxide to the
mass of copper(ll) acetate equals 43.8%. The difference between the obtained and the
calculated percentage may result from the used base material (the purity of 99%) and
the formation of other oxides such as copper(l) oxide.

The thermal decomposition of Fe(Ac)2 occurs in a broader range of temperatures with
the elevated decline starting already at approximately 120 °C. The mass reaches the
minimum of approximately 39.7% at the same temperature as Cu(Ac)2, 316.2 °C. Thus,
we assume this is the temperature where the majority of the mass and the mutual part of
both salts finish its decomposition. The calculated mass percentage of Fe;Os of the two
Fe(Ac)2 is 45.9%. The larger difference between the calculated mass of the oxide and
the experimentally evaluated mass may possibly derive from the lower purity of the
iron(I1) acetate (97%) and the formation of other oxides such as iron(ll, 111) oxide,
Fes0a.

The thermogravimetric analysis of the electrospun fibres shows a much larger weight
loss compared to the salts. The mass reaches 1.0 % and 5.2 % of its starting mass at
502.9 °C and 487.2 °C and keeps this level at higher temperatures (copper- and iron-
based fibres, respectively). These characteristics are close to the thermal properties of
PVP which is understandable because of the used mass proportions. Huang and others
[33] reported the residual mass of PVP (Mw = 360000 g/mol) at 4 % at the temperature
430.5 °C. In this work, a PVVP of a larger molecular weight was used (1300000 g/mol)
which explains the difference. Copper-based fibres contain less salt comparing to the
iron-based fibres, yet the latter is closer to the thermal characteristics of PVP. This phe-
nomenon was not further investigated.



3.4. The morphology of the calcinated fibres

The calcinated copper-based fibres are presented in Figure 4. The heat treatment at
500 °C and the removal of the polymer resulted in the fibres becoming shorter, thinner
and jagged on the edges (Figure 4a).

Figure 4. The morphology of the calcinated copper-based fibres: a) 500 °C, b) 600°C, ¢)
700°C, d) 800°C, ¢) 900 °C, ) 1000 °C.

The filaments formed a connected mesh with the occasional formation of solid areas.
The membranes contained numerous open pores. The calcination at 600 °C transformed
the fibres into a more compact material with little to none indistinguishable separate
filaments. The fibres formed cauliflower-like structures with, presumably, decreased
porosity in comparison to fibres calcinated at 500 °C (based on the assessment of the
optical qualitative analysis of SEM micrographs). The heat treatment at 700 °C practi-
cally disintegrated the oblong leftovers of the fibres. The material took the form of al-
most completely molten grains with significantly decreased open porosity. The transi-
tion from 700 °C to 800 °C led to the crystallisation of agglomerated nanoparticles with
considerably increased crystallinity (as will be shown in Figure 7a). From this point, the
grains grew in size with the increasing temperature of the heat treatment.



Figure 5. The morphology of calcinated iron-based fibres: a) 500 °C, b) 600°C, c)
700°C, d) 800°C, e) 900 °C, f) 1000 °C.

The iron-based fibres annealed at 500 °C formed a looser mesh of fibres compared to
the copper-based fibres (Figure 5). In certain areas, web-like surfaces connecting sever-
al filaments were formed. Heating at 600 °C lead to the breakage of the fibres and re-
sulted in substantial shortening of their length. The interconnecting porous layer (the
web-like structures) was still present in the material. A further increase of the tempera-
ture caused the smaller fibres to melt and form thickenings on the larger fibres (visible
as bright regions in Figure 5c).Heating at 800 °C destroyed the mesh of fibres and dra-
matically shortened their length. The material was in the form of a separated island with
needle-like structures. The annealing at 900 °C and 1000 °C caused the material to melt
(Figure 5e, f). The separated needles coalesced into a worm-like shape which further
enlarged at the highest temperature.

As the focus of this study was on a fibrous material, the fibres calcinated at 500 °C were
selected for further analyses of base materials.

The specific surface area of the fibres annealed at 500 °C was evaluated according to
BET. The iron-based fibres were characterised by the specific surface area of 17.12
m?/g. For the copper-based fibres, the value decreased to 3.24 m?/g which correlates
well with the results of the analysis of the size of the fibres.

3.5. The diameter distributions

The diameters of electrospun composite fibreswere not homogeneous. They were char-
acterised by a bi- and tri-modal size distribution for Cu/PVP and Fe/PVP, respectively
(Figure 6).
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Figure 6. The diameter distribution of the electrospun fibres: a) iron-based composite
fibres, b) copper-based composite fibres, c) iron-based fibres calcinated at 500 °C, d)
copper-based fibres calcinated at 500 °C.

Each interval of the diameters was colour coded for better illustration. Iron-based fibres
were characterised by the smallest size distribution with the average of 0.13 + 0.04 um.
The smallest batch of Cu/PVP was of almost twice the size of Fe/PVP with the average
of 0.27 £ 0.07 um. The second interval of the sizes reached 0.73 + 0.14 um and 0.77 +
0.16 pum for Fe/PVP and Cu/PVP, respectively, which makes them very similar for both
materials. The third and the largest interval of the sizes was present only for the copper-
based fibres and reached 1.37 + 0.13 pm.

To summarise, the Fe/PVP was more homogeneous and of a smaller size in comparison
to Cu/PVP. One of the factors dictating such behaviour might be the larger viscosity of
the copper-based precursor which normally results in the increase of the fibre size.

The heat treatment at 500 °C substantially reduced the size of both types of fibres as
expected. The greatest influence on this effect was the removal of PVP but the transition
from the organic salts into oxides did influence that as well. The calcinated fibres exhib-
it a unimodal distribution of the diameters in both cases. The average size of the diame-
ters were 0.23 = 0.10 um and 0.17 = 0.06 um for the iron and copper-based fibres, re-
spectively. Both types of fibres were of a similar size on average despite the tenfold
difference of the salt content (from the weight point of view, the iron-based precursors
contained ten times more salt than the copper-based ones).
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3.6. The phase composition of the calcinated fibres

The annealed copper-based fibres consisted mainly of tenorite (CuO, reference code:
00-045-0937) with the small amount of the partially oxidised cuprite (Cu.O, reference
code: 00-005-0667) phase (Figure 7a). The relatively low intensity of the reflections at
temperatures lower than 800 °C suggests a moderately unordered structure of the
formed oxides. A large increase in the intensity of the X-ray diffraction signal upon
reaching 800 °C was observed. The increased intensity was persistent in the higher tem-
peratures. The two most intense reflections changed ratio at 900 °C and 1000 °C in
comparison to the ratios observed at lower temperatures. However, this behaviour was
not investigated since the suitable morphology was obtained already at 500 °C.
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Figure 7. The phase composition of the annealed fibres: a) copper-based, b) iron-based.

The diffractograms of the annealed iron-based fibres reveal that hematite (a-Fe2Os, ref-
erence codes of the used XRD patterns: 00-001-1053, 00-013-0534) is their main con-
stituent (Figure 7b). The small-intensity reflections of magnetite (FezOas, reference code:
00-019-0629) are also present in the whole range of annealing temperatures. Their in-
tensity changes proportionally to the intensity of the strongest reflections after each heat
treatment. The list of the detected reflections for the materials after calcination at 500 °C
is shown in Supplementary Material 1.

3.7. The electrokinetic properties of the iron-based fibres

The zeta potential was measured for the iron-based fibres annealed at 500 °C. Due to
the technical difficulties with the apparatus (leaking tubing), only the annealed iron-
based fibres could be measured. The isoelectric point of the fibres was equal to 8.9 and
was calculated from the sigmoid function fit (Figure 8).
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Figure 8. The electrokinetic properties of the annealed iron-based fibres.

The obtained result is in close agreement with the values reported in the literature for a-
Fe»0s3, such as 8.5 reported by Park [34] or 9.3 by Kittaka and others [35]. Such electro-
kinetic properties are beneficial for the adsorption of MS2 bacteriophages since their
isoelectric point is in the range of 2.2 - 3.9 [30]. Thus electrostatic attraction between
them is formed. It is the principle of electrostatically enhanced adsorption often utilised
in water purification techniques.

The isoelectric point of CuO is expected to be in the range of 9.1 - 9.7 with a calculated
value of 9.3 [36]. However, the surface properties depend on many parameters such as
the history of the sample, preparation (thus a manufacturer), etc, and as low values as
6.7 were also reported [8].

3.8. The MS2 removal of the ceramic fibres

The results of the MS2 removal experiments are illustrated in Figure 9. The fibres based
on hematite were considerably more effective in removing or inactivating (since the test
validate the number of active phages, we cannot specify it precisely) the bacteriophages.
The largest log reduction values (LRV) were achieved practically immediately after the
addition of the fibres to the suspension. The LRV in later stages remained at the same
level within the statistical error of the enumeration method. The obtained maximal val-
ues of LRV were 1.70 and 0.44 for the iron- and copper-based fibres, respectively.
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Figure 9. The removal of MS2 bacteriophages by the electrospun fibres in batch exper-
iments.

One of the advantages of the hematite fibres over the copper-based fibres was their su-
perior specific surface area. This parameter plays one of the most important roles in
adsorption. With the larger specific surface area and small size, the iron-based fibres
provided more adsorption sites and contact area to the surrounding water with MS2 bac-
teriophages.

Both types of fibres did not remove all applied bacteriophages. However, the results are
promising especially for the iron-based fibres. To compare, Borkov and others achieved
the LRV between 0.74 and 4.6 depending on the tested virus types with their copper
oxide-impregnated polypropylene fibres [6]. Boudaud and others reported the removal
of MS2 at the LRV of above or equal 4.0 with the use of a conventional drinking water
treatment at a pilot scale [27]. However, that treatment is a complex multistep process
involving coagulation, flocculation, lamellar settling, sand filtration and a membrane
ultrafiltration process. Hongyang and others achieved the retention of approximately
LRV 2.0 with the use of their electrospun functionalised polymeric membrane and re-
ported the efficiency of approximately LRV of 1.0 of the GS0.22 commercial mem-
branes [18]. Using an impregnated cellulose fibres with metallic copper, Szekeres and
others [29] achieved the retention of at least LRV =5 (the limit of their experiment) at
three pH values. The authors used the cellulose fibres as a structural material with im-
pregnated MS2-inactivating copper. This work shows the results of an active materials
to adsorb the bacteriophages which, with its further implementation in a filter, can po-
tentially achieve similar performance.

4. Conclusions

The electrospun fibres after the heat treatment transformed into ceramic oxide-based
materials of a submicron diameter. As expected, this transition occurred with a signifi-
cant decrease of the diameters of the fibres. The treatment at 500°C produced fibres of
the most beneficial morphology. The iron-based fibres were superior to the copper-
based ones in terms of MS2 bacteriophage removal. The results were insufficient for
drinking water purification. However, they are promising since they were obtained in
batch experiments where the adsorbents and adsorbates have to travel to each other.
Building a filter based on the membrane made of the fibres should significantly increase
the performance. Moreover, the adsorption does not rely on the size exclusion, hence
the membranes need not be as tightly packed as in the case of size-exclusion membranes
(though a good contact of the adsorbates to the medium must be preserved). This would
improve the flow of a filtrate and pressure drop on the filter. Finally, the fibres are pure-
ly ceramic so it is possible to clean them conventionally by firing.
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