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This paper reports the design and the fabrication of novel fiber membranes based on electrospun polyurethane
(PU) fibers modified with copper and zinc oxide as potential systems for protective clothing. A one-step in-situ
methodology is proposed to modify the PU systems. The modified PU membranes are widely characterized in
terms of spectroscopic, morphological, thermal and barrier properties. Evaluation of surface charge and analysis
of retention degree, obtained by testing four model systems (H20O, H2O/NaOH, lemon juice and sweat simulant),

are even carried out. Then, to evaluate the protection against UV rays, weathering tests are accomplished while
the carbonyl index gives a proof of the improved UV stability. The estimation of ultraviolet protection factor
allowed to prove the total resistance to UV-A and UV-B rays. Finally, cytostatic effect against Gram™ and Gram
bacteria is evaluated. The reported results allow for stating that the designed materials show great potential as
high-performance systems for protective clothing applications.

1. Introduction

Nowadays, there is a wide interest in the design of multifunctional
textiles. For example, since ultraviolet radiation is considered harmful,
the development of ultraviolet (UV)-blocking fabrics for outdoors uses
has received increasing attention. In fact, UV rays can cause the for-
mation of free radicals and the long-term exposure of human skin can
induce health issues (i.e. aging, DNA damage, skin reddening, acne, skin
cancer) [1]. Apart from the health concern, UV radiation can even be
responsible for discoloration of dyes pigments, weathering, yellowing of
plastics and loss of gloss and mechanical properties of textiles [2]. As a
consequence, the fabrication and design of UV-protective materials has
become an important issue in different applications such as industry,
health-care, military [3,4] since, for example, agricultural or construc-
tion workers can undergo continuously to a high exposure to UV radi-
ation over extended periods of time [5,6]. In order to overcome that,
appropriate textiles are designed as a protection measure for UV rays
and skin cancer prevention. In the textile industries, there are already
available inorganic and organic UV absorbers [7] used to develop UV
protective materials such as sunscreen, coatings and films [8]. Among
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inorganic ones, some chemical compounds typically based on metal
oxide can efficiently absorb UV radiation showing good heat-resistance
properties. Some examples are TiO5, CeO5 and ZnO [7,9,10]. Moreover,
great interest in the antibacterial finishing of fabrics for practical ap-
plications has been observed in the last decades [11]. For example,
textile materials used in some environments are conducive to cross-
infection or transmission of diseases caused by micro-organisms. In
general, antimicrobial properties can be imparted to textile materials by
chemical or physical modification of fabrics. Among the different tech-
niques of production of functional textiles, electrospinning is emerging
as a good candidate for producing fibrous systems with micro and
nanometric dimensions for targeted applications [12-16]. The tech-
nique has been widely applied in different technological fields such as
wound healing, gas shielding, filtration, protective clothing and tissue
engineering applications. [12,17-22]. In the field of textiles and
clothing, the potential of electrospun systems is emerging in the last
decades since functional clothing materials with novel properties may
be produced through the applications of novel technologies [6,23,24].
Many polymers have already been processed by electrospinning to
produce fine fibers [6]. Thermoplastic polyurethanes (PUs) are a kind of
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thermoplastics with the mechanical characteristics of rubber [25-27].
PU elastomers can be regarded as a block copolymers of the (A-B), type
with good physical properties, chemical resistance, excellent shock ab-
sorption, abrasion resistance, biocompatibility and good processability
as well [28-31]. PUs are widely used for many applications such as
automotive, coating, shoe soles, adhesives for textile, aerospace, drug
delivery and vibration-proofing assemblies [32,33]. Despite their good
physical properties, other characteristics such as mechanical perfor-
mances, resistance to UV light and flammability yet to be further
improved to face more hard conditions [34]. Concerning the extreme
sensitivity to UV light, it is known that PUs undergo significant struc-
tural changes on exposure to UV radiation determining decreasing in
their physical and mechanical properties [35,36]. The phenomenon of
yellowing is due to the formation of oxidation reaction in the backbone
of the materials which induces a modification of physical and chemical
characteristics of their surface resulting in color change and degradation
[36]. With the aim of improving the properties of PUs based systems for
textile applications, hydrothermal synthesis has been proposed to
chemically functionalized PU electrospun fibers. Hydrothermal synthe-
sis is a simple, low-cost, energy-saving and environmentally friendly
method with the potentiality for large-scale commercialization. The
preparation method does not require surfactants or templates and
greatly reduces costs and saves resources. The procedure is based on the
precipitation of transition metals salts which generates transition metals
oxides onto the surface of a polymeric support. Metal oxide particles are
shown to degrade chemical and biological warfare compounds as well as
to enhance various properties such as mechanical properties, resistance
to chemicals, flame retardancy, antibacterial and self-cleaning proper-
ties [37]. For example, ZnO is widely used in antibacterial studies [38]
and as a UV-blocking agent for fabrics, films of polymers, and personal
care products since its non-toxicity, compatibility with skin, and
chemical stability under exposure to both high temperatures and UV
rays [39]. Copper oxide, besides, is commonly used as antimicrobial
agent, due to ability to bind the donor ligands present in the pathogen
cells inducing oxidative stress [40]. So, taking into account the prop-
erties of the metal oxides, physical properties of modified PU mem-
branes, antimicrobial activity, liquid retention and UV-stability were
studied to corroborate and prove the effectiveness of the fabricated
systems as novel functional textiles for protective clothing application.

2. Materials & methods

Thermoplastic polyurethane was purchased from Nippon Gohsei.
Dimethylformamide (CAS: 68-12-2) tetrahydrofuran (CAS: 109-99-9),
copper chloride (CAS: 7447-39-4), zinc nitrate hexahydrate (CAS:
10196-18-6), sodium hydroxide (CAS: 1310-73-2), ammonium hy-
droxide solution (CAS: 1336-21-6), ammonium chloride (CAS:
12125-02-9), hydrochloric acid solution 37 % v/v (CAS: 7647-01-0),
urea (CAS: 57-13-6), lactic acid (CAS: 50-21-5) were purchased from
Sigma Aldrich. Lemon juice was purchased from a local supermarket.
Sodium chloride (CAS: 7647-14-5) was purchased from Carlo Erba
Reagents.

2.1. Electrospinning of PU membrane

Polyurethane polymeric solution was prepared by dissolving PU
pellets (20 % w/w) in dimethylformamide/tetrahydrofuran solution
(1:1 v/v). The obtained solution was stirred for 10 h at 50 °C and 250
rpm. After that, the PU solution was fed to a 5 mL syringe pump. Elec-
trospinning process parameters are hereafter reported: flow rate = 1
mL/h, voltage = 24 kV, distance needle-collector = 23.5 cm, tempera-
ture = 25 °C and relative humidity = 35 %.

2.2. Modification of PU membrane

Modification of PU fibers was achieved through chemical bath
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precipitation by preparing an aqueous solution (100 mL) of zinc and
copper salts (0.036 mol). NH4Cl was then added (0.0183 mol). The as
prepared solution was stirred at 100 °C since the complete solubilization
of salts. Then, PU membrane was put into contact with the salt solution
in inert atmosphere. Finally, NH4OH was added (12 mL). The reaction
lasts 24 h. After that, the surface modified PU membranes were deeply
washed with water and ethanol before drying in vacuum oven at 60 °C
for 8 h. The same methodology was applied to modify PU membrane
with a combination of copper and zinc (Cu/Zn 1:1 mol/mol). The pre-
pared samples will be hereafter labelled as PU@Cu, PU@Zn and
PU@Cu/Zn.

2.3. Techniques of characterization

2.3.1. Analysis of physical properties

To investigate the morphology of the membranes, SEM analysis was
carried out. Before the analysis, samples were covered with a thin film of
gold by sputtering. Images were acquired by a Phenom ProX micro-
scope, working in high-vacuum mode. Plot profiles were obtained from
SEM images through Plot Profile plug-in of Fiji software. Image pro-
cessing analysis allows to display a two-dimensional graph by selecting
an area of roughly 1000 pm?. The x-axis represents the distance along
the line and the y-axis is the pixel intensity.

Surface roughness parameters were evaluated though mathematical
equations. R, (arithmetic average of the absolute values of the profile
height deviations from the mean line, recorded within the evaluation
length) and RMS (root mean square average of the profile height de-
viations from the mean line, recorded within the evaluation length (L))
were evaluated through egs. 1 and 2:

1, [t
R, =+ /O\z(x)\dx @

2

1, L , 1/2
RMS = {E /0 Z(x) dx} (2)

where Z(x) is the profile height function.

X-ray diffraction patterns were taken, in reflection, with a Philips
X’PERT MPD X-ray diffractometer (PANalytical, Royston, UK) operating
at 40 kV and 40 mA, in the range of 20 = 10-80°, at a scanning rate of
0.01°/s with a step size of 005°, equipped with a Cu sealed tube using Ko
radiation (A = 1.54056 A). The data were analyzed using Pert Quantify
software.

Sample density was evaluated according to the eq. 3:

S m

P = 3
where A is the sample area (cmz), A the sample thickness (cm), m the

sample dry mass (g) and p® the dry matter density of the sample (g/cm>)

[41]. The determination of dry mass value was carried out after

removing the water content inside the sample using a vacuum pump for

24 h and then conditioning the sample in a desiccator for 7 days. The

sample density was expressed as the average of five measurements.

Thermogravimetric analysis (TGA) was carried out in oxidative at-
mosphere with a Mettler TC-10 thermobalance from 25 to 800 °C, at a
heating rate of 10 °C/min.

Sorption isotherms of water vapor were estimated using a DVS
Automated multi-vapor gravimetric sorption analyzer, using Ny as a
carrier gas. Samples (10 mg) were exposed to increasing water vapor
pressures obtaining different water activities a,, = P/Pq (from a,y = 0.05
to ay, = 0.8, T = 30 °C), where P is the partial pressure and Py is the
saturation water pressure. The adsorbed water amount was measured by
a microbalance and recorded along the time (Ceq (8 solvent/ & dry basis))- In
order to analyze the sorption isotherms, the Ferro Fontan model (eq. 4)
was adopted [42-44]:
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where M is the equilibrium moisture content (on dry basis), y is a
parameter accounting for the structure of sorbed water while a and r are
parameters to be determined.

The sorption parameters have been evaluated, considering Henry’s
law of solubility (eq. 5):

M= 4

deeg

S =
dP

(5)

The no-linear behaviour of diffusion coefficients was modelled
through a semi-empirical relation (eq. 6):

D = A+ a*erf(p*c) +yc 6)

where erf is the function error and A, a, B, y are parameters to be
estimated. To facilitate the numerical calculations, an approximated
form of eq. 6 was used (eq. 7) [45]:

D=A+ 27(;*\/1 — (o) (ﬁ + 3L rep _ 331, oy ) Tye

2 200 8000
()

Zimm-Lundberg theory was applied to evaluate the water clustering
degree [46]. The free energy function can be estimated as the first de-
rivative of activity evaluated upon the volume fraction [47]. So, the
mean cluster size (MCS) is evaluated from eq. 8:

Mcs = 1426

(8)
S
where G is the cluster integral vy is the partial molar volume of
penetrant, @ is the volume fraction of penetrant. The MCS, representing
an estimation of cluster size, is evaluated from isotherm sorption curves
through the following eq. 9:

a, [ 00
MCS = (1 —@)* =~
o5 a)., ©
P,
Considering the Ferro-Fontan model equation, MCS could be evalu-
ated through the following relation (eq. 10):

Le( 1 H
ar” | —
s« Bw g (l“ ﬁ)
2
Cey . :
1 + a;*ﬂ_,\ * 1‘
P \In(L)

where p,, is the water density at the experimental temperature while
ps is the polymer density evaluated according to ASTM D792.

The acid-base potentiometric titration curves in salt concentration
(NaCl 0.1 M) were used to measure the proton adsorption or proton
charge. An aliquot of aqueous suspension (40 mL) containing 0.2 g of
sample was equilibrated for 30 min until equilibrium pH was reached.
The titration started with the addition of NaOH; the pH rapidly reached
a constant value. The titration was carried out using HCI solution (1 M)
and stopped when the pH was roughly 2.5. The proton adsorption or
proton surface charge density oy (mol/m?) determined from potentio-
metric titration was calculated as the difference between total amounts
of H' added to the dispersion and that were required to bring a blank
solution of the same NaCl concentration to the same pH [48] (eq. 11)

GH:%*{([H']V[H*L% ([}%fﬂ%ﬂ an

Where V is the volume of electrolyte solution (0.04 L), m is the
sample mass, S is the specific surface area, [H™] is the solution proton
concentration (mol/L), subscripts b and s refer to blank and sample
solutions while Ky, is the dissociation product of water (1*10'%. The

MCS =

(10)

~ =
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surface area of tested samples was evaluated by means of BET isotherm.
Moreover, since the sorption data follow the type III isotherm, typical
BET model cannot be directly applied and a corrective model should be
applied. The methodology proposed by Taguchi et al. allows to estimate
the monolayer capacity of systems following the type III isotherm [49]
by evaluating a specific water activity a,* through eq. 12:

—1£C%

@, = —c 12)

max

where Cpax is the C constant evaluated by applying BET model for
low water activities (ayy < 0.4). Afterwards, the theoretical monolayer
capacity wy, was estimated by finding the y value which corresponds to
X = ay™. So, the specific area was calculated through eq. 13:

Wy *N,*A
Sper = ———— 13)

where N, is the Avogadro number, A is the mean water molecules
area (10.8*102° m?) and pw is the water density.

The light-radiation transmission spectra (T %) were investigated
using Spectrometer UV-2401 PC Shimadzu (Japan) in the range of
280-500 nm. Transmission spectra were reported as function of wave-
length (nm). The Ultraviolet Protection Factor (UPF) was evaluated
according to AATCC Test Method 183-2004 Transmittance or Blocking
of Erythemally Weighted Ultraviolet Radiation through Fabrics. For
each specimen, UFP was evaluated according to eq. 14:

400 Mg xqQ %
UFP = M a4
250 nm B S ¥ Th ¥ AN

where:

E, = relative erythemal spectral effectiveness.

S, = solar spectral irradiance.

T, = average spectral transmittance of the specimen.

A) = measured wavelength interval (nm).

The percent blocking for UV-A and for UV-B was evaluated by using
eq. 15 and eq.16:

315 nmmp g
280nm 12" AL

% Blocking UV — B = 100% — =250 (15)
280 nmA}\’
400 nm %
T, * A
% Blocking UV — A = 100% — =313 > 22 (16)
AL
315 nm

A QUV accelerated weathering tester by Q-Panel (LAB PRODUCTS)
was used to perform the weathering test. The radiation spectrum
centered in the ultraviolet wavelengths was supplied by a fluorescent UV
lamps with a wavelength of 340 nm and the irradiance level of 0.78 W/
m? The temperature in the chamber was fixed at 45 °C while the
moisture level was 50 %. The produced samples were adequately
mounted in the sample holder in the chamber. The samples were
exposed for 45 days. The mounted films were withdrawn from the de-
vice at different times and analyzed using FT-IR.

Fourier Transform Infrared spectra of the samples were collected by
a Thermo Scientific Nicolet 600 FT-IR, equipped with a Smart Performer
accessory for attenuated total-reflection (ATR) measurement. The
operating spectral range was set at 650-4,000 cm ', with a resolution of
4 em™and 64 scans per sample.

Color difference (AE) values were measured using a ColorimeterX
software. The color difference calculation was performed based on CIE
L*a*b color difference equation [50] (eq. 17):

AE =\ = 1)+ (ah — )+ ()~ b)) az)

L* characterizes the grey value and it ranges between 100 (white)
and O (black), while a* and b* are the chromaticity coordinates. The
subscript 1 refers to the state before UV exposure, while subscript 2
denotes the state after UV exposure. The (az* — a;*) positive values
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describe a red shift; the (ax* — a;*) negative values describe the green
shift, (bo* — by *) positive values characterize the yellow shift, while (by*
— b1*) negative values refer to the blue shift [36]. Each sample was
measured four times and the data are reported as mean and standard
deviation.

Liquid retention of electrospun fabric were performed by immersing
a pre-weighed mass of sample (previously dried for 8 h under vacuum at
50 °C and weighed (Mp)) in 25 mL of different liquid solutions (pure
water, lemon juice (pH = 3), NaOH solution (pH = 13) and sweat sim-
ulant (pH = 5.5)). Sweat simulant was prepared according to EN
1811:2011 by dissolving NaCl (10.8 g), lactic acid (1.2 g), urea (1.3 g) in
1 L of distillate water. pH was adjusted to 5.5 by dropping NaOH solu-
tion. Liquid retention tests were performed at 37 °C for 1 h. After that,
the samples were pressed using a pneumatic press for 10 s applying a
pressure of 1 ton to remove any excess of solvent and re-weighed (Me).
The retention degree was evaluated according to the eq. 18:

q<i) _ Mo =My
g(db.) M,

2.3.2. Microbiological assays and bacterial strains

The antimicrobial activity of the films was estimated by determining
the inhibitory effects of PU@Cu, PU@Zn and PU@Cu/Zn samples on
bacterial growth at 16, 20 and 24 h and comparing with the control
sample (PU), the same material without metal. All the growths were in
Luria-Bertani (LB) broth (tryptone, 10 g/L; yeast extract 10 g/L; sodium
chloride, 5 g/L, pH = 7). Briefly, bacteria from an 18 h pre-inoculated
culture were suspended in fresh medium at density of 5 x 10° CFU
(colony forming unity)/mL and incubated at 37° C in the presence of 1.5
em? of each film, divided into four pieces, with constant shaking (250
rpm). At the times indicated, the effects on growth were evaluated by
turbidity, measuring the optical density (OD) at 600 nm. For each
sample the results were reported as the mean of three independent

(18)
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experiments, each in triplicate, and expressed as a percentage of the
ratio to those of the controls at the corresponding times. The inhibitory
effect was estimated by subtracting the single percentage values from
100, the percentage value of the controls for each time considered.
Antimicrobial activity “A” was also estimated using the following
relationship:

A =F - G, with F = (Log C; — Log Cy) and G = (Log T; — Log Tyo),
where C; and Ty are the optical density detected at the different times t,
for control substrate and coated samples, respectively, and Cy and Ty
are the respective OD at the initial time t = 0. Bacteria used for micro-
biological assays were Escherichia coli (strain JM109) and the pathogenic
Staphylococcus aureus (hospital isolate), representative of Gram™ and
Gram™, respectively. E. coli was purchased from Promega (Madison,
Wisconsin, USA). The S. aureus strain was obtained from the microbial
collection deposited in the microbiology laboratory of the Department of
Chemistry and Biology of University of Salerno [51].

2.4. Statistical analysis

The statistical significance of the obtained data was assessed by
performing a one-way ANOVA test. Tukey’s post hoc method was car-
ried out for assessing significant differences between means (p < 0.05).
The statistical comparisons were obtained by means of the Statistix
software.

3. Results and discussion
3.1. Properties of PU based fiber membrane

The samples microstructure of PU based fiber membranes was
investigated by SEM (Fig. 1).

Fig. 1a reports the SEM micrograph of bare PU electrospun fibers.
Inset shows a higher magnification (5200x) of the same sample. The

36 | b

Y

DLHLLIIIDINK

Intensity (%)

Fig. 1. SEM micrographs of a) PU; b) diameter distributions of PU fibers; ¢) PU@Cu; d) PU@Zn and e) PU@Cu/Zn.
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electrospun structure appears as an interconnected network without
defects and beads-free with a mean diameter of roughly 1.58 + 0.22 ym
(Fig. 1b). Fig. 1c reports the electrospun PU@Cu where octahedral like
structures have been formed after copper salt precipitation. Fig. 1d
shows zinc modified PU sample where platelets like aggregates are
evident since the formation of zinc-based structures while Fig. 1e shows
the SEM image of Cu/Zn PU modified fibers which clearly puts in evi-
dence the prismatic like structured of copper and nanorods of zinc. As far
as the modified PU membrane with copper and copper/zinc, the fibrillar
morphology cannot be clearly visible anymore. The in-situ growth of
metal-oxide structures is an acid — base neutralization. It can be
considered that the precursors provided the transition-metal ions and
reacted with the bases (such as NH4OH) as the Lewis acid. The aqueous
solution of precursors was neutralized by the base (NH4OH) producing
their corresponding metal oxides, according to the following reactions
[52]:

24
M (ag

|+ 20H,,~ M(OH), |

(aq)
M(OH),— MO |+ H,0

where M represents transition-metal element. EDX-SEM maps
(Fig. 2) report the copper (green areas) and zinc (blue areas) distribution
on PU fibers for the three different samples with a weight ratio of Cu/Zn
of 2.6 for PU@Cu/Zn. Then, it can be observed a good and homogeneous
deposition of the two elements. Insets in the left corner (Fig. 2 a-b)
report the 3D structures of CuO and ZnO obtained from Avogadro
Software.

The investigation of SEM micrographs even allowed to obtain the
profile plots reported as gray value (pixel intensity) vs pixel distance
(Fig. 3).

The gray intensity value of the membranes increases from 120 to
190, 87 to 150, 120 to 180 and 100 to 170 for PU, PU@Cu, PU@Zn and
PU@Cu/Zn, respectively. In the three-dimensional surface profiles, the
topology clearly differs each other in height. Regions with very low pixel
intensity values are seen as blue plateau. The R, and RMS parameters are
reported in Table 1 where it is possible to observe a change in profile
height deviations after the precipitation of copper-based structures
(both parameters decrease) while no statistical differences can be
observed for PU@Zn systems. The 3-D maps in Fig. 3 confirmed the

Fig. 2. Element color mapping of PU@Cu (a); PU@Zn (b) and PU@Cu/Zn (c
(Cu) and d (Zn)).
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trend of the parameters reported in Table 1.

Fig. 4a reports the XRD spectra of PU and modified PU based
samples.

As far as PU sample concerns, a broad peak, characteristic of amor-
phous system, is centred at about 22° of 20 [53]. In the PU@Zn spec-
trum, apart from PU broad peak, characteristic crystalline peaks of zinc
oxide in wurtzite form can be detected. The main ones are centred at 20
= 31.84°, 34.42°, 36.33°, 47.63°, 56.71°, 62.96°, 68.13°, and 69.18°
whom Miller indexes are reported above the related peaks [54]. The
spectrum of PU@Cu shows tight crystalline peaks of CuO and CuxO (4p)
[55]. Some characteristic peaks of copper hydroxide are even evident
(#). Finally, XRD spectrum of PU@Cu/Zn clearly shows the character-
istic peaks belonging to copper and zinc. Fig. 4b reports the surface
charge density of different samples obtained from titration experiments.
At pH values below the point of zero charge (PZC), the chemical groups
on the particle surface are essentially protonated resulting in possessing
a positively charged surface while, above it, the groups are deprotonated
showing a negatively charged surface. The neat PU shows a PZC of 5.80
while it changes for PU@Cu/Zn (6.90), PU@Cu (3.21) and PU@Zn
(4.21). These latters could be ascribed to the electronegativity of copper
and zinc elements. In literature, many empirical models have been re-
ported to describe the relationship between electronegativity and PZC
showing an inverse dependence between them (a higher value of elec-
tronegativity determines a lower value of PZC).

Fig. 5 reports the thermogravimetric curves of PU and surface
modified PU electrospun fibers.

The thermal degradation can be regarded as a complex process since
it involves several decomposition reactions caused by random chain
scission [56]. At low temperatures (T < 150 °C) loss of water was
observed. The main degradation step (250 °C < T < 350 °C) is associated
to the decomposition of the hard segment due to the breakage of poly-
urethane bond forming di-isocyanates, diols and COy [57,58]. The sec-
ond step (350 °C-420 °C) is due to the decomposition and scission of the
soft segments [58,59]. The third step at high temperatures (420 °C-
600 °C) concerns the oxidation process of the carbonaceous residue
formed in the previous steps. The PU modified samples showed a
reduction of water loss rising from adsorbed water and crystal water
[60] while a slight shift of the main thermal decomposition step
occurred. In the same thermal range, dehydroxylation could even
happen. The residue amount is noticeably higher than neat PU (21 % for
PU@Cu, 7 % for PU@Zn and 66 % for PU@Cu/Zn). Such improvement
could be attributed to higher stability of copper and zinc complexes as
well as to the fact that the transmission of oxygen and other gaseous
product is hindered by inorganic coating which could slow down further
thermal breakdown, being a barrier between the heat source and the
material.

Fig. 6 shows the sorption isotherms of neat PU and PU fiber mem-
brane, reporting the equilibrium moisture content (on dry basis) as a
function of the water activity.

Sorption isotherms follow the typical type III isotherm according to
BET classification [61]. All the curves showed the same behavior in the
entire a,, range. For low activity, no noticeable differences are evident.
As activity increases, the plasticizing effect of water and the increase in
segmental motion contribute to increase the adsorbed moisture adsor-
bed. In fact, for high ay, it can be observed a reduction of adsorbed water
content for PU@Cu and PU@Cu/Zn. Probably, this effect could be
correlated to the low availability of accessible polar sites. Meanwhile,
the zinc covered PU sample showed a slight increase in water adsorp-
tion. The phenomenon, being of thermodynamic nature, can be related
to the variation of active sites on the surface of PU electrospun fibers.
The modeling of sorption data has been carried out using Ferro-Fontan
equation. The extrapolated parameters are reported in Table 2.

The experimental data of diffusivity show to follow similar trend
(pseudo-parabolic) with an initial increase in diffusion followed by a
decrease as a,, increases. The reduction of diffusion for PU@Cu and
PU@Zn could be ascribed to the presence of inorganic structures which
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Fig. 3. Profile plots and 3D surface plots of electrospun systems.

Table 1

Ra and RMS parameters.
Sample Ra RMS
PU 142.5 +1.2°2 143 +1.4°
PU@Cu 123.2 + 0.9° 124.1 +0.8°
PU@Zn 143.5 + 1.3% 144.1 +£1.1°
PU@Cu/Zn 120.2 +1.1¢ 121.43 £ 0.9°

For each fiber membrane, different superscript letters in the same column
indicate that the mean values are significantly different (p < 0.05).

can constitute a physical barrier able to increase the tortuosity of the
system and, so, the pathway of water molecules. Besides, after the
deposition, the average porosity is supposed to be reduced (as SEM
images proved) further leading to a reduction of diffusion coefficients
[62]. The fitting of diffusion data reported in Fig. 6b allowed to
extrapolate the parameters of equation 7 which were reported in
Table 3.

The mean diffusion was estimated through a mathematical evalua-
tion by applying eq. 19:

1 °f
Dinedia = —~— D ds
= AC., / () de

Sorption coefficient, mean diffusion coefficient and permeability are
reported in Table 4.

Fig. 7 reports the liquid retention tests of PU and modified PU by
testing four different liquid media.

The observed trend cannot be simply described since many over-
lapped factors affect the retained amount such as roughness, porosity,

19

polar surface sites and point of zero charge. Concerning the water
retention test, the pristine PU is able to retain a higher amount of water
while a lower retention degree was observed for modified electrospun
membranes, probably due to the reduction of porosity and roughness
ascribed to the metal oxide formation. This trend can be correlated to the
higher porosity of pristine PU systems allowing water to better go
through it. The higher porosity and roughness of PU@Zn compared to
PU@Cu is responsible for an augmented retained water amount while
PU@Cu/Zn appears to possess an intermediate behavior compared to
PU@Cu and PU@Zn systems. Concerning the retention of sweat simu-
lant, it is needed to consider the point of zero charge of electrospun
systems. PU and PU@Cu/Zn possess a PZC > pH of medium; so, a
negative charge onto the surface is present leading to the formation of
weak electrostatic interactions with cationic groups. Besides, PU@Cu
and PU@Zn possess a PZC < pH of sweat simulant so a net positive
charge is present and responsible for weak interactions with anionic
groups such as chloride anion and lactate ion. In basic conditions, it is
known that weak interactions can exist between amino groups of near
urethane chains leading to the formation of an interconnected network
[63]. This phenomenon can weigh on reduction of free volume. Finally,
in acidic medium, the protonation of amino groups can lead to a swelling
of polymeric system favouring the entry of water molecules.

3.2. Evaluation of UV-stability

The UPF measurements were carried out in the range 280-500 nm.
Fig. 8 shows the transmittance versus wavelength for all the specimens.
It firstly was investigated the effect of morphology on transmission.
A PU film made by compression molding (CM) was produced by pressing



G. Viscusi et al.

Applied Surface Science 617 (2023) 156563

8.0E-06
a b
6.0E-06 |- ¥y _
LI
PU@Cu/Zn 4.0E-06 | \ _;v\
R N e
20E06F T T T Twe--w--w o T TTTag
Ve - ipregme R v
o O00E+OfF-==-------=C RN ] NI
£ N Tre--TEe
g -2.0E-06 K= v
- -4.0E-06 |- ¢
6 \
-6.0E-06 |- s
v
8O0E-06  _ . PU T
A1.0E:05 | - -PU@Cu ¥
- = -PU@Zn -
PU 2605 - o .pU@Cu/Zn
! 1 1 1 1 1 -1.4E-05 L L L L .
10 20 30 40 50 60 70 80 12 10 8 6 4 2
26, (°) pH
Fig. 4. XRD spectra of PU based electrospun membranes; b) Surface charge vs pH for PU and modified PU.
a
100 e
- PU
- PU@Cu
- PU@Zn
L - PU@Cu/Zn
g 60 |
=
.20
2l
= 40}
20 F
! 100 200 300 400 500 600 700 800
Temperature (°C)
Fig. 5. TGA curves of PU and modified PU fiber membrane (a) and pictures of flame contact test (b).
0.04 55 a 4,0x10 b
w
v PU@Cu e : gg@Cu
v PU@Cu/Zn 0 --v- PU@Zn
003F v PU@Zn ’ 3,0x10° | \ i o S
7 T o --v-- PU@Cu/Zn
’,9 e ° \‘V\
002 F SN € 2.0x10° | e
liar &% o =} A 2 s
P AR 4 = S b
B I e - 5
oW P e N e
001} LR A 1,0x10° | s e e
) v»z’r” e B i s T ~~‘~:‘ Sy
WS o e L Jsna el v“‘e‘\
e :g‘:sz’v‘)’ v“‘»,‘__:\;
"o b 00}
0.00 L 1 1 L 1 1 1 1 1 1 1 L
0.0 0.2 04 06 08 0,0 0,1 0,2 0.3 04 05 06 0,7 0,8 0,9
ay a,

Fig. 6. a) sorption isotherms and b) diffusion coefficients versus a,, for PU and PU fiber membrane.

PU pellets at 120 °C for 1 min applying a pressure of 1 ton. It was clear
that the micrometric dimensions of electrospun fibers led to a noticeable
reduction (about 99.8 %) of transmission along the wavelength range.
This effect could be attributed to the light scattering phenomenon due to

the interconnected network of PU electrospun system. Then, the effect of
surface modification with Cu and Zn was investigated. In all cases, a
reduction of T% was achieved after the modification and this effect was
clearly visible for Cu covered PU membranes. It is then worthwhile
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Table 2

Ferro-Fontan parameters obtained from fitting of experimental data.
Sample r Y a
PU 0.276 + 0.02° 6.193 + 0.25° 0.750 + 0.03°
PU@Cu 0.520 + 0.04° 1.888 + 0.18° 0.123 + 0.09°
PU@Zn 0.573 + 0.05" 1.493 + 0.16™ 0.091 + 0.01°
PU@Cu/Zn 0.690 + 0.04° 1.249 +0.11¢ 0.030 =+ 0.008"

For each fiber membrane, different superscript letters in the same column
indicate that the mean values are significantly different (p < 0.05).

Table 3

Parameters extrapolated from equation 7.
Samples A [10°° cm? a [10°° cm? Y [10°em?Ls™?! B [L/

s s mol ] mol]
PU 2.5+ 0.1° 1.2+ 0.1° ~115+3° 350 +
12?2
PU@Cu 4.2+ 0.2° 2.2 +0.1¢ -6 +£1°¢ 441¢
PU@Zn 3.1 +£0.1¢ 0.1 +0.01¢ -2 40.1¢ 3+0.2¢
PU@Cu/ 1.4 4+ 0.4% 0.6 +0.2° —109 + 42 505 + 8°
Zn

For each fiber membrane, different superscript letters in the same column
indicate that the mean values are significantly different (p < 0.05).

Table 4
Sorption, diffusion and permeability of PU and PU fiber membrane.
Sample Sorption Mean Permeability
coefficient diffusion 10° [g gdbatm ! cm?
[g gdvatm '] 10° [em?s™'] s
PU 0.51 =+ 0.08%° 2.21 +0.12% 1.12 +0.10?
PU@Cu 0.45 + 0.05% 0.98 + 0.13° 0.44 + 0.11°
PU@Zn 0.57 +0.11% 0.41 + 0.02° 0.23 +0.01°
PU@CW/ 0.31 + 0.05" 1.16 + 0.15° 0.37 + 0.07°
Zn

For each fiber membrane, different superscript letters in the same column
indicate that the mean values are significantly different (p < 0.05).

0.6
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0.5 B2 ru@zn ?7
B2 ruacuzn

Fig. 7. Liquid retention of PU and modified PU.

noticing that a 0 % transmission was achieved for PU@Cu/Zn sample.
Applying the relations reported previously, the ultraviolet protection
factors as well as the UV-A and UV-B protection factors were estimated.
The obtained data are reported in Table 5.
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Table 5
UPFs, UV-A and UV-B blocking factors.
Sample UPF % blocking UV-A % blocking UV-B
PU 50+ 99.997 100
PU@Cu 50+ 99.999 100
PU@Zn 50+ 99.996 100
PU@Cu/Zn 50+ 99.999 100
PU (CM) 2.84 93.923 99.996

The noticeable differences involving the UPFs of PU and PU (CM)
justified and corroborated the previously reported statements while
slight differences of % blocking of UV-A and UV-B are evident.

Additionally, the PU modified samples displayed better light
shielding effect than the uncoated PU in the whole wavelength range,
mainly because of its stronger absorption and scattering owing to their
special structures. In fact, the use of materials with UV-protection
properties is typically based on optical scattering and/or absorption.
This effect could be attributed to the strong UV-absorption of the hier-
archical microstructures (octahedral structures, sheet-like structure of
Zn and prismatic and rods for Cu/Zn). Then, light scattering and light
reflection of the porous structures contributed to improve the ultraviolet
blocking performances of PU. Besides, the surface roughness increased
after the modification leading to higher UV reflection and preventing the
penetration of UV-rays.

The preservation of surface characteristics is important for aesthetic
reasons, so the presence of a light stabilizer is an important issue and the
evaluation of UV stability is fundamental. Accelerated weathering tests
were carried out to evaluate the stability of the membrane along time.
Fig. 9 shows FTIR spectra concerning the C—=O band in the range
1700-1730 cm ! as function of exposure time. The peak at 1730 cm !
characterizes C=0O stretching vibrations in ester structure while the
peak at 1705 cm™! corresponds to C=O stretching vibration in the
urethane bond [36]. The aromatic structures of PU are known to be not
stable to light and susceptible to rapid degradation during UV exposure.

Fig. 9 shows an initial (1 day) decrease in C—=0 band intensity while,
as exposing time increases, an increase in band intensity is evident
especially for pristine PU membrane which is responsible for the yel-
lowing of electrospun membrane. This no linear trend of carbonyl peak
intensity could be ascribed to different reactions such as Norrish type I,
which implies a reduction of carbonyl groups and Photo-Fries mecha-
nism correlated to the increase in C=0 intensity [64]. To better inves-
tigate the effect of UV degradation on PU systems it is necessary to study
the photo degradation mechanism of aliphatic and aromatic groups. The
photodegradation mechanisms for aliphatic and aromatic PUs are
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Fig. 9. C=0 band intensity of PU (a), PU@Zn (b), PU@Cu (c) and PU@Cu/Zn (d).

different. Firstly, chain scissions are verified since the Norrish type I
reaction (Scheme 1). The photolytic reaction induced the formation of
free radicals able to extract hydrogen from CHy groups leading to the
generation of a polymer peroxy radicals (POge) and hydroperoxides
(POOH). The UV induced cleavage of polymer hydroperoxides can form
polymer oxy radical (POe) through p-scission reactions as well as by
forming POH due to the hydrogen extraction. These two reactions can
generate alkyl radicals. The termination steps occurred via reaction
involving different radicals causing crosslinking (Scheme 1) [64,65].

In parallel, the degradation mechanism of aromatic group is quite
complex and mainly involve two kinds of mechanisms: Photo-Fries re-
action with formation of quinone imide and diquinone imide and Nor-
rish type I (Scheme 2).

The photodegradation mechanism of aromatic groups is known to be
quite complex. Aromatic diisocyanates are supposed to be quite unstable
with respect to light [66]. In particular, the degradation can be sche-
matized as follows. The Photo-Fries rearrangement of phenyl groups can
occur during irradiation. At high wavelength, the aromatic structures
were oxidized in the central methylene group, leading to highly conju-
gated quinone imide generated from phenyl groups. The formed quinoid
structures are the main cause of yellowing, being a strong chromophore
[36,67]. The change in color can be correlated to the increase in
carbonyl groups. Moreover, the further irradiation can induce random
chain scissions by Norrish type 1. However, at low wavelength, photo
induced oxidation of aromatic PUs might occur.

Carbonyl Index (CI) is a parameter able to estimate the resistance to
photodegradation. It is easily calculated through the equation 20:

_ fAbSIBSO—IGSOCm"
fAbSISOO—MZO em~!

The obtained data at each irradiation time are reported in Fig. 10:

It can be observed that the CI tends to increase for all the specimens
as the exposure time increases. This is a well-known effect directly
linked with the photooxidation of the matrix. This is quite evident for
neat PU. After 45 days, the CI is reduced of 54 + 3 % compared to PU
while no noticeable differences are observed for treated samples. The
presence of Zn seems to slow down the UV degradation especially for
short times while the phenomenon is even observed for PU@Cu/Zn
which is demonstrated to be the most promising. The weathering
resistance is related to the photooxidation reactions, which occur pref-
erentially close to the surface of the specimen; so, it can be concluded
that the use of the metal oxide structures is needed in most cases to
ensure their prolonged use. A quick, rough explanation could be that the
metal oxides framework slows down the photodegradation rate of the
material, resulting in a lower amount of carbonyl groups playing a role
in stabilizing PU fibers by acting as screen. The dominant screening
mechanism is related to the ability of MOy to adsorb the UV radiation
and hence reduce the UV intensity that can promote the oxidation of the
PU chains.

Finally, modelling of C=0 trend was proposed. Hypothesizing that
the variation of carbonyl concentration along time undergoes to a n-
power law reaction like, equation 21 can be proposed where k; is the
rate constant:

CI (20)

~ d[CO]

dt (21)

= ki*[CO]"
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By integrating the above reported equation along time and consid-
ering that as t approaches to zero [CO] assumes the initial value [CO],
equation 22 can be derived:

[col = "\”/ {[COly™ — (n+ 1)*ky ¥t } (22)

For PU system, assuming the known initial carbonyl concentration
[COly, it was possible to extrapolate the k; and n values (n = -0.127 and
ki = 0.22 d1).

10

For the PU fiber membrane, the carbonyl concentration variation
could be described by a similar equation by considering the effect of UV

shielding layer (eq. 23):
d[cO]

dt
Where the constant ks is related to the presence of UV shielding
barrier made of metal oxides. The equation admits the following solu-
tion (eq. 24):

= k*[CO" — ky*[CO) (23)
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[co] = {k1 = [(ki - kz*[co](‘):z)*exp[kf,(n )] }ﬁ

(24)

The fitting through equation 24 allowed to extrapolate the constant
ko for each tested system. Values are reported in Table 6.

For PU system, the negative n values let suppose that the reaction
rate is inversely proportional with the time-dependent CO concentra-
tion. So, as the irradiation time increases, the increase in CO concen-
tration is quite favoured justifying the previously reported data related
to the absent screening effect of neat PU system. After the functionali-
zation, the power coefficient became positive and, despite an increase in
k; values, the quasi similar values of ky, representative of the shielding
effect of metal oxide layer, could noticeably limit the increase in CO
concentration due to the UV irradiation. In general, by considering the
obtained data, it can be claimed that the presence of copper based
structures could favour the UV shielding effect since the high k, values
respect to PU@Zn system.

To further prove the UV screening effect of the produced materials,
chromaticity data were evaluated. The chromaticity analysis was per-
formed to study the colour changes in sample upon UV irradiation. The
colour data are presented in Table 7.

It is known that the urethane bridge oxidizes to the quinone-imide
structure, the latter being a chromophore, resulting in the yellowing
of PU. As the fiber membrane is irradiated, colour shiftings were verified
leading to the loss of yellowness (b*) and redness (a*) on the surface.
The decrease in a* and b* values are consistent with the reduction in
C=O0 concentration. The lightness (L*), which could be associated to
chains scission, tend to decreases with the irradiation since the colour
shifts towards yellow. Up to 45 days, the AE* values decrease since the
reduction of the three chromaticity parameters. Moreover, huge differ-
ences could be detected among the samples. The high change in AE*
value for PU is perfectly in agreement with the previously reported data.
These high AE values clearly depict the significant yellowing of PU after

Table 6

Parameters obtained from equation 24.
Sample ky ko n
PU 0.22 + 0.01° - —0.12 + 0.02¢
PU@Cu 0.95 + 0.03° 0.82 + 0.03* 0.83 + 0.04*
PU@Zn 0.95 + 0.05" 0.59 + 0.08" 0.37 + 0.02°
PU@Cu/Zn 1.06 + 0.05° 0.96 + 0.08° 0.89 + 0.05°

For each fiber membrane, different superscript letters in the same column
indicate that the mean values are significantly different (p < 0.05).
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exposure to UV rays, indicating severe coating deterioration, while it is
worthwhile observing the reduction of AE* for the MOy covered PU fi-
bers proving the screening effect of the designed systems.

3.3. Antibacterial activity

The antibacterial activity of the films PU@Cu, PU@Zn and PU@Cu/
Zn was tested at 16, 20 and 24 h against both Gram-positive Staphylo-
coccus aureus and Gram-negative Escherichia coli (Fig. 11).

The growth was evaluated by measuring the optical density (600 nm)
and referred to that of the control sample (PU), the same material, but
without metals. As reported in Fig. 11, films containing Cu or Zn
exhibited significant antimicrobial activity versus E. coli, with PU@Cu
slightly more effective. The antimicrobial effect reached its maximum
value at 24 h, 98 and 92 % growth inhibition for PU@Cu and PU@Zn,
respectively, but most of the toxic action occurred in the first 16 h, 88
and 83 % inhibition. The co-presence of both metals (PU@Cu/Zn) was
not able to induce significant effects. The antimicrobial activity (A)
estimated as the difference between growth values (logarithm to base
10) of control films and those containing the metals, at 24 h was of 1.1
for PU@Zn and 1.8 for PU@Cu [68]. Significant activity against
S. aureus was also found, albeit with some differences. All three different
metal-containing samples exhibited antimicrobial activity and the
inhibitory effect on growth was very similar to each other; however, this
was lower than that found for E. coli, ranging from 50 % and 62 % at 16 h
and 86 % to 88 % at 24 h. The value of A reached a maximum of 1.0 (at
24 h) for all three different samples.

4. Conclusions

In this paper the design and fabrication of electrospun complex
materials for a potential application in protective clothing was pre-
sented. The fiber membrane were prepared by using polyurethane which
was modified with copper and zinc oxide as efficient UV screening
materials. SEM micrographs, X-ray analysis and EDX proved the depo-
sition of metal oxides onto PU electrospun fibers. The improvement of
thermal stability has been proved by carrying out TGA and flame contact
tests. To further demonstrate the potentialities of the designed materials
in protective clothing field, barrier properties to water vapor and
retention tests of different common liquids have been carried out
demonstrating a reduction of permeability to water vapor which can be
suitable for outdoor applications. Moreover, the fiber membranes seem
to well stand against the permeation to acidic, basic and sweat simulant
solutions. Transmittance spectra proved the decrease in transmission
(about 99.8 %) along the whole wavelength range while the estimation
of FTIR spectra as well as the calculation of carbonyl index gave a clear
indication of UV stabilization against degradation induced by UV-rays.
The cytotoxic effect against Gram " and Gram™ bacteria was evaluated
by choosing two bacterial strains, demonstrating an antimicrobial ac-
tivity for Cu and Zn oxides covered TPU membranes while a slightly
reduced activity was found for the Cu/Zn based PU fibers. The reported
results allow for stating that the designed materials show great potential
as high-performance materials for the fabrication of high-performance
solutions for protective clothing.

Data Availability Statement: The raw/processed data required to
reproduce these findings cannot be shared at this time as the data also
forms part of an ongoing study.
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Table 7

Chromaticity data of PU fiber membrane at 0 and 45 days.
Irradiation time (days) 0 45

L* a* b* AE* L* a* b* AE*

PU 85.05 —0.61 10.87 0 88.87 —0.81 3.52 8.28 + 0.297
PU@Cu 87.88 —-5.19 5.91 0 89.64 —5.65 3.98 2.65 + 0.06°
PU@Zn 82.98 1.27 12.69 0 86.29 1.13 10.85 3.79 + 0.16"
PU@Cu/Zn 86.19 —27.81 —6.55 0 87.91 —29.65 -7.18 2.59 + 0.01°¢

For each fiber membrane, different superscript letters in the same column indicate that the mean values are significantly different (p < 0.05).
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