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Hybrid filter material was obtained via modification of polypropylene (PP) nonwoven with nano-
size zinc oxide particles of a high aspect ratio. Modification was conducted as a three-step process, a
variant of hydrothermal method used for synthesis of nano-ZnO, adopted for coating three
dimensional polymeric nonwoven filters. The process consisted of plasma treatment of nonwoven to
increase its wettability, deposition of ZnO nanoparticles and low temperature hydrothermal growth
of ZnO rods. The modified nonwovens were investigated by a high resolution scanning electron
microscopy (HR-SEM). It has been found that the obtained hybrid filters offer a higher filtration
efficiency, in particular for so called most penetrating particle sizes.
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1. INTRODUCTION

Fibrous filters are commonly used for air and water purification in the European market worth 1.5
billion Euro a year (Sutherland et al., 2011). In particular, such filters are utilized in single step
processes or as pre-filters in multi-step installations. With good efficiency, high capacity of removing
solid matter and low operation costs they are often much better choice than other filtration systems.
However, they also exhibit some disadvantages which limit their applications. One of them is a
phenomenon of a minimum filtration efficiency for sub-micron particles due to the differences in
trapping mechanisms for nano- and micro-scale solids. As a result, particles with the size ranging
between 0.1 and 0.5 um, in so called most penetrating particle size (MPPS) region, are removed with a
lower rate, stimulating research and development efforts aiming at designing higher performance
filters. Along these lines of research, it was proven that fibres with sub-micrometric diameters exhibit
higher filtration efficiency for MPPS (Podgorski et al., 2006). However, sub-micrometric fibres
increase the pressure drop and shorten operation time, thus bringing about a higher cost (Jackiewicz
et al., 2013).

In the present paper we describe an alternative approach to increasing the efficiency of filtering of
MPPS, which is based on the filter modification with zinc oxide (ZnO) nanoparticles of high aspect
ratio, in-situ synthetized using a hydrothermal method. The hydrothermal methods in the past have
been widely used to deposit ZnO nano-particles on flat surfaces such as glass or silica plates
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(Choi et al., 2012; Kenanakis et al., 2012; Kwon et al., 2011). In this study, it was adapted to deposit
ZnO rods on highly porous nonwoven filter material.

It should be noted in the context of the undertaken research efforts that ZnO exhibits a whole range of
promising properties, which can be utilized in optoelectronic applications (Chen et al., 2009), in sensors
(Ates et al.,, 2013; Minhetal,, 2013; Yinetal, 2014), light conversion (Back etal., 2012;
Nayeri et al., 2013), and drug delivery (Zhang et al., 2011). It decomposes dissolved organic impurities
under UV irradiation (Colmenares et al., 2015) and exhibits antibacterial effects (Hossain et al., 2014),
in particular in the case of E.coli and S.aureus (Jaisai et al., 2012). At the same time ZnO is considered
safe to people, being added to breakfast cereals and nutrition drinks. In the form of nanoparticles, it was
proposed for antimicrobial food packaging (Paisoonsin et al., 2013).

In view of the above arguments, an assumption was made that hybrid polypropylene — zinc oxide
nanorod filters shall offer significant improvement in separation characteristics of nonwoven systems.

2. EXPERIMENTAL

Nonwoven filter medium (Amazon Filters Ltd.) in the form of 1 mm thick flat sheets obtained via melt-
blow method from polypropylene (PP) homopolymer (Borealis Borflow HL504FB) was used for
fabrication of a hybrid material. Distribution of fibre diameters was determined using images taken
with scanning electron microscope Hitachi TM1000. Porosity of nonwoven was calculated by weighing
specimens of material of known dimensions, using the density of Borealis Borflow HL504FB supplied
by its producer (0.95 g/cm?).

The hybrid material was obtained by means of a three-step process involving: a) plasma treatment of
raw nonwoven, b) coating of PP fibres with ZnO nanoparticles, and ¢) homogenic growth of ZnO
nanorods. The polypropylene nonwoven has been treated by a plasma discharge to improve wettability
and adhesion of ZnO nanoparticles used as growth initiators to the surface of polymer. The process was
conducted in DIONEX Series 2000 reactor with radio frequency plasma generator in oxidizing
atmosphere.

Fourier transform infrared spectroscopy (FTIR) was used to determine functional groups introduced
onto the surface of fibres as a result of plasma treatment. Samples of raw nonwoven and plasma treated
nonwoven were placed upon the diamond attenuated total reflectance (ATR) crystal. Spectra were
recorded utilizing Nicolet iS50 spectrometer by averaging 32 signals recorded with resolution of 4 cm’™
in range of 4000-600 cm™.

Zinc oxide nanoparticles, which are initiators for nanorod growth, were synthesized in isopropanol
from zinc acetate and sodium hydroxide. Solutions at concentrations of 1 mM and 15 mM, respectively,
were prepared under continuous stirring at 50 °C. After cooling to room temperature zinc acetate
solution was diluted and sodium hydroxide solution was added in dropwise manner for initiation of
nucleation. Dispersion of nanoparticles was assured by 2 h of stirring at 60 °C. In the next step
nanoparticles were settled on the fibres by immersion of nonwoven in the dispersion. This was
followed by drying at 50 °C. All these steps were repeated three times.

A directional growth of ZnO nanoparticles on fibres into nanorods with a high aspect ratio was
conducted in a water solution of hexa(methylenetetramine) and zinc nitrate at concentrations of 4.5 mM
and 3 mM, respectively. Mechanical stirring was employed to assure a uniform concentration of
reagents. The solution of reagents was heated to 90 °C in oil bath. External filter was used to separate
zinc oxide particles crystallizing in the solution. Process of growth lasted 5 h. After that, samples were
washed in distilled water to remove by-products and dried at 30 °C.

394 cpe.czasopisma.pan.pl; degruyter.com/view/j/cpe



Polypropylene — zind' \6)6%621@”}1)&}1}5%%17%@7@%] Jor applEdiinsin separation processes

Results of each modification steps were verified using a high resolution scanning electron microscope
(HR-SEM) Hitachi SU8000. Samples of nonwovens were taken from random locations and for each
sample fibres from different layers of nonwoven were characterized in terms of coating density and
morphology of zinc oxide particles.

Measurements of specific surface area (SSA) were conducted by BET method using Micrometric
ASAP 2010 system. Before measurements gases from the surface of samples were desorbed in vacuum
at a temperature of 80 °C (6 hours) followed by rinsing in pure helium. Specific surface area was
calculated from Brunauer-Emmet-Teller equation. Phase compositions and contribution of ceramic
phase in the modified filter were presented elsewhere (Colmenares et al., 2015). Zeta potentials for raw
PP nonwoven and PP-ZnO filter were determined based on streaming potential measurements
conducted using electrokinetic analyser Anton Paar SurPASS. Measurements were performed at
temperature of 25 °C with addition of potassium chloride electrolyte (1 mM) in pH range from 3 to 11
(pH was controlled by addition of hydrochloric acid or sodium hydroxide with concentrations of
0.5 M). Measured values of streaming potential were converted to zeta potential using
Faibrother-Mastin method.

Aerosol filtration efficiency of raw polypropylene and the hybrid nonwoven were examined using Palas
Nano MFP plus test system. Aerosol was generated with 1% water solution of KCI. A distribution of
particle sizes is presented in Fig. 1. It had a log-normal type with maximum in the range of 50-75 nm
(25.6%) with a mean value of about 130 nm. More than 93% of particles had a diameter smaller than
250 nm. Linear velocity of aerosol during dust loading was 0.2 m/second. Fractional efficiency was
calculated as a difference between number of particles with given size with and without presence of
filter in test chamber.
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Fig. 1. Size distribution of KCl particles used in aerosol filtration test

The effect of the applied modification on water filtration efficiency was examined using setup
presented in Fig. 2.

Six layers of tested filter media were placed in stainless steel housing separated from each other using
spacers. Two aqueous dispersions were used for filtration tests:
e polyethyleneimine (PEI) stabilized CuO particle dispersion with mean size of 0.93 um and zeta
potential value of +32.1 mV;
e SiO2 particle dispersion with mean size of 4.39 um and zeta potential value of —29.0 mV.

Circulation of the test dispersion during the test was provided by the peristaltic pump. Flow of
dispersion was set at the level of 1.6 ml/s — this corresponds to a standard flow through 10-inch
cartridge filter (600 1/h) after recalculation for smaller area of the samples.
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Fig. 2. Equipment used for water filtration tests: housing for filter media (a) and setup during operation (b);
1 - sample of filter media, 2 - spacer with seal, 3 - support for nonwoven, 4 - test dispersion, 5 - peristaltic pump

3. RESULTS

The distribution of fibre diameters of PP nonwoven filter media used as a matrix is presented in Fig. 3.
It can be seen that the distribution is broad with two maximums at 9-11 pm (20.4% of fibres) and 13-
15 um (18.0% of fibres). More than 94% of the fibres have diameters lower than 20 um and 3.9% of
them are in sub-micrometric range. The average diameter of fibre is 11.1 um with standard deviation of
5.5 um. The porosity was estimated at 94%.
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Fig. 3. The distribution of fibre sizes for PP nonwoven
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Measurements of contact angles for water droplets, conducted using goniometer, showed that plasma
treatment allowed to improve wettability of nonwoven (Fig. 4) with a contact angle decreasing from
135 £ 6 for the initial material to 105 £ 6 degree after the modification.

CA Laft = 101,795 Right= 100.361

Fig. 4. Contact angles of water droplets on PP nonwovens without (a) and after 5 minutes of 50 W plasma
discharge in oxidizing atmosphere (b)

FTIR spectra of PP nonwoven and nonwoven after plasma treatment are presented in Fig. 5. Spectrum
obtained for PP nonwoven is typical for a non-crystalline polypropylene (Farrukh, 2012) and contains
peaks characteristic for CHo— group (2916 cm™, 2841 cm™), >CH— group (1170 cm™, 975 cm™, 899
cm’, 841 cm”, 810 cm™) and —CH; group (2959 cm™, 2881 cm™, 1460 cm™, 1376 cm™). In the
plasma treated material, peaks are revealed (Paisoonsin et al., 2013; Wanke et al., 2011) characteristic
for hydroxyl group —OH (3395 cm™, 3190 cm™) and carbonyl group >C=0 (1650 cm™). A peak
representing carbon dioxide adsorbed on the surface of material was also observed (2360 cm™).
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Fig. 5. FTIR spectra of raw PP nonwoven and nonwoven treated by plasma discharge

SEM images of fibres after the deposition and the immobilization of ZnO nanoparticles are shown in
Fig. 6. There is a clear difference between fibres with and without plasma treatment. In the case of
untreated fibres (Fig. 6a) particles tend to form agglomerates probably due to droplet formation during
drying. As evidenced by Fig. 6b fibres after plasma modification are covered by much more uniform
layer of ZnO nanoparticles. This rationalizes the use of plasma treated nonwoven for growing ZnO
nanorods on fibres (ikizler and Peker, 2014).
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Fig. 6. SEM images of fibres without (a) and with plasma treatment (b) after settling of zinc oxide nanoparticles

SEM images of the ZnO rods grown on fibres are presented in Fig. 7. The rods form dense and uniform
structure covering entire surface of fibres, although rods tend to be shorter at deeper layers of material.
The diameters of rods range from 10 to 70 nm with maximum in the range of 30-50 nm (53.0% of
rods). An average diameter is 38 nm with standard deviation equal to 13 nm. Average distance between
adjacent rods is 119 + 42 nm.

(a)

Fig. 7. SEM images of hybrid material obtained after hydrothermal growth of ZnO rods on plasma treated

PP nonwoven

Due to the high porosity and limited size of specimen chamber it was impossible to obtain exact value
of specific surface area of raw PP nonwoven. It was, however, lower than 0.1 m*/g — the apparatus
threshold value. For PP-ZnO hybrid material the measured specific surface area was 0.853 +0.026
m%/g, at least eight times higher than that of the raw nonwoven. Zeta potential measurement showed
that both materials revealed high, negative charge in water at neutral pH. The zeta potentials for PP
nonwoven and PP-ZnO hybrid material were -37.7 mV and -49.4 mV, respectively.

Results of aerosol filtration efficiency tests for both filter media are presented in Fig. 8. In the case of
PP nonwoven decrease in filtration efficiency for MPPS particles can be noted. For particles with size
of 0.2 um fractional efficiency achieves its minimum at the level of 65%. For the hybrid material the
decrease in fractional efficiency for MPPS particles is much lover and even in its minimum is above
95%. The measured pressure drops were at the level of 27.5+0.6 Pa and 30.6+ 1.3 Pa for raw
nonwoven and hybrid material, respectively.

The results of water filtration tests are presented in Fig. 9. In the case of CuO particles the dispersion
after 5 minutes of the filtration 0.8% and 4.9% of initial solid matter mass was removed for PP
nonwoven and PP-ZnO hybrid material, respectively. After 60 minutes it was 7.8% and 26.9%,
respectively. In the case of bigger SiO; particles during the first 5 minutes of the filtration about 40% of
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initial particle mass was removed for both materials, while in the following 5 minutes it was only 10%.
After 60 minutes 70.0% and 83.3% of particle mass was removed using PP nonwoven and PP-ZnO
hybrid material, respectively.
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Fig. 8. Results of aerosol filtration efficiency tests obtained for raw PP nonwoven and hybrid material
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Fig. 9. Solid mass removed from aqueous dispersions of SiO, and CuO particles during 60 min of filtration

Fig. 10. Solid matter deposited on the surface of PP-ZnO hybrid material during water filtration tests: CuO (a)
and SiO; (b) particles
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SEM images of solid particles deposited on the surface of hybrid material are presented in Fig. 10. As
can be seen CuO particles penetrate between ZnO rods, while much bigger SiO; particles deposit on the
top part of the rods.

4. DISCUSSION

Hydrothermal method of ZnO structure growth was successfully used to obtain fibrous filter media
with high specific surface area and high porosity. The modification process can be viewed as a post
processing of a melt blown PP nonwoven. Thereby, no modifications to already existing production
line are needed, which is a great advantage simplifying commercialization.

Plasma treatment of PP nonwoven resulted in an increase of free surface energy of raw material and
removal of contaminants that originated from manufacturing process. During melt blowing process
fibres are cooled using water mist which accelerates their solidification. When some contaminants i.e.
oil drops are present in the mist they can locally change surface energy of fibres and thus cause
problems during the settling of growth initiators. The proposed plasma treatment improves wettability
of PP nonwoven assuring a more uniform deposition of growth initiators on fibres, and in turn, uniform
distribution of ZnO rods. However, the length of rods is lower for fibres located in deeper layers of the
nonwoven and at some distance from the surface, fibres were covered only by ZnO nanoparticles. This
non-uniformity can be dealt with by stimulating the flow of reagents through the whole volume of filter
media during growth phase.

The development of zinc oxide rods increased the surface area of the filter, allowing to achieve
improved filtration efficiencies in both aerosol and water dispersions in filtration tests. One should note
also only a slight difference in pressure drop in aerosol filtration test due to the fact that the
modification had no influence on macroscopic structure of the filter. As can be seen from SiO;
dispersion filtration test, application of PP-ZnO hybrid material gives no advantage against PP
nonwoven when particles larger that MPPS range are being filtered. Such a difference become visible
when filtered dispersions consisted mostly of particles with sizes close to MPPS range. In the case of
CuO dispersions, the hybrid material revealed improved filtration efficiency from the very beginning of
the process. It can also be seen that in the case of CuO dispersions, the difference between both
materials was increasing linear during entire experiment.

Results presented in the literature indicate that the new hybrid filter may find potential application in
ventilation and air conditioning systems or as a personal respiratory protection when microbiological
hazard needs to be considered due to the antibacterial activity of ZnO (Ivanova etal., 2012;
Li et al., 2008; Li et al., 2013; Pogodin et al., 2013; Tam et al., 2008).

5. CONCLUSIONS

Hybrid filter media consisting of PP nonwoven and ZnO structures with high aspect ratio were
successfully obtained via low temperature hydrothermal method. Modification process was designed as
a post-treatment of commercially produced filter to simplify potential commercialization. It was shown
that applied plasma treatment of base polypropylene nonwoven resulted in 30 degree reduction of
wetting angle, which allowed for more uniform distribution of growth initiators on the surface of fibres.
This layer has crucial impact on morphology of obtained ZnO rods. Due to the concurrency
mechanism, the more dense and uniform is layer of growth initiators, the finer rods can be obtained as a
result of hydrothermal growth. Conducted application tests showed that hybrid material revealed
improved filtration properties compared to a standard PP nonwoven. What is important to note, while
fractional filtration efficiency for aerosol particles with diameter of 0.2 um increased by 30%,
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measured initial pressure drop increased only slightly by about 3 Pa. This result suggests that it may be
possible to create a highly effective filter by increasing the thickness of such hybrid material, which
should have much lower pressure drop compared to commonly used HEPA filters.
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