i Tomas Bata University in Zlin
Library

Conducting polymer composite aerogel with magnetic
properties for organic dye removal

Citation

BOBER, Patrycja, Islam M. MINISY, Udit ACHARYA, Jifi PFLEGER, Natalia E. KAZANTSEVA, Jifi HODAN,
Jaroslav STEJSKAL, and Vladimir Artur BABAYAN. Conducting polymer composite aerogel with
magnetic properties for organic dye removal. Synthetic Metals [online]. vol. 260, Elsevier, 2020,
[cit. 2023-02-02]. ISSN 0379-6779. Available at
https://www.sciencedirect.com/science/article/pii/S0379677919307647

DOI

https://doi.org/10.1016/j.synthmet.2019.116266

Permanent link

https://publikace.k.utb.cz/handle/10563/1009489

This document is the Accepted Manuscipt version of the
article that can be shared via institutional repository.

TBU Publications

M . Repository of TBU Publications

publikace.k.utb.cz



https://www.sciencedirect.com/science/article/pii/S0379677919307647
https://doi.org/10.1016/j.synthmet.2019.116266
https://publikace.k.utb.cz/handle/10563/1009489
https://publikace.k.utb.cz/

Conducting polymer composite aerogel with magnetic properties
for organic dye removal

Patrycja Bober®™ Islam M. Minisy?, Udit Acharya? Jifi Pfleger?, Vladimir Babayan®, Natalia
Kazantseva®, Jifi Hodan?, Jaroslav Stejskal®

9 Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic, 162 06 Prague 6,
Czech Republic

bCentre of Polymer Systems, Tomas Bata University in Zlin, 760 01 Zlin, Czech Republic

* Corresponding author. E-mail address: bober@imc.cas.cz (P. Bober).

ABSTRACT

Multifunctional conducting polyaniline/hexaferrite aerogels supported by poly(vinyl alcohol) have
been prepared by simple one-step procedure. The incorporation of magnetic particles into aerogel
matrix was successfully proven with scanning electron microscopy and by examination of magnetic
properties. Such novel hybrid aerogels showed better resistance against elastic deformation when
stress is applied, increased conductivity compared to neat polyaniline/poly(vinyl alcohol) cryogels, and
also enhanced coercive force compared with neat hexaferrite due to increased effective magnetic
anisotropy by magnetostriction. Moreover, the efficient adsorption of Reactive Black 5 dye by aerogel
has been illustrated. Therefore, this work offers new type of macroporous dye adsorbents which can
be efficiently separated from the aqueous medium and thus used for wastewater treatment.
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1. Introduction

Electric and magnetic stimuli-responsive systems have attracted considerable attention during recent
years due to a large array of applications including biosensors [1,2], magnetic-resonance-imaging
contrast agents [3], supercapacitors [4,5], fuel cells [6,7], radio- and microwave absorbers [8] and
electromagnetic-interference shielding materials [9-11]. Such materials contain, e.g., magnetic
particles (different types of ferrites, iron oxides, carbonyl iron, etc.) incorporated in conducting
polymer matrix [12-20]. Besides, hybrid composites based on conducting polymers and magnetic
particles can be employed in various water-treatment methods for the capture, transfer, and removal
of organic dyes and heavymetal ions from wastewater [21-27]. It is established, that the adsorbent
capacity depends on its specific surface area and chemical nature of surface, as well as on adsorbent
dosage, contact time, pollutant concentration, etc. The main advantage of magnetic adsorbents is that
they can be rapidly and easily separated from water using a magnetic field.



Nowadays, with increased demand of textile products in human daily life, the reuse of wastewater
containing dyes or heavy-metal ions in industry has become a worldwide environmental issue. Dyes
and heavy-metals residues in wastewater are usually toxic, carcinogenic, mutagenic and inhibit the
growth of aquatic biota. There are several treatment methods of their removal, like chemical oxidation,
photocatalytic decomposition, filtration or adsorption. The preparation of new adsorbent materials
with good selectivity, chemical and thermal stability, which could be easily and effectively separated
using a low-cost technology, is the biggest challenge.

Conducting polymers, such as polyaniline or polypyrrole, have recently been investigated as materials
for dye removal [28,29] by adsorption or photocatalytic decompostion. However, due to the poor
processability and poor mechanical properties, their practical use is still limited. To overcome this
problem, a new class of conducting composite materials represented by macroporous polyaniline
cryogels and aerogels has recently been studied [30-33]. For most of the conducting polymer
composites, the adsorption process is classified as physical sorption, hydrogen bonding, electrostatic
or n-n interactions, etc. [34].

In the present work, we report the simple, one-step procedure for the preparation of
polyaniline/poly(vinyl alcohol) composite aerogels containing hexaferrite particles. Such conducting
and magnetic composites are macroporous and have good mechanical properties, they can be easily
handled and prepared in desired shape. The ability of this new composite aerogel to remove organic
dye from wastewater was also illustrated on example of anionic Reactive Black 5 dye. Moreover, we
demonstrate the possibility to manipulate aerogel using static magnetic field as a proof-of-concept for
effective removal of adsorbent from fluidic system (Fig. 1).

Fig. 1. Attraction of the polyaniline/poly(vinyl alcohol)/hexaferrite aerogel to permanent magnet.



2. Experimental
2.1. Preparation of aerogels

Polyaniline/poly(vinyl alcohol)/hexaferrite (PANI/PVAL/F) cryo-gels were prepared by oxidation of
aniline hydrochloride (0.2 M; Penta, Czech Republic) with ammonium peroxydisulfate (0.25 M; Lach-
ner, Czech Republic) in the presence of 5 wt.% of poly(vinyl alcohol) (Mowiol 10-98, Sigma-Aldrich;
molecular weight 61,000) in agueous suspension of hexaferrite particles (Ni.SrCryW hexaferrite, Ferrite
Domen Co., St. Petersburg, Russian Federation, 1 or 2wt.%), at 25 °C. The mixture was sucked into a
plastic syringe, quickly frozen in solid carbon dioxide/ethanol suspension, and then left in a freezer at
-24 °Cfor 5 days to polymerize [30]. After thawing at room temperature, cryogels were removed from
the syringe and immersed in excess of water to extract any residual reactants and by-products. Then
PANI/ PVAL/F aerogel was obtained by freeze-drying of corresponding cryo-gels.

2.2. Removal of organic dye

Dye adsorption capability of PANI/PVAL/F was examined by using Reactive Black 5 (Sigma-Aldrich) as
a model anionic dye molecule. Reactive Black 5 is a water soluble dye with a characteristic optical
absorption maximum at 598 nm. The experiment was carried out using 50 mL of 55 mg L Reactive
Black 5 solution in which 50 mg of adsorbent was added, without any adjustment of the pH. The
mixture was kept under stirring for 4 h at room temperature to attain equilibrium.

2.3 Characterization

Morphology was assessed by JEOL 6400 electron scanning microscope. DC conductivity was obtained
by a van der Pauw method on freeze-dried materials compressed to pellets 13 mm in diameter at 70
kN using a hydraulic press Trystom H®2. A Keithley 230 Programmable Voltage Source in serial
connection with a Keithley 196 System DMM was used for current measurement and the potential

difference was measured with a Keithley 181 Nanovoltmeter. Measurements were carried out under
stable ambient conditions at 23 °C and relative humidity 35 £ 5 %. The conductivity was obtained as an
average from the measurements in two perpendicular directions. Static mechanical properties of
hydrogels were determined on electromechanical testing machine Instron 6025/5800R equipped with
a 10 N load cell at room temperature and with a cross-head speed of 10 mm mint. Measurement of
cylindrical specimens with diameter 4.5 mm and length 60 mm was made on samples immersed in
deionized water. Reported values are the averages of at least three measurements. The magnetization
curves of neat hexaferrite powder and hexaferrite-filled aerogels were measured on a VSM 7407
Vibrating Sample Magnetometer (Lake Shore, USA) in magnetic fields up to 10kOe. The measurements
were carried out at room temperature in air. The amplitude and the frequency of vibration were 1.5
mm and 82 Hz, respectively. The UV-vis spectra were recorded with Lambda 950 spectrometer (Perkin
Elmer, UK).

3. Results and discussion
3.1. Morphology

Scanning electron microscopy shows uniform, macroporous structure of neat PANI/PVAL aerogel (Fig.
2a). Hexaferrite particles have a size close to 5 pm (Fig. 2b). They were incorporated inside the aerogel



during the preparation procedure in two fractions, 1 and 2 wt.% relative to swollen hydrogel
(PANI/PVAL/1%F and PANI/PVAL/2%F) (Fig. 2c, d). The polyaniline content is ==2wt.%, [30] i.e.
comparable with the last hexaferrite fraction, PVAL contribution amounts to 5 wt.%. The remaining
part is represented by aqueous phase. Due to large difference in density, however, the volume fraction
of hexaferrite is considerably lower than that of polymer part (Fig. 2¢c, d). To make particles visible, the
electron micrographs were taken using back-scattered electrons (Fig. 2¢c, d). They are present in the
PANI/PVAL/1%F and PANI/PVAL/2%F areogels as the white spots (Fig. 2c, d). They are separated from
each other and rather randomly distributed inside the composite aerogels. The shape and size of the
hexaferrite particles did not change during the preparation of composite aerogels.

Fig. 2. Scanning electron micrographs of polyaniline/poly(vinyl alcohol) aerogel (a), hexaferrite particles (b),
polyaniline/poly(vinyl alcohol) aerogel with 1 wt.% and 2 wt.% of hexaferrite (c) and (d), respectively.

The pore size in aerogels prepared in the presence and in the absence of hexaferrite is substantially
different; the pores are smaller in the latter case. The structure of pores is associated with the ice
crystals that serve as templates for the polymerization of aniline. We can speculate that the hexaferrite
particles act as crystallization nuclei that subsequently affect the structure of ice, and consequently
also the microstructure of polymer phase.



3.2. Mechanical properties

The mechanical properties were investigated on gels swollen with water, due to the possible
application of such magnetic aerogels in wastewater purification. Neat PANI/PVAL gels possess good
mechanical properties [30]. The addition of hexaferrite particles to cryogel causes a decrease in strain-
at-break and in tensile strength (Table 1). At the same time the Young modulus increased from 47 kPa
to =110 kPa. Generally, PANI/PVAL/1%F and PANI/PVAL/2%F composite gels show better resistance to
elastic deformation when stress is applied compared to the neat PANI/PVAL gels.

3.3. Conductivity

Conductivity of composites was determined after the compression of aerogels to a pellet. The
conductivity of aerogels prepared in the presence of hexaferrite particles is one order of magnitude
higher compared with those prepared in their absence (Table 1). The contribution of the hexaferrite
to the conductivity of the composite can be neglected, the conducting PANI content is the same in all
the composites under study and neither its chemical composition nor the doping level is assumed to
be different. The increase in conductivity probably reflects the difference in morphology. As evidenced
by Fig. 2 the PANI/PVAL/F composites have more dense s tructure with smaller pores. Such material
will assure better connectivity of the conducting PANI phase, which improves the transport of charges
in the PANI/PVAL/F composite compared to PANI/PVAL aerogel without hexaferrite.

3.4. Magnetic properties

The room-temperature magnetization curves of neat hexaferrite and PANI/PVAL/F aerogel composites
are shown in Fig. 3. The saturation magnetization for aerogel composites is significantly lower, 7.7-
12.5 emu g compared with hexaferrite particles alone, 40.6 emu g that is result of low concentration
of magnetic phase in the composite (Fig. 3). The remanent magnetization was similarly reduced, 12.5-
15 emu g, compared with 35 emu g for hexaferrite powder. However, a clearly detectable increase
in coercive force from 350 Oe to 415-435 Oe has been observed for aerogels (Fig. 3). High value of
coercivity of hexaferrite-contained aerogels guarantees easy removal from wastewater by external
magnetic field.

Table 1 Mechanical properties and conductivity of aerogels.

Sample name Strain-at-break, % Tensile strength, kPa Young modulus, kPa Conductivity, § cm™
PANL/PVAL 133 12.2 47 007
PANL/PVAL/1%F B3 9.2 113 022
PANL/PVALS2%F 59 9 104 0.32

9The data taken from Ref. [30].
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Fig. 3. Magnetization curve of PANI/PVAL aerogel without and with hex-aferrite particles. The inset shows an enlarged view
of the magnetization curves showing a coercive force for all three samples.
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Fig.4. The formula od Reactive Black 5.

The coercive force enhancement can be explained by increase in effective magnetic anisotropy owing
to magnetostriction. This assumption has been made on the basis of theoretical and experimental
works on the deformation of ferrogels in a uniform magnetic field [35,36]. To understand the
occurrence of magnetostriction in PANI/PVAL/F aerogel composites requires additional investigation,
namely polymer-magnetic particles interaction determining the network architecture of aerogels.



Fig. 5. The aqueous solution of Reactive Black 5 becomes colourless after immersion of a magnetic PANI/PVAL/2%F aerogel
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Fig. 6. The change in the optical absorbance of aqueous solution of Reactive Black 5 after introduction of a magnetic
PANI/PVAL/2%F aerogel (A), effect of the contact time on the adsorption capacity (Qt) and dye removal efficiency (B). Initial
concentration of dye is 55 mgL%; dosage of PANI/PVAL/2%F aerogel is 50 mg.



3.5. Removal of organic dye by the magnetic aerogel

The materials combining conducting polymers and magnetic component have been used in the design
of electromagnetic interference shielding [10,11] and in environmental issues, such as water-pollution
treatment as dye adsorbents [37-40] and as catalysts in photoactalytic degradation of dyes [41-44].

It has been established in the literature that conducting polymers adsorb many organic dyes [28,29]
that are rated as frequent pollutants. The incorporation of a magnetic component allows for an easy
separation of adsorbent from the treated medium. Novel materials reported in the present
communication, the macroporous aerogels, can well host the hexaferrite particles and,
simultaneously, they are efficient dye adsorbers or decomposition photocatalysts. It is not the purpose
of this study to provide the detailed study on the extent and mechanism of dye adsorption but rather
to illustrate the feasibility of its application in water-pollution treatment on an example of an anionic
dye, Reactive Black 5 (Fig. 4).

When the small piece of an aerogel (about = 50 mg) was added to the aqueous solution of a Reactive
Black 5 dye (50 mg L, 50 mL), the intensive dark blue coloration of the dye solution was substantially
reduced after 4 h (Fig. 5). By spectroscopic assay (Fig. 6), the removal of dye was 99 % after 4 h.

4. Conclusions

The conducting poylaniline/poly(vinyl alcohol) cryogels have been prepared by the oxidation of aniline
in frozen poly(vinyl alcohol) aqueous solution. The presence of Ni,SrCryW hexaferrite affected the
microstructure of hydrogels when the pore size became smaller; the presence of a hexaferrite
obviously affected the formation of ice crystals that serve as a template for polyaniline deposition. The
macroporous aerogels have been obtained after freeze-drying. After the compression to pellets, they
display the conductivity higher by one orders of magnitude compared with a material prepared in the
absence of hexaferrite. This is also the consequence of the smaller pore size and resulting better
connectivity of the conducting phase. The aerogel has been illustrated to adsorb the organic dye,
Reactive Black 5, 99 % after 4 h, and thus be useful in water-pollution treatment. The hexaferrite
particles with high value of coercive force allow for the easy separation of adsorbent from aqueous
medium. The conductivity and redox properties of polyaniline have not been directly exploited but
could be used for the controlled adsorption/desorption by electrochemical switching between the leu-
coemeraldine, emeraldine, and pernigraniline oxidation states.
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