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Abstract. This paper describes the preparation of three- component hybrid copolymer beads, with water
purification features. These newly developed hybrid beads were prepared starting from a mixture of
poly(acrylonitrile- co- methacrylic acid) (PAN-co-PMAA), polyvinyl alcohol (PVA) and magnetite
(Fes0s), respectively. The preparation itself involved a Wet Phase Inversion (WPI) process. A
Pseudomonas sp. strain was immobilized onto previously mentioned beads, before and after activation
of the beads surface with glutardialdehyde, and afterwards used for the amendment of simulated water
bearing an azo- blue dye, i.e. Acid Blue 93. In order to highlight the immobilization of Pseudomonas sp.
strain, FTIR spectra and TGA results were recorded. CFU measurements as well as SEM images further
provided evidence towards the occurrence of immobilization. The biodegradation studies of Acid Blue
93were carried out by means of UV spectroscopy at various contact times (24; 72 and 144 h) of the
hybrid beads with the targeted dye.
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1.Introduction

The wide use of dyes for fibers and paints results in a large amount of wastewaters. If not entirely
purified, these wastewaters pose great threat to the environment and human health especially when they
reach surface and afterwards groundwaters [1]. In many countries, like Norway and Romania, the major
source of drinking water is from surface water reservoirs. Therefore, a great deal of research was
conducted, seeking advanced means of reducing the impact of such dyes. One negative effect of dyes
may be attributed to their slow biodegradability. Among the already known methods that were proven
to be somewhat efficient for dyes removal, it is worth mentioning: adsorption, coagulation, photo-
catalytic oxidation, and biodegradation. However, all these approaches are highly energy-consuming
and, thus, their cost-efficiency is rather low.

Different from physical and chemical methods, biological ones lead simultaneously to lower costs,
due to low energy consumption, and to higher efficiency related to the treatment of higher volumes of
water. In this context, it becomes worth mentioning the use of bacterial strains for azo-dyes removal, as
they prove to be able to cleave the azo bond. The use of bacterial strains emerged as a need to overcome
the former mentioned hurdles of conventional methods. In addition, immobilization of such strains on
various substrates allows for repeated uses of materials. The only minor inconvenient of working with
bacterial strains refers to using nutrients, to ensure their proper growth [2-16].

In this work, innovative hybrid beads based on poly(acrylonitrile-co-methacrylic acid) (PAN-co-
PMAA) and polyvinyl alcohol (PVA) were developed as substrates for bacteria immobilization and used
for dyes removal from aqueous solutions. Polyacrylonitrile and its copolymers are well-known
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precursors for membranes and beads as they possess excellent film/beads- forming properties, together
with enhanced thermal, mechanical and chemical stability. Polyvinyl alcohol is another widely used
polymer, having outstanding properties like hydrophilicity, biocompatibility and water solubility [17-
20]. Therefore, each component contributes with specific features to the final hybrid beads, for instance
the PAN-co-PMAA main matrix allows for the formation of bead shaped particles and PVA provides
biocompatibility and, thus, for a proper environment for the following Pseudomonas immaobilization.

Magnetic nanoparticles found use in a wide range of applications, i.e. chromatography, separation of
cells and proteins, removal of dyes and heavy metals, but most importantly in the immobilization of
microorganisms [21-23]. In this study, the incorporation of magnetite particles (FesO4) into the precursor
solutions of beads eases the following separation process of materials after dyes removal via magnetic
separation methods.

2.Materials and methods
2.1 Materials

Acrylonitrile (AN) and methacrylic acid (MAA), used for the preparation of PAN-co-PMAA, were
supplied by Merck and distilled before use, for the inhibitor removal. Copolymerization was promoted
using a redox initiation system (potassium peroxidisulfate- KPS and sodium metabisulfite- MS) and
conducted under acidic pH (pH adjusted using H2SO4, Merck).

The preparation of polyvinyl alcohol (PVA) was carried out in two steps: preparation of polyvinyl
acetate (PVACc) followed by methanolysis of PVAc. Preparation of PVAc involved the use of the
following raw materials: vinyl acetate (VAc; monomer, p.a. Merck) and AIBN (azobisisobutyronitrile,
p.a. Merck; initiator) to obtain polyvinyl acetate (PVAc). Methanolysis of PVAc, to yield PVA,
consisted of a polymer analogous reaction between PVAc and methanol (Merck; trans-esterification
agent), under basic catalysis (NaOH pellets, Sigma Aldrich).

In order to obtain the precursor solution of beads, magnetite (FezOs, Sigma Aldrich) and
dimethylsulfoxide (DMSO, solvent, Merck) were used as received. Beads preparation involved dripping
the precursor solution with a syringe into a coagulation bath, consisting of distilled water and isopropyl
alcohol (Merck).

A Pseudomonas putida strain from INCDCP-ICECHIM Microbial Collection was used as bacterial
constituent. Pseudomonas putida was cultured on Luria Bertani medium (LB) with following
composition (g/L): 10, tryptone; 5, yeast extract; 10, NaCl, 1000 mL distilled water. The culture medium
was sterilized at 121°C for 15 min.

Immobilization of Pseudomonas putida was performed using two routes: direct immobilization on
beads and immobilization on chemically activated beads, respectively. Chemical activation of beads was
conducted using glutardialdehyde (GA, aqueous solution, 50 %), as activation agent and H2SOs, as
catalyst.

Acid Blue 93 dye was used in the bioremediation tests. This dye was supplied by Merck, under the
trade name Blue Ink 242 (technical purity). The main characteristics of the used dye are summarized in
Table 1.
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Table 1. Technical specification for Acid Blue 93
Chemical formula: Cs7H27N3Na209S3
Chemical structure:

o
0=8-0" Na*

" oH
Molecular weight, g/mol 799.814
Melting point, °C 250
Solubility in water, g/L 70

2.2. Sample preparation
2.2.1. Preparation of hybrid beads

The hybrid beads were prepared in three steps, as follows: (i) preparation of copolymers, i.e. PAN-
co-PMAA and PVA,; (ii) preparation of precursor solution with magnetite content (FezO4), and (iii)
coagulation of solution in bead form.

Copolymerization of AN with MAA was performed in emulsion at 47°C using a redox initiation
system (MS-KPS) in aqueous medium at acidic pH (H2SO4). The last component added to the reaction
medium was KPS and 90 min have been timed since its addition. The obtained copolymer was separated
from the reaction medium, washed repeatedly with distilled water in order to remove unreacted
monomers and finally dried at 60°C, in an oven, and grounded. The recipe for the preparation of PAN-
co-PMAA is given in Table 2.

Table 2. Recipe for PAN-co-PMAA preparation
H.OmL ANmL MAAmL H,SO498%, mL MS,g KPSg
4250 750 14.8 0.12 0.375  0.375

For preparing PVA, PVAc was first synthesized by radical polymerization of VAc in MeOH (10:90
molar ratio) at 65°C, 2 h, under refluxing, using AIBN (0.5 wt. % relative to VAc) as initiator. Further
on, methanolysis of PVAc took place under basic catalysis (1.5wt.% NaOH relative to PVAC) at 45 °C,
1 hour, to yield a 98 % acetalization degree.

The second step consisted of preparing the precursor solutions of beads, containing magnetite
particles. In order to optimize the process of beads preparation and evaluate the effect of the addition
order of components, two experimental variants were investigated (Table 3).

Table 3. Experimental variants

Magnetic beads Order of components
1 PVA, PAN-co-PMAA, Fe304
2 PVA, FesO4, PAN-co-PMAA

For the first trial, the following addition sequence was considered: in 21 mL of DMSO heated at 80
°C, 0.4 g PVA was dissolved followed by dissolution of 1.6 g PAN-co-PMAA and dispersion of 0.04 g
Fe30a. In the second trial the same amounts of components were used with the difference that FezOs was
added immediately after PVA dissolution in DMSO and PAN-co-PMAA was dissolved last. In the third
stage, hybrid beads were obtained. In this respect, the precursor solution was dripped with a syringe into
a coagulation bath consisting of a water-isopropyl alcohol mixture (300 mL, 50:50 vol. %). The beads
were left into this coagulation bath for 24 h at room temperature and afterwards separated magnetically
and washed with distilled water (100 mL) twice. The hybrid beads were stored in water.
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2.2.2. Surface activation of hybrid beads

A part of the hybrid beads from both variants (1 and 2) was chemically activated with GA. This
procedure involved the functionalization of beads bearing hydroxyl groups (denoted B-OH) with
aldehyde groups (B-CHO) according to Scheme 1 a. Aldehyde functionalities on the surface of beads
were further available for bacterial immobilization (Scheme 1 b). Therefore, two series of functionalized
beads, noted 1-GA and 2-GA, were prepared, according to the recipe given in Table 4.

B—0OH + OHC —(CHz):— CHO —s=B — CHOD
GA (ﬂ)
B— CHO + HeM—Ps—=~ B— Ps (b)

Scheme 1. The mechanism of functionalization
and immobilization reactions

Table 4. Chemical activation of beads with GA

Amount of GA, H20, H2S0O4, Temperature, Time,
beads, mL mL pL °C min.
g
0.2 4 16 300 70 30

2.2.3. Cultivation conditions for Pseudomonas putida

The bacterial strain was replicated on Petri plates with LB medium and incubated at 28°C for 24 h.
Cultivation was performed in 500 mL Erlenmayer vessels with 250 mL LB medium, on Heidolph
Unimax 101 orbital shaker (125 rpm, 28°C, 4 days). After incubation, the culture broth was centrifuged
for 20min at 4000 rpm. The deposit (bacterial biomass) of Pseudomonas putida was resuspended in 50
mM sodium phosphate buffer, pH 7.0 and stored in the refrigerator at 4 °C, in a closed container (Figure
1).

(@ (b)
Figure 1. Aspects of obtaining bacterial biomass: (a) Culture of
Pseudomonas putida at 48 h of incubation; (b) Biomass of Pseudomonas
putida obtained after centrifugation of culture broth

2.2.4. Immobilization of Pseudomonas putida cells

Both variants of hybrid beads (1 and 2) were contacted before and after activation with GA (non-
activated beads were noted 1 and 2, and activated beads 1-GA and 2-GA, respectively) with 2 mg
bacterial biomass from Pseudomonas putida in sterilized plastic ampoules and incubated at room
temperature under continuous stirring, for 24 h. The four variants of hybrid beads with immobilized
Pseudomonas are centralized in Table 5.

Mater. Plast., 57 (3), 2020, 125-136 128 https://doi.org/10.37358/MP.20.3.5387


https://revmaterialeplastice.ro/

MATERIALE PLASTICE @ @
https://revmaterialeplastice.ro A
https://doi.org/10.37358/Mat.Plast.1964

Table 5. Experimental variants for Pseudomonas (Ps) immobilization

Sample Bacterial cells immobilized on different types of beads
1-GA-Ps Ps biomass immobilized on 1-GA functionalized beads
1-Ps Ps biomass immobilized on type 1 beads

2-GA-Ps Ps biomass immobilized on 2-GA functionalized beads
2-Ps Ps biomass immobilized on type 2 beads

2.2.5. Biodegradation of Acid Blue 93 dye
For biodegradation tests, the hybrid beads were separated and contacted with 18 mL of dye stock
solution (1% in water) and introduced into small (sterilized) Erlenmeyer flasks.

2.3. Characterization Techniques

The chemical composition of hybrid beads as well as the one of raw materials was analyzed by
Fourier Transform Infrared (FTIR). FTIR spectra were registered in ATR mode on a Tensor Vertex
(Ettlingen, Germany) device using 32 scans and 4 cm™ resolution in 4000- 400 cm™ range. Samples were
very well vacuum dried at 30°C for 48 h, in order to avoid the occurrence of bands assigned to —OH
groups, from water, in the spectra.

Thermal behavior of samples was investigated by recording TGA (Thermal Gravimetric
Analysis)/DTG (Differential Thermal Gravimetry) curves. To this end, a TGA Q 5000 device was
involved.

Each sample was heated from room temperature to 700 °C, at a heating rate of 10 °C/min.

The bioremediation process was monitored by ultraviolet- visible (UV-Vis) spectrometry in the 200
+ 800 nm spectral range using a device from Thermo Scientific. Solutions were collected at certain time
intervals: 24, 72 and 144 h, respectively.

Scanning Electron Microscopy (SEM) was performed on FEI-QUANTA 200. The samples were
placed on metallic support, aluminum standard stub, using a double-sided adhesive carbon tape. The
SEM images were taken at an accelerating voltage of 30 kV. Micrographs of the samples were analyzed
at different magnifications to identify changes on the surface.

3. Results and discussions
3.1 Fourier Transform Infrared (FTIR) spectrometry

In order to confirm the immobilization of bacteria on the hybrid beads, FTIR spectra were recorded,
before and after immobilization of bacterial cells. The results are grouped into 4 series, as 4 of the
samples (1-GA,; 1; 2-GA and 2) were used as support for the immobilization of Pseudomonas cells.In
Figure 2, FTIR spectra are shown for samples 1-GA, 1-GA-Ps, 1 and 1-Ps. From Figure 2a, one may
notice the occurrence of the characteristic peak of AN (2251 cm™), not only before, but also after the
immobilization of Ps. However, its intensity is lower before immobilization. Since both PAN-co-PMAA
and PVA bear hydroxyl groups, numerous bands appear in this respect (a wide band at 3366 cm™ and
two peaks at 3863 and 3745 cm™). Immobilization is confirmed by the appearance of a characteristic
peptide band from the bacteria at 1564 cm™. In the second series of results, FTIR spectra are shown for
samples 1 and 1-Ps. From Figure 2b, one may notice in both spectra the occurrence of characteristic
peaks from MAA (1715- 1728 cm™), PVA (3350, 3620, 3740, 3860 cm™) and AN (2245-2251 cmY).
Similarly, for sample 1-GA, immobilization was confirmed by the same peptide peak (1556 cm™).

Comparing the results from the two series in Figure 2 (experimental variant 1), it may be concluded
that the immobilization of bacteria takes place, regardless of GA activation. Yet, when unmodified beads
were used, it may be assumed that a physical adsorption of bacteria took place.

In Figure 3, FTIR spectra are given for samples 2-GA, 2-GA-Ps, 2 and 2-Ps. From Figure 3a,
similarly to the previous series of spectra, the peaks characteristic to the raw materials can be observed.
In this case also, the immobilization is confirmed by the appearance of the peptide bands (1564 cm™).
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In the following series, 2 and 2- Ps (Figure 3 b), the immobilization of bacteria on hybrid beads took
place under a similar manner. Yet, the peak at 3367 cm™ showed a significantly higher intensity after
bacteria immobilization, which is a rather different behavior from the first three series of spectra. A
similarity to the previous series refers to the peak at 1556 cm™ (peptide bond) that appears only after

immobilization.

Absorbance (a.u.)

Absorbance (au)

T g T T T T T T T Y y Y T Y
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Wavenumber (cm™) - Wavenumber (cm™)

Figure 2. FTIR spectra for samples prepared according to experimental variant 1:
(2)1-GA and 1-GA-Ps; (b) 1 and 1-Ps
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Figure 3. FTIR spectra for samples prepared according to experimental variant 2:
(@) 2-GA and 2-GA-Ps; (b) 2 and 2-Ps

3.2 Thermal Gravimetric Analysis (TGA)
In Figure 4, the TGA curves for samples 1-GA and 2-GA are given before and after contact with

Pseudomonas putida (Ps) and Table 6 summarizes the results of thermal analyzes for the samples
analyzed in Figure 4. The investigated samples were chemically activated with glutaraldehyde before

immobilization.
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Figure 4. TGA and DTG curves for samples 1-GA and 2-GA, before
and after the immobilization of Ps

Mater. Plast., 57 (3), 2020, 125-136 130 https://doi.org/10.37358/MP.20.3.5387


https://revmaterialeplastice.ro/

MATERIALE PLASTICE @ @

https://revmaterialeplastice.ro s
https://doi.org/10.37358/Mat.Plast.1964

Table 6 TGA results for GA activated samples, before and after Ps immobilization

Sample T1, T2, T3, T4, Weight loss, %
oC oC oC oC
1-GA 34.0 94.4 256.7 363,2 67.86
1-GA-Ps 43.8 301.8 423.2 65.06
2-GA 39.9 136.8 383.0 62.43
2-GA-Ps 43.5 293.6 395.3 58.11

From Table 6, it can be observed that for both samples 1-GA and 2-GA, the growth of bacteria on
the surface of beads unexpectedly leads to an increased stability. Although the weight loss corresponding
to 1-GA-Ps is not significantly different from that of 1-GA, for 1-GA-Ps a lower value was recorded.
This suggests a better thermal stability for 1-GA-Ps. Moreover, for 1-GA -Ps, thermal degradation occurs
only in three stages instead of 4 stages (sample 1-GA) and for 1-GA-Ps, higher temperatures correspond
to each degradation stage. For sample 2-GA, the immobilization of Ps was found to yield a higher
stability, which is a behavior similar to sample 1-GA.

In Figure 5, the TGA curves for samples 1 and 2 are given before and after Ps immobilization and
Table 7 summarizes the results of thermal analyzes for the samples analyzed in Figure 5. Samples were
exposed to Ps without being chemically activated with glutardialdehyde.
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Figure 5. TGA and DTG curves for samples 1 and 2, before and after
the immobilization of Ps

Table 7. TGA results for unmodified samples, before and after Ps immobilization

Sample T1, T2, T3, T4, Weight loss,%
°C °c °C °Cc
1 47.8 141,9 3241 4234 56.58
1-Ps 44.0 293,54 380,9 58.82
2 41.6 119,0 320,5 418,3 57.88
2-Ps 89.8 285,6 327,8 4244 52.93

Different from samples 1-GA and 2-GA, for sample 1, immobilization of Ps results in a lower thermal
stability. Although the increase of the weight loss value was only by 2.2% (58.8 vs 56.6%), an increase
trend occurred after immobilization, showing that immobilization leads to a reduction in thermal
stability. Moreover, the final degradation stage takes place at a lower temperature (380.9 vs 423.4 °C)
for 2-Ps. In the case of sample 2, similar to samples 1-GA and 2-GA, exposure to bacteria leads to
enhanced thermal stability. Although both 2 and 2-Ps degrade in 4 steps, the temperature corresponding
to each step is higher for the 2-GA-Ps sample. The weight loss is also lower for 2-Ps sample (52.93 vs.
57.88%).
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3.3 Scanning Electron Microscopy (SEM) and ability of Pseudomonas putida to withstand beads

In the first experiment, the beads (1-GA) were incubated with Ps in a Heidolph Unimax 1010 orbital
shaker incubator for 24 h at room temperature. The dynamics of cells number may be summarized as
follows: Ninitiat = 2.83 x101° CFU/mI; N eng = 1.22 x10'° CFU/mL.

Colony-Forming Unit (CFU) is a unit used to estimate the number of viable bacteria cells in a sample.
This decrease in the number of CFU may be attributed to activity loss after immobilization, which is
normal, as a part of the active sites of Ps are consumed during immobilization. To prove the viability of
Pseudomonas cells, the beads exposed to bacteria were placed on a minimal culture medium in Petri
plates. From Figure 6, it may be observed that bacterial cells were viable and a good growth was
observed even in contact with beads. The results of cells measurement and growth on 1-GA-Ps were
supported by SEM investigations (Figure 7). From Figure 7, it may be observed that Ps proliferation
takes place on the surface of 1-GA, which is in a good agreement with cells count measurement.

Figure 6. 1-GA-Ps on
minimal solid medium
in Petri plate

80x

5000x 10000x

Figure 7. SEM images of samplel-GA-Ps. After incubation, the bead was
thoroughly washed with sterile water and deposited on minimal solid medium
on Petri plate (white arrow — bacterial cells growing on bead surface)

In the second experiment (Figure 8), the incubation period was extended to 48 h. In this study, the
dynamics of cells number followed the same rule, decreasing from Ninita= 1.92 x10*° CFU/mL t0o Neng
= 1.26 x108 CFU/mL. This decrease confirms once again that immobilization occurred, as a part of the
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active sites are consumed. In this case also, results were corroborated with SEM images. The aspect of
samples depends on the magnification. Hence, the most obvious evidence of Ps growth was observed at
1000x and 4000x. The simple washing procedure with sterile water yielded significant changes in the
beads surface that may be attributed to removal of physically immobilized (non-covalently immobilized)
Ps.

100x 1000x

4000x

Micrographs of beads after being exposed
to Ps and after washing with sterile water

Figure 8. SEM images for sample 1-GA-Ps, after 48h of contact

3.3.4 Biodegradation of Acid Blue 93

To investigate the biodegradation of the dye, UV spectra were recorded. Therefore, samples 1-GA-
Ps and 2-GA-Ps were contacted with a dye solution (1% in water) and UV spectra were recorded after
different contact times (24, 72 and 144 h, respectively). For a thorough, investigation, the UV-Vis
spectrum of the pure dye (not exposed to bacteria was recorded). This reference is denoted with Oh. In
Figure 9, the corresponding spectra are shown.
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Figure 9. UV-Vis spectra for samples 1-GA-Ps (a) and 2-GA-Ps (b), respectively,
at different contact times (24h, 72h,144h) contact with Acid Blue

The dye displays a characteristic peak at 590 nm. This result is in a good agreement with literature
information on Acid Blue 93 [24]. In all spectra, the intensity of the peak registered at 590nm
significantly decreased as compared to the reference (Oh). This may be regarded as a result to dye
adsorption on the surface of the beads. Therefore, in the first 24 h the dye is adsorbed almost completely
and further extension of the contact time to 72h or 144 h no longer leads to dye degradation, but more
to a desorption. Interestingly is the fact that both experimental variants (1 and 2) lead to similar results
on dye adsorption.

4. Conclusions

The immobilization of Pseudomonas putida cells on the magnetic hybrid beads was successfully
performed, regardless of the considered experimental variant, i.e. GA- activated beads and unmodified
beads. However, for the unmodified beads, the immobilization of bacteria was only physical and the
bacteria layer was easily washed with water. The indisputable proof that the immobilization took place
was given by the important changes in the chemical composition (FTIR, the appearance of the peak
characteristic of the peptide bonds), in the thermal behavior (for samples activated with GA the
immobilization improves the thermal stability) and in the morphology of beads surface after
immobilization. The influence of raw materials addition order to prepare the composites was better
emphasized by TGA results than by FTIR analysis. It seemed that series 2 of beads was more
homogenous. Pseudomonas putida was able to grow even after being immobilized on beads, as shown
by SEM images and CFU values. The GA- activated beads with immobilized Ps were successfully used
for the biodegradation of Acid Blue 93 dye. Only slight differences were recorded by UV-Vis between
the two experimental variants of beads in the biodegradation study.
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