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Abstract: This study investigates the development of polyvinyl alcohol (PVA) gel matrices for
biomass immobilization in wastewater treatment. The PVA hydrogels were prepared through
a freezing—thawing (F-T) cross-linking process and reinforced with high surface area nanoparticles to
improve their mechanical stability and porosity. The PVA /nanocomposite hydrogels were prepared
using two different nanoparticle materials: iron oxide (Fe30;) and titanium oxide (TiO,). The
effects of the metal oxide nanoparticle type and content on the pore structure, hydrogel bonding, and
mechanical and viscoelastic properties of the cross-linked hydrogel composites were investigated. The
most durable PVA /nanoparticles matrix was then tested in the bioreactor for the biological treatment
of wastewater. Morphological analysis showed that the reinforcement of PVA gel with Fe;O3 and TiO,
nanoparticles resulted in a compact nanocomposite hydrogel with regular pore distribution. The FTIR
analysis highlighted the formation of bonds between nanoparticles and hydrogel, which caused more
interaction within the polymeric matrix. Furthermore, the mechanical strength and Young’s modulus
of the hydrogel composites were found to depend on the type and content of the nanoparticles. The
most remarkable improvement in the mechanical strength of the PVA /nanoparticles composites was
obtained by incorporating 0.1 wt% TiO, and 1.0 wt% Fe,O3 nanoparticles. However, TiO, showed
more influence on the mechanical strength, with more than 900% improvement in Young’s modulus
for TiO,-reinforced PVA hydrogel. Furthermore, incorporating TiO, nanoparticles enhanced hydrogel
stability but did not affect the biodegradation of organic pollutants in wastewater. These results
suggest that the PVA-TiO, hydrogel has the potential to be used as an effective carrier for biomass
immobilization and wastewater treatment.

Keywords: polyvinyl alcohol (PVA); nano-gel; porosity; compression strength; biomass; water purification

1. Introduction

Biological treatment is a common and eco-friendly way to clean wastewater. It uses
tiny living organisms to break down pollutants. This natural approach is crucial for
sustainable wastewater management, contributing to environmental protection and the
preservation of water quality [1]. There are two main types: free and immobilized systems.
In free systems, these tiny organisms float in the wastewater, freely moving around and
cleaning it by interacting with pollutants [2].

Compared to free biomass, immobilized cells have several advantages, including re-
ducing the reactor volume, enhancing the treatment stability, and increasing the biodegrada-
tion rate and biomass growth. These advantages are attributed to the large protected surface
area provided for the biomass to grow when the carriers are suspended in water [3,4].

Several natural and synthetic polymers have been used for biomass immobilization.
Polyvinyl alcohol (PVA) is a promising polymer type that is widely used in the areas
of biotechnology and wastewater treatment. It is inexpensive, non-toxic, and has high
chemical and mechanical stability [5]. PVA gel can be prepared using physical or chemical
cross-linking methods. Chemical cross-linking requires the addition of chemicals, such
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as boric acid and alginates, to complete the cross-linking process, whereas physical cross-
linking involves thermal methods using iterative freezing—thawing (F-T) cycles. Compared
to chemical cross-linking methods, physical cross-linking is safer for microorganisms, and
the resulting gel has higher mechanical strength [6]. The preparation of PVA gel using
physical cross-linking through freezing-thawing (F-T) cycles depends on two parameters.
The first is the formation of a network, which binds a large number of water molecules
together. The second is a strong chain interaction to form semi-permanent joints in the
molecular network [7]. The PVA hydrogel forms a three-dimensional structure that does
not dissolve or absorb water but can swell in the aqueous solution. The properties of the
PVA gel prepared by F-T cycles depend on the polymer weight % in aqueous PVA solution,
the time and temperature of freezing and thawing, and the number of F-T cycles [8,9]. Thus,
the properties of the PVA gel differ according to the preparation conditions.

Generally, PVA gel has high mechanical strength and a porous structure. The impor-
tance of the porous structure is to allow the entrapment of biomass inside the polymeric
matrix, while facilitating mass transfer of the organic contaminants into the gel. The hydro-
gel is synthesized around the biomass and enclosed in the porous polymeric matrix, which
allows the diffusion of nutrients, substrate, and products [10,11]. The porous structure of
polymeric carriers would facilitate the entry of substrates and pollutants, and hence enable
the microbial degradation of pollutants in wastewater [12].

Historically, composite materials were primarily employed in the manufacturing pro-
cess to enhance strength and provide reinforcement. This conventional application aimed to
capitalize on the combined properties of different materials. However, a contemporary ap-
proach has emerged that responds to specific challenges in various industries. This involves
the integration of nanostructured fillers into hydrogels, a technique that has gained popu-
larity for creating innovative materials with multifaceted functionalities. This recent trend
signifies a shift from traditional strength-focused uses of composites towards a more nu-
anced and versatile utilization, allowing for tailored solutions to address diverse industrial
demands [13]. This includes the addition of organic, inorganic materials and the incorpora-
tion of nanoparticles in PVA hydrogel matrices to produce nanocomposite hydrogels [14].
These additives resulted in modified hydrogels with good mechanical strength, a large sur-
face area, and a controllable pore structure [14]. Generally, the addition of the nanoparticles
in the polymeric composites resulted in a new polymer matrix with unexpected properties
that significantly differ from the conventional materials. Several nanoparticles, such as gold
(Au), silver (Ag) iron oxide (Fe3Oy4, Fe;O3), alumina (Al,Os), titanium (TiO;), and zirconia
(ZrOy), were combined with PVA gel to form PVA /nanoparticles hydrogel composites
for an extensive range of biomedical applications, including drug delivery and artificial
tissue engineering [15,16]. However, the amount and the type of nanoparticles are the most
critical factors in obtaining nanocomposite polymers with high mechanical strength [17].

The use of TiO; to reinforce hydrogels has been studied in numerous investigations
utilizing PVA gel with other materials. They showed that TiO, was used for enhancing
the mechanical strength and pore structure of the hydrogels. It was proposed that mixing
of TiO, nanoparticles with a biopolymer consisting of PVA and iota-carrageenan (CRG)
prepared by F-T cycles resulted in a stable hydrogel with improved mechanical strength
with an approximately 20% increase in Young’s modulus by adding 0.25% TiO, compared
to the pure hydrogel [18]. Recently, Wang et al. concluded that adding dimethyl sulfoxide
(DMSO), and TiO, to PVA hydrogel composites enhanced mechanical strength, which
resulted in 99% improvement in tensile strength by adding 0.3% TiO, and 60% DMSO to 15%
PVA gel. Nevertheless, in the above research, the performance of the PVA /TiO, hydrogel
was not studied without the addition of other chemicals during hydrogel preparation [19].
In addition, several studies examined the effect of iron oxide nanoparticles on mechanical
characterization prepared by a simple F-T technique. Most previous studies highlighted
the effect of iron oxide on PVA gel properties at high iron oxide (wt%) content in terms of
their magnetic properties. For example, Hou et al. [20] concluded that the reinforcement of
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10 wt% PVA with 10% iron oxide prepared by F-T cycles resulted in an 80% improvement
in compression strength.

Although the application of PVA /nanoparticles such as Fe;O3 and TiO; has been
investigated in several areas, including biomedical applications, there are still limitations
on applying physically cross-linked PVA /metal oxide nanoparticle composites for biomass
immobilization. Additionally, no previous studies have compared different nanoparticles
as reinforcement materials to enhance hydrogel properties. Thus, this work aims to study
the reinforcement of PVA gel with metal oxide nanoparticles, such as Fe;O3 and TiO,
for biomass immobilization. The work involved the development of PVA /metal oxide
nanoparticles with 10 wt% PVA with the addition of a small content of nanoparticles ranging
from 0.02 to 1.0 wt%. Furthermore, the study investigated the influence of nanoparticle
type and content on the morphology and mechanical properties of the PVA /nanoparticles
hydrogel composites. The prepared PVA gel composites were then tested in a bioreactor and
compared with the pure PVA gel to understand the immobilization matrix’s performance
and stability.

2. Materials and Methods
2.1. Materials

Polyvinyl alcohol (PVA) powder of analytical grade was obtained from BDH, Manch-
ester, UK. All nanoparticles, including iron oxide (Fe;O3) and titanium oxide (TiO,) with
particle sizes ranging from 50-200 nm, were obtained from Sigma Aldrich, St. Louis, MO,
USA. All other salts for the preparation of the nutrient, such as MgSO4-7H,0, KoHPOy,
CaClz-ZHzo, (NH4)2CO3, FeSO4—7H20, ZIISO4-7H20 MnC12—4H20, CuSO4—5H20, and
CoCly-6H,0, Na;MoO4-2H,0, were also obtained from Sigma Aldrich. Additionally, the
COD reagent was obtained from HAC Company for the COD analysis.

2.2. Experimental Procedure
2.2.1. PVA Gel Nanocomposite Preparation

Polyvinyl alcohol (PVA) matrices were prepared through the iterative F-T method, as
prepared in previous studies [4,21]. Several sets of PVA hydrogel were prepared at 4 F-T
cycles, including pure PVA and PVA /nanoparticles hydrogels with different nanoparticle
types (TiO; and Fe;O3) and contents. A specific amount (0.04 0.06, 0.2, and 2 g) of each
nanoparticle was added to 180 mL of distilled water to create a well-mixed suspension,
followed by the addition of 20 g of PVA powder to the nanoparticle solution to prepare
PVA /nanoparticles solution with 10 wt% PVA and nanoparticles wt% of 0.02, 0.06, 0.1, and
1.0 wt%. Each solution was heated at about 70-80 °C and PVA powder was added slowly to
the hot nanoparticle solution with continuous mixing to make a well-mixed homogenous
solution. The mixture was then cooled to room temperature, poured into special molds,
and kept in a freezer for 24 h at —20 °C before transferring them to a refrigerator and
allowing a thawing process for 5 h at +20 °C. The freezing—-thawing process was repeated
for four cycles to ensure good cross-linking. All PVA matrices prepared were characterized
to determine the morphology, bond formation, and mechanical behavior.

2.2.2. SEM Analysis

The morphology and microstructure of the prepared PVA matrices were examined
using Scanning Electron Microscopy (SEM), Nova Nano SEM 450, which can provide
high-quality images with high resolution. All samples were freeze-dried before the mor-
phological test. The pore size distribution and the average pore size were then carried out
using the Image]J software Version 154 program for each sample.

2.2.3. Bond Characterization Using FTIR

The characterization of the bond formation was investigated using Fourier Trans-
form Infrared Spectroscopy (FTIR) for the pure PVA and compared to the cross-linked
PVA /nanoparticles hydrogels. All bonds were analyzed using the Attenuated Total Re-
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flectance (ATR) FTIR analyzer using Transmittance Mode. A thin layer of cross-linked PVA
and PVA /nanoparticle hydrogel was prepared by the F-T cycles, dried at room temperature
using tissue paper, and installed in the FTIR, and the pure PVA hydrogel was used as
a standard in FTIR analysis. Samples were pressed to the thin plates, and the FTIR spectra
of PVA hydrogels were determined by direct transmittance. The spectra were then recorded
for each sample using a Perkin Elmer Spectrum One FTIR Spectrophotometer. All spectra
were analyzed at a spectral resolution ranging from 40 to 4000 cm~!. The FTIR spectra were
corrected to the baseline correction, and the major vibration bands were then associated
with their chemical groups.

2.2.4. Mechanical Properties

The role of nanoparticles in improving the mechanical properties and strength of
the PVA matrix is an essential factor in this study. All prepared nanocomposite PVA
gels were tested to determine their mechanical strength and compared with pure PVA
gel. After preparing the PVA gel composites, the gel matrices were cut into cubes with
nominal dimensions W x L x H of 16 mm x 17 mm X 18 mm. The compression tests
were performed on a universal material testing machine (MTS) with a 50 kN load cell. All
samples were tested at room temperature and a constant overhead speed of 25 mm/min
until the sample reached ultimate failure (complete compression). Mechanical tests were
carried out to evaluate the compression properties through stress-strain curves of the PVA
matrices (compression strength and Young’s modulus).

2.2.5. Rheological Characterization

The rheological characterization was carried out using an Anton Paar MCR302 Rheome-
ter. The analysis was carried out using a 25 mm diameter parallel plate with a 1 mm gap.
The dynamic viscoelastic measurement was conducted at a strain value of 1.0%, which
ensured hydrogel deformation within the linear viscoelastic region. Viscoelastic behavior
was measured in a frequency sweep range from 0.1 to 100 Hz. From this analysis, both
the storage modulus (G’) and loss modulus (G”) of the PVA /nanoparticles gel composites
were plotted as a function of frequency.

2.2.6. Stability and Performance of PVA /Nanoparticles Hydrogel in Bioreactor

The prepared PVA gel and PVA /nanoparticles hydrogel were cut into 1 cm® volume
particles and then added to a 1 L spouted bed reactor described in a previous study [22].
The reactor was continuously aerated, and the mass was evaluated at several time intervals.
Around 300 mL of PVA gel and PVA/gel nanoparticles composites hydrogel were added
into two different 1 L volume reactors with continuous aeration.

Bacterial strains were isolated from GTL process water, as in the previous study [23],
immobilized in PVA gel composites hydrogel, and used for GTL process water treatment.
The industrial wastewater was obtained from a local GTL process water treatment plant and
had a COD content of 1100 mg/L. The mineral nutrient was added to the GTL process water
as follows: 300 mg/L MgSO4-7H,0, 250 mg/L KoHPOy, 150 mg/L CaCly-2H,0, 120 mg/L
(NHy4)2CO3, 3.5 mg/L FeSO4-7H,0, 1.3 mg/L ZnSO4-7H,0, 0.13 mg/L MnCl,-4H,0,
0.018 mg/L CuSO,4-5H,0, 0.015 mg/L CoCl,-6H,0 and 0.013 mg/L Na,MoO;-2H,0. All
experiments were carried out in a total volume of 1.0 L with immobilized bacteria in a PVA
gel matrix that contained 30% of the total operation volume. The temperature and the
pH of the solution were adjusted at 30 °C and 7.0, respectively; the optimum operation
conditions were chosen according to previous studies [22,24]. It is worth noting that all
experiments and measurements have been repeated twice, and average values have been
reported. The average error ranged from 2 to 5%.
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3. Results
3.1. SEM Analysis of PVA/Nanoparticles Gel Composites

The SEM images were obtained for all PVA hydrogel composites, and the pore size
distribution was obtained for each sample using Image] analysis software. The SEM
analysis and pore size distribution for pure PVA gel and PVA hydrogel composites with
Fe;O3 and TiO; at 0.02, 0.06, 0.1, and 1.0 wt% are shown in Figures 1-3, respectively. All
PVA hydrogel composites had a rough surface and a porous morphology with a sponge-
like cross-sectional structure. As shown in Figure 1, the pure PVA gel showed a structure
with a wide range of pore sizes ranging from 10 to 75 um, and the average pore size was
around 43 pm.

The SEM analysis of the PVA/TiO, and PVA/Fe;O3 showed more heterogeneous
pore size distribution within the polymer composites, and the addition of nanoparticles
to the PVA gel resulted in more homogenous pores and a more regular pore’s structure.
Additionally, an extra homogenous pore structure was observed compared to pure PVA
gel (Figures 2 and 3a—d). In the case of the iron oxide nanoparticles, the pore size de-
creased by increasing Fe,Os nanoparticles from 0.02 to 1.0 wt%, and the average pore
diameter was reduced from 32 to 25 um. In contrast, the addition of small TiO, contents
(0.02 and 0.06 wt%) resulted in a large pore size, but the homogeneity of the addition of
the hydrogel composites was enhanced. However, the addition of 0.1 and 1.0 wt% TiO,
reduced the pores’ size and enhanced the formation of a denser and more cross-linked
hydrogel. Additionally, the pore size distribution of PVA/TiO, gel resulted in an average
pore size reduced to 20 pm and 35 um by adding 0.1 and 1.0 wt% TiO;, respectively.

The average pore size was obtained for the pure PVA gel and PVA /nanoparticles hy-
drogel composites. Figure 4 shows that the nanoparticles’ type and content had a significant
influence on the PVA hydrogel composite pore size, and the average pore size noticeably
decreased as the amount of nanoparticles increased. This can be explained by the presence
of a mixture of polymer and nanoparticles, which decreases the possibility of the formation
of large pore sizes. Moreover, the pore size distribution becomes more uniform by adding
the nanoparticles than the pure PVA gel. Additionally, the pore size was decreased by
increasing TiO; wt% up to 0.1% (20 um), further increase in the TiO, content resulted
in a negative impact on the diameter of the pores (34 um), and resulted in larger pore
size and less uniform pore size distribution. This may be attributed to the agglomeration
of the TiO; at a higher wt% that caused a reduction in the cross-linking effect using the
nanoparticles. In the case of the reinforcement of the PVA hydrogel using Fe,O3, the pore
diameter decreased with the increase of the iron oxide content, and the lowest pore size
(25 um) was obtained by adding 1.0 wt% Fe,Os.

10 20 30 40 50 60 70

Pore size (um)

(b)

Figure 1. Pure PVA 10 wt% prepared by four cycles of F-T; (a) SEM image, (b) pore size distribution.
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5 10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45 50

Pore size (um) Pore size (um)

(b)

10 20 30 40 50 10 20 30 40 50

Pore size (um) Pore size (um)

(c) (d)

Figure 2. SEM analysis and pore size distribution of the PVA /Fe,O3 hydrogel; (a) PVA/0.02 wt%
Fe, O3, (b) PVA/0.06 wt% Fe; O3, () PVA /0.1 wt% Fep,Os and (d) PVA /1.0 wt% Fe,Os3.
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5 10 15 20 25 30 35 40 a5 0 10 20 30 40 50 60 70

Pore size (um) Pore size (pm)

1 I I |
5 10 15 20 25 30 35 5 10 15 20 25 30 35 40 45

Pore size (um) Pore size (um)
(c) (d)

Figure 3. SEM analysis of the PVA /TiO; hydrogel; (a) PVA/0.02 wt% TiO,, (b) PVA/0.06 wt% TiO,,
(c) PVA /0.1 wt% TiO; and (d) PVA /1.0 wt% TiO;.
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Average pore size (um)

10 +——— L —— -— - . ...

0.0 wt% 0.02wt% 0.06wt% 0.1 wt% 1.0 wt%

Figure 4. Average pore size for PVA /nanoparticles hydrogel at several nanoparticle contents.

3.2. FTIR Spectroscopy

The hydrogel composition varies according to the polymerization monomer com-
position that is used in the hydrogel fabrication. However, the most general structure
of the hydrogel consists of solvent, cross-linking monomer, backbend co-monomer, and
electrolyte co-monomer [25]. The structure of the PVA gel is shown in Figure 5 [26]:

—(CH,—CH),,—(CH,—CH),—

OH o

|
c=0

CH;
Figure 5. Chemical structure of PVA gel.

The FTIR spectra of the pure PVA (Figure 6a) show several bands that are distributed
in the tested range of wavenumbers between 400 and 4000. Three distinct absorption
bands appeared at 500, 560, and 590 cm™ 1, respectively. In addition, the bands observed
at 1100 cm ™! is for the formation of the O-H bending and C-O stretching. The presence
of the acetyl group (C-O) in the cross-linked PVA gel is usually present in the backbone
of the PVA hydrogel. The vibration at 1690-1710 corresponds to the bending of the C=O
stretching [27]. A strong broad peak is shown in the range of 3200-3400 cm !, this is due
to the presence of the O-H stretching obtained by the intermolecular bonding [28]. The
FTIR spectra of the PVA /Fe,O3 hydrogel (Figure 6b) show bands at 450 and 500 cm™d,
confirming the presence of iron oxide, which is usually characterized in this region [29].
In addition, the presence of the vibration 555 cm~! confirmed the presence of the bond
FeOC, which showed the bonding between the PVA gel and the Fe,O3 nanoparticles. For
the PVA /TiO; analysis several new peaks are shown. The peaks characterized as TiO,
are visible in the PVA-TiO, hydrogel that suggests the interaction between TiO2 and PVA
gel. As shown in Figure 6¢c, new spectra are observed in the region of 550 cm ™!, that is
generally characterized by the presence of the Ti-O-Ti group that usually appears in the
range of 400 to 600 cm~! [30]. Additionally, two more bands were observed at 440 cm !
and 2350 cm~! that may be assigned to the Ti-O-Ti stretching vibration and the stretching
vibration of the O-H group to TiO,, respectively [31,32].
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Figure 6. FTIR spectra of PVA hydrogel: (a) pure PVA, (b) PVA/Fe,O3 hydrogel, and
(c) PVA/TiO; hydrogel.

3.3. Rheological Analysis

The elasticity behavior was investigated for the prepared PVA /nanoparticle com-
posites, and the effects of the addition of the Fe,O3 and TiO, composition of 0.05, 0.1,
and 1 wt% on the storage modulus (G’) and loss modulus (G”) were evaluated. The lin-
ear viscoelastic frequency sweeps of several PVA /nanoparticles composites hydrogel are
shown in Figure 7a,b. As observed, all hydrogels showed typical gel rheological behavior.
Additionally, the storage modulus (G) was larger than the loss modulus (G”) over the
whole frequency range for all PVA hydrogel composites, showing that all hydrogel samples
were highly elastic. The network structure of the PVA /nanoparticles composites hydrogel
makes the hydrogels behave as an elastic material (G’ more than G”). The G’ values of all
PVA /nanoparticles hydrogels increased as the frequency increased. However, the values
of G’ were higher when the hydrogel was prepared by the addition of TiO, nanoparticles,
compared to Fe;Os.
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Figure 7. Frequency dependence of the dynamic storage modulus (G’) of the PVA /nanoparticles
hydrogel (a) PVA /Fe; O3, (b) PVA/TiO, hydrogels.

For PVA/TiO,, the addition of TiO, of 0.1% had a higher G’ than that at TiO, of
1.0%. This suggested the formation of a new cross-linking network and increased network
density. However, the addition of more TiO; nanoparticles results in a negative effect on
the mechanical strength of the hydrogel due to the agglomeration of TiO; nanoparticles
that has a direct impact on the cross-linking behavior of the gel. It was also demonstrated
that the highest G’ value at zero angular frequency was obtained with the addition of
0.1 wt% TiO,. For the PVA /Fe,O3 hydrogel, G’ values increased with increasing Fe,O;
wt%, and the highest elasticity was obtained for the PVA /Fe;O3 with 1.0 wt%.

3.4. Mechanical Behavior

The compression strength of pure PVA gel was compared with PVA /Fe;O3; and
PVA/TiO; with nanocomposites at several contents of 0.02, 0.06, 0.1, and 1.0 wt%
(Figure 8a,b). It should be mentioned that for the application of the PVA /nanoparticles
composites in the moving bed bioreactor, the immobilization matrix will be exposed to
low shear stress. Thus, the mechanical behavior was applied at a low range of strain (20%).
The reinforcement of the PVA gel with nanoparticles improved the mechanical properties
of the hydrogel. The stress-strain behavior of the hydrogel composites was compared
with pure PVA gel. The stress-strain curves of several PVA /nanoparticles showed an
improvement in the mechanical properties using both nanoparticles (Fe;O3 and TiO;), and
the TiO, nanoparticles resulted in an enhancement in the compression strength compared
to FepO3. However, no improvement in the mechanical strength was observed at low
Fe;O3 nanoparticles contents (0.02 and 0.04 wt%). In contrast, significant improvement
in the mechanical strength resulted from increasing the Fe,O3 wt% at 0.1 and 1.0 Fe;O3
wt%. Clearly, the mechanical strength of the PVA gel composites was improved by the
reinforcement of PVA hydrogel using TiO, nanoparticles. The prepared PVA/TiO; gel
composite at 4 F-T cycles showed a high increase in the compression strength by adding
TiO, nanoparticles from 0.02 to 0.1 wt%, however, a negative impact on the mechanical
strength was observed at higher TiO, content (PVA /TiO, 1.0 wt%).

The effect of the type and content of metal-oxide nanoparticles on the Yonge’s mod-
ulus of the PVA hydrogel was illustrated. The prepared PVA hydrogel composites with
metal oxide nanoparticles (Fe;O3 and TiO,) improved the mechanical strength of the PVA
hydrogel composites (Figure 9). Clearly, the reinforcement of the PVA gel by TiO; has
a higher effect on Young’s modulus and mechanical strength. Maximum Young’s modulus
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Strain (Mpa)

(1.0 MPa) was obtained at TiO; of 0.1 wt%. The results showed a 900% improvement in
the hydrogel strength compared to the pure PVA gel. The Young’s modulus also increased
with increasing the iron oxide content in the tested Fe,Os wt% range. Compared to pure
PVA, about 500% improvement was observed by adding 1.0 wt% iron oxide. Addition-
ally, a 67% improvement in Young’s modulus was obtained in the PVA/TiO, (0.1 wt%)
compared to the PVA /Fe;O3 (1.0 wt%).

0.05 0.5
—e— PVA —8— PVA
—0— PVA/0,02% Fe —o— PVA0,02%TiO2
|| — PvAi0.06%Fe 0.4 ] —7— PyA0.06%Tio2
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Figure 8. Stress-strain curve for the PVA nanocomposite hydrogel; (a) PVA /Fe,O3, (b) PVA/TiO,.
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Figure 9. Young’s Modulus for PVA /nanoparticles hydrogel at several nanoparticle contents.

3.5. Stability and Biodegradation Performance Using PVA/Nanoparticles in a Bioreactor

Among several PVA /nanoparticles hydrogel composites, PVA/TiO; with 1.0 wt%
nanoparticle composition showed high mechanical strength and stable porous structure.
Thus, the PVA /TiO, hydrogel’s stability and biodegradation performance were tested in
a bioreactor and compared with the pure PVA gel. The durability of PVA /TiO, nanoparti-
cles hydrogel was compared with the pure PVA gel prepared by the F-T process through
the loss in the PVA particles. The mass loss of the PVA hydrogel and PVA /TiO, hydrogel
composite were measured at different time intervals in two different spouted bed reactors
operated under the same conditions (air flow rate 3 L,/L;. min and 1 L reactor volume).
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Figure 10 shows the mass loss over time over three weeks. PVA /TiO, hydrogel composite
is more stable and durable than the pure PVA gel, where around 50% improvement in the
mass loss is obtained by using PVA/TiO; hydrogel composite, compared with pure PVA.

14 T T T T T T T

Em PVA
12 { C—3 PVAITIO2 i

10 | 1

Mass Reduction %

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5

Week

Figure 10. Mass loss in the PVA gel and PVA/TiO, nanoparticles hydrogel in spouted bed reactor.

The biodegradation performance of the immobilized bacteria in the developed PVA /TiO,
hydrogel composites was compared with that of the immobilized bacteria in pure PVA
gel. After one month of acclimatization, the biodegradation experiments were carried out
using GTL process water with a COD of 1100 mg/L. The biodegradation performance was
tested over 8 h in SBBR (Figure 11). The results showed that both immobilization matrices
are suitable for bacterial growth and activity. Additionally, they resulted in high organic
removal, with an insignificant difference in the biodegradation rate. Using immobilized
bacteria in pure PVA and PVA/TiO, hydrogel, the biodegradation rates were around
117 and 124 mg/L-h, respectively. Moreover, more than 77% COD removal was obtained
using immobilized bacteria in both immobilization matrices. These results showed that the
reinforcement of PVA gel with (0.1% wt%) TiO; has no impact on the bacterial activity and
bioconversion of pollutants in the wastewater.
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Figure 11. Biodegradation performance of immobilized bacteria in PVA and PVA/TiO,
hydrogel composites.
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4. Discussion
4.1. Morphological Analysis of PVA/Nanoparticles Hydrogel Composites

The pore structure is an important factor that should be considered when preparing
PVA hydrogel for biomass immobilization. Generally, the porous structure is affected by
increasing the polymer concentration since more polymer results in a shorter distance be-
tween molecular chains and increases the potential for hydrogen bonding and crosslinking.
The addition of filler materials such as nanoparticles may shorten the distance and cause
denser PVA hydrogels, reducing the pore size.

Generally, PVA hydrogel prepared by freezing—thawing has a highly porous structure
with a micro-porous distribution in the entire hydrogel surface [4]. However, the SEM
analysis showed that the pure PVA has a wide range in pore size distribution. In this study,
incorporating nanoparticles into the PVA gel resulted in a more uniform pore structure with
a smaller pore size. However, the effect of the type and amount of nanoparticles differed.
The pore diameter decreased from 42 pm for pure hydrogel to 20 um and 25 pm by
incorporating 0.1 wt% TiO, and 1.0 wt% Fe; O3, respectively. The addition of nanoparticles,
such as Fe,O3 or TiO, makes a more vital interaction between the nanoparticles and the
hydrogen bonding, resulting in regular pore distribution [33]. The FTIR analysis of the
PVA /TiO; and PVA /Fe;O3 hydrogel composites highlighted new bands between the PVA
and nanoparticles that agreed with the improvement in the morphological structure of
the PVA /nanoparticles hydrogel composites. Moreover, regular and small pore formation
is related to the efficiency of PVA crystallization, where the presence of the NP acts as
additional crosslinking joints and forms more PVA chains incorporating in the gel network
and decreases the crystaline size zone hence the size of the pores [33,34].

4.2. Elastic Behavior and Mechanical Properties of PVA Hydrogel Composites

The mechanical behavior of the hydrogel reflects both the homogeneity state and
the interaction between the hydrogel and filler that increases the interfacial force within
the cross-linked hydrogel composite [35]. It should be mentioned that the preparation of
hydrogel composites using the freezing-thawing technique is a sensitive process; thus, the
variation in the tensile strength, compression strength, and Young’s modulus is different
according to the PVA molecular weight, conditions of freezing-thawing, and the addition
of other chemicals during hydrogel preparation. Therefore, in most studies, the mechanical
strength is usually compared with pure PVA gel prepared under identical conditions.

Generally, the aspect of the synthesis of stable and homogenous PVA metal-oxide
composites is the presence of OH groups in the PVA polymer that have a high affinity to
bind with the oxides present in the metal oxide nanoparticles and allow the distribution
of nanoparticles and consequently avoid the formation of large flocculates. The rheolog-
ical behavior and the mechanical tests of the PVA hydrogel composites showed that the
reinforcement of the PVA hydrogel by both Fe,O3; and TiO; nanoparticles enhanced the
hydrogels’ elasticity and mechanical strength due to the formation of new crosslinking
network points between the PVA chains and nanoparticles. The PVA hydrogel’s reinforce-
ment using metal oxide usually resulted in new bonds that enhanced the crosslinking and
consequently improved the mechanical strength. However, the nanoparticles” amount
must be controlled to achieve the required characterization and mechanical strength. The
addition of the Fe;Os to PVA increased the elasticity and mechanical strength by increasing
the nanoparticle content up to 1 wt%. Whereas TiO, improved the elastic behavior of the
hydrogel by increasing the nanoparticle content up to 0.1%, and a negative impact was
obtained at higher TiO, contents (1.0 wt%). TiO, nanoparticles, even at low contents, have
more influence on the mechanical strength of PVA gel than the Fe;O3. The addition of
TiO, to PVA hydrogel resulted in strong interaction between the reactive groups (OH) on
the surface of the PVA gel molecules and TiO; nanoparticles [36]. Li et al. demonstrated
that the improvement in the mechanical strength of PVA by adding TiO; nanoparticles
is due to the excellent interaction between TiO, nanoparticles and the organic polymer
that was observed from their FTIR analysis [37], which agreed with the bonding in this
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study. At low nanoparticles TiO? concentration, low interaction between nanoparticles
and polymeric material is obtained due to the considerable distance between nanoparticle
molecules. Increasing the TiO, wt% resulted in a shorter distance and a more robust inter-
action between TiO, and PVA matrix [38]. It should be mentioned that the strong adhesion
between TiO; and the PVA matrix and the finely dispersed TiO, particles in the polymeric
matrix is also responsible for significant reinforcement of the mechanical properties of
nanocomposite [38]. Additionally, TiO, improved the mechanical strength due to hydrogen
bonding and O-Ti-O bonding between TiO; and hydrogel, which enhanced the mechanical
strength. However, the TiO; nanoparticles tend to agglomerate after a specific value due
to the shorter distance between the suspended particles [18]. Li et al. compared the me-
chanical strength of PVA /TiO; hydrogel prepared by 4.0 mass% PVA and 1.6 wt% TiO,
with pure PVA hydrogel and showed that the reinforcement of the PVA hydrogel with TiO,
nanoparticles resulted in a 30% improvement in the tensile strength [37]. They found that
it is not easy to achieve a homogeneous distribution of nanoparticles in polymeric matrix
since they have a strong tendency to fix agglomerate, especially at higher nanoparticle
content. Thus, it is expected to negatively impact the mechanical strength in the PVA /TiO,
hydrogel by increasing the TiO?> more than the specific nanoparticles’ content. Thus, it
is essential to control the method of preparing the polymeric composite to the optimum
amount of nanoparticle additive that resulted in the highest mechanical behavior.

In the case of Fe;O3 nanoparticles, the addition of small amounts of Fe,O3 to the PVA
gel has a small influence on the mechanical strength; this is due to the small trap of iron
oxide nanoparticles in the PVA polymeric chain and inhomogeneous distribution of the
nanoparticles within the hydrogel, resulting in more space that is filled with water. Most
previous studies have highlighted the addition of iron oxide at high contents, compared
with this study. Bagiya et al. concluded that by increasing Fe,O3 nanoparticles content to
around 10%, the space filled and the nanoparticles coincide with the PVA chains, resulting
in better crosslinking [39]. The increase in the crystal formation during the physical
crosslinking in the PVA /nanoparticles results in the formation of small pore sizes and
high mechanical behavior. The PVA hydrogel’s mechanical strength depends on the
degree of crystallinity since PVA is a semi-crystalline polymer. The influence of iron
oxide on the mechanical behavior of the PVA hydrogel was confirmed by Bannerman,
when he compared the elastic modulus for the PVA/iron oxide hydrogel and with the
sample after releasing the iron oxide. The removal of iron oxide from the PVA gel sample
resulted in a 50% reduction in the elastic modulus of the PVA gel sample. They indicated
that the release of iron oxide weakened the material and proved that the material had
reduced crosslinking [40].

One of the major factors that improved the compression strength of the PVA /nanoparticles
hydrogel composites, is the formation of compact porous structures. Clearly, PVA hydrogels
with uniform pore distribution and small pore diameter resulted in high mechanical
strength. In this study, PVA/TiO, with 0.1% TiO; has small pores with an average pore
size of 20 um and showed the maximum Young’s modulus (1.0 MPa). PVA /Fe;,O3 gel
composites achieved the maximum Young’s modulus (0.6 MPa) at 1.0 wt% Fe,Os that
has small pore size of 25 um. However, for other PVA hydrogels with higher pore sizes,
lower mechanical strength was observed. Hou et al. related the improvement in the
compression strength with the regular pore’s distribution and the formation of small pore
size; in their study, the compression strength increased by 72% and the pore size decreased
from 15 to 2 um by increasing the Fe;O3 from 0 to 10 wt%. The authors tested the effect
of the magnetic Nano-hydroxyapatite-coated by y-Fe;O3 (m-nHAP) in the PVA gels. The
compression strength of the PVA gel was 8.4 MPa, whereas the addition of 10% iron oxide
to the PVA gel increased the compression strength to 29.6 MPa, and further increasing in
the nanoparticles resulted in the reduction in the mechanical strength [20]. Similar results
were obtained by Bagqiya et al. by adding different wt% of Fe,O3 to the PVA gel, and
the results showed that increasing the iron oxide nanoparticles to the PVA gel increased
the mechanical strength by adding 10 wt% Fe;O3 [39]. It was proposed that there was



Nanomaterials 2024, 14, 249

15 of 21

no significant improvement in the modulus of elasticity, where the modulus of elasticity
increased from 0.17 to 0.74 MPa by increasing the Fe3Oy4 from 5 to 12.5 wt%.

Several studies demonstrated the role of the pore size of the PVA/TiO; hydrogel
composites in enhancing the hydrogel mechanical strength and the size of the pores. Wang
et al. figured that with the addition of 60% dimethyl sulfoxide (DMSO) and 0.3 wt%, many
pores were observed inside the hydrogel with about 10 um and the hydrogel strength
increased by 12 times with increasing the TiO, content from 0 to 0.3 wt% In comparison,
a negative impact on the tensile strength was observed at higher TiO, ranges [19]. The
effect of TiO, on the mechanical strength of different hydrogel composites was investigated,
and most previous studies agreed with this study. It was clear that the optimum TiO,
content that influenced the mechanical strength varied according to the hydrogel type
and preparation method. For example, El-Aassar et al. showed that the tensile strength
improved by increasing TiO, NPs content to 0.03%. However, the stress increased from
0.7 to 1.0 MPa at 13% strain, and a further increase in the nanoparticle content harmed
the mechanical behavior due to agglomeration of TiO, particles that led to early breaking.
They studied the effect of TiO, nanoparticles on the mechanical behavior of nanofibers con-
sisting of polyvinyl alcohol (PVA), Pluronic F127 (Plur), and polyethyleneimine (PEI) [41].
Siripatrawan and Kaewklin concluded that the maximum hydrogel strength was obtained
by adding 1.0 wt% TiO, to chitosan, and a negative impact was observed at 2.0 wt% TiO5.

The maximum tensile strength was 16 MPa compared to the pure chitosan matrix,
which achieved around 11 MPa tensile strength [36]. The mechanical characterization of the
biopolymer iota-carrageenan (CRG) and PVA hydrogel with different TiO, nanoparticles
content (0.25, 0.5, and 0.75%) was compared with the tensile strength and Young’s modulus.
Similar behavior was observed where the tensile strength increased with increasing the
TiO, by adding 0.25%, and further increasing resulted in a reduction in the mechanical
properties of the hydrogel. Compared to pure hydrogel, the tensile strength and Young’s
modulus were improved by 20% and 8%, respectively [18]. The Young’s modulus was
higher than that achieved in this study, where the PVA polymer was incorporated with
other polymers (iota-carrageenan), and the polymer composition was 25% for each type
of polymer. This can justify the difference in the amount of the TiO, that influences the
mechanical properties compared to this study.

The properties of PVA hydrogels prepared by the cyclic freezing-thawing technique
have been examined extensively and depend upon various factors, including PVA concen-
tration, the number of thermal cycles, the type of composite hydrogel, and the reinforcement
type and content. The enhancement of the mechanical properties using polymers reinforced
by nanoparticles is generally due to several properties of nanoparticles, including their
small size and the presence of unpaired atoms; this resulted in a combined potential with
the polymer substrate [38,42]. Furthermore, a noticeable enhancement was observed in the
porous structure and polymeric network by adding TiO, and Fe;O3 nanoparticles to PVA
gel composites. However, several reinforcement materials for PVA may have a remarkable
effect on pore distribution and pore size. Furthermore, some additives had a negative
impact on the porosity of the hydrogel. For example, it was reported that the addition of
chitosan increased the pore size of the prepared PVA gel, and salecan addition resulted in
regular pore distribution and increased the porosity of the hydrogel [5,43]. In addition, the
reinforcement of PVA gel with cellulose may not have any effect on the morphology or
may have a negative effect on the pore distribution and pore size [42,43].

Additionally, incorporating Cellulose Nano-whisker (CNW) into PVA gel prepared by
three F-T cycles resulted in a smaller pore size and lower pore size dispersion for the sam-
ples with reinforcement [44]. The improvement in the mechanical strength of hydrogels has
been intensively investigated using different reinforcements. Among these, the addition of
nanoparticles for hydrogel preparation is one of the most deeply investigated. The mechan-
ical strength of PVA hydrogel is usually characterized using tensile or compression tests.
Since the characterization of PVA gel and PVA composite hydrogel depends on several
preparation conditions, a wide range of values is obtained for the results of the mechanical
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behavior. Thus, the best way to investigate the effect of the addition of any reinforcement
type or quantity is to compare it with the pure PVA gel prepared under the same condi-
tions. Most previous studies discussed the preparation of PVA gel composites at a small
number of freezing-thawing cycles ranging from 2-5 cycles (Table 1). The formulation
of the PVA composite involved a combination of diverse natural and synthetic materials,
such as cellulose, chitosan, salecan, graphene oxide, and titanium oxide. This synthesis
process was conducted under various freezing—thawing conditions. The incorporation of
multiple nanomaterials into the PVA gel significantly enhanced its mechanical strength, as
evaluated through tests for both tensile strength and compression strength. Hoon et al. [43]
investigated the effect of chitosan on the porous structure and mechanical strength of
PVA hydrogel. They concluded that by increasing the chitosan content from 2.5 to 10%,
the Young’s modulus decreased from 539 MPa to 29 Mpa, indicating a 1755% reduction
in the mechanical strength combined with larger pore size by adding chitosan [45]. The
chitosan-PVA polymer matrix affects the formation of PVA crystalizes and leads to the
formation of less ordered structure hydrogels [46]. It was proposed that the addition of
cellulose nanocrystals (CNC) from 10 to 30 g/L increased the viscoelastic properties and the
storage modulus from 11 Pa to 391 Pa. They concluded that the network structure between
CNC particles and the PVA polymer chains resulted in the enhancement of viscoelastic
behavior [47]. Therefore, choosing the suitable type and content of the material added to
the PVA gel ensures the interaction with the PVA gel to improve the porous structure and
mechanical strength.

Table 1. Examples of the mechanical strength and morphology of PVA gel nanocomposites.

- . Preparation .
Additive Composition Conditions Morphology Mechanical Strength Ref.
The Young’s modulus using
2.5-10% (w/v) PVA  Freezing at —20 °C The higher the tensile strength for pure
0.3-1.12% (w/v) for 18 h chitosan, the PVA was 539 Mpa and
chitosan minocycline Chitosan Thawing at 25 °C greater the porous decreased to 29 Mpa, [43]
minocycline for6h size of indicating a 1755%
(0 or 0.25%) Three F-T cycles the hydrogel reduction in
the improvement.
The compressive modulus
Freezing at —20 °C Interconnected of the hydrogels d’ecreased
o for 18 h. considerably with the
10% (w/v) PVA. . o porous structure
Salecan 2% /v salecan Thawing at 25 °C with reeular pore decrease of salecan content [5]
? for6h distr%butioi from 145 kPa (pure PVA) to
Three F-T cycles 23 kPa (PVA 5% and
salecan 1%).
Freezing at —18 °C ~ Smaller pore size Youne’s modulus increased
10%(w/v) PVA forlh and the lower pore 5
Cellulose . o . . . from 0.8 to 1.1. MPa by
. 1,3,5 and 7 wt% Thawing at 25 °C  size dispersion for . [44]
nanowhisker (CNW) adding 3% CNW to the
of CNW for1h the samples PVA oel
Three F-T cycles with reinforcement 8¢
Freezing at —20 °C The addition of ;}éieic;zg){)es;ﬁ’? sbtre;csig\ilss
. 5,7.5, 10%(w/ ) for 24 h CNC does not y <370 by 8
Nanocrystalline . o 1 CNC to the PVA gel
PVA Thawing at 25 °C have any effect on [48]
cellulose (CNC) o (10 w/v) for 3 F-T cycles and
1 wt% CNC for2h the morphology of increased by 15% for
3 and 5 F-T cycles the dried gels y Lo

5 F-T cycles.
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Table 1. Cont.
Additive Composition Ig(?r?;;taiﬁﬁz Morphology Mechanical Strength Ref.
Compared to B-PVA
Graphene oxide (GO). . oo hydrogel, the B-PVA/GO
boron-cross-linked(B- 10% (w,/v) PVA 1;:;?6; ?%ﬁ;wiio ; 0.1 wt% the tensile strength
GO/PVA) hydrogels i\ . & increased 144% (0.609 MPa),
0-0.2% graphene ambient - . [49]
prepared by F-T oxide (GO) temperature for 2 h and the compression and
method and immersed EI:F—T cvcles shear strength increased by
in boric acid. 4 26% and 35% (0.1 MPa and
0.201 MPa).
The maximum compressive
strength at 60% strain of
Cellulose nanocrvstals 15% (w/v) PVA 53 kPa was obtained from
(CNC) y 0.75,1.5, and 2-3 F-T cycles - the hydrogels with 1 wt% [27]
3% CNC CNCs, which was 303%
higher than that of the neat
PVA hydrogel (17.5 kPa).
The optimum material ratio
. e . and preparation conditions
15% (w/v) PVA Freezing at —18 °C The composite resulted in tensile strength
N . . o for12h hydrogel has -
Titanium oxide 0.3 to 0.6 TiO, wt% . o of the prepared composites
) o Thawing at 15°C  a porous structure . [19]
(TiO,) NP 2 wt% NayCO3 fordh with pore dimeter of 14.3 MPa by using
and DMOS 60% P 0.3 TiO, compared to pure
3 F-T cycles of about 10 um
’ PVA that achieved only
1.0 MPa.
The average pore
size of the
magnetic o nanocomposite Compressive strength
nano-hydroxyapatite- 10 wt% PVA and hydrogels has reached the maximum value [291
m-nHAP of 10, 20, 6 F-T cycles . o This
coated y-Fe, O3 50 and 80°% a minimum of of 29.6 £ 6.5 MPa at 10 wt% stud
(m-nHAP) o 1.6 & 0.3 um at of m-nHAP. y
10 wt% of
m-nHAP.
An improvement
Freezing at —20 °C in the pores and Young’s modulus increased
Titanium oxide 10% (w/v) PVA fgr 24h ) netw.ork §tructure from 0.0.11 to 1.0 MPa by This
(TiOy) NP 0-1.0% TiO Thawing at 20 °C with highest adding 0.1 TiO, study
2 ’ 2 for5h regular and small nanoparticles to
4 F-T cycles pore size at the hydrogel.
0.1 Ti02 wt%
Freezing at —20 °C in? rrema;lfa:tlein Young’s modulus increased
for 24 h proveme from 0.011 to 0.6 MPa by .
. 10% (w/v) PVA . o the porous . This
Iron Oxide (Fe,O3) NP . Thawing at 20 °C . adding 1.0 Fe,O3
0-1.0% Fe;O3 structure especially . study
for5h by adding 0.04 and nanoparticles to
4 F-T cycles 01 wt°./ the hydrogel.

The preparation of PVA composite was obtained using several natural and synthetic
materials, including cellulose, chitosan, salecan graphene oxide, and titanium oxide, at
several F-T cycles (Table 1). The addition of several nanomaterials to PVA gel improved
the mechanical strength tested in terms of tensile strength and compression strength. The
enhancement of the mechanical properties using polymers reinforced by nanoparticles
is generally due to several properties of nanoparticles, including their small size and
the presence of unpaired atoms; this results in a combined potential with the polymeric
substrate [38,42]. This study marked a noticeable enhancement in the porous structure and
mechanical strength by adding TiO, and Fe;O3 nanoparticles to the PVA gel composites.



Nanomaterials 2024, 14, 249

18 of 21

Similarly, other materials resulted in such an improvement in the mechanical behavior
of hydrogels. For example, incorporating Cellulose Nano-whisker (CNW) into PVA gel
prepared by three F-T cycles resulted in smaller pores and lower pore size dispersion for the
samples with reinforcement [44]. It was proposed that the addition of cellulose nanocrystals
(CNC) from 10 to 30 g/L increased the viscoelastic properties and the storage modulus
from 11 Pa to 391 Pa. They concluded that the network structure between CNC particles
and the PVA polymer chains resulted in the enhancement of viscoelastic behavior [47].
Although many other fillers had a similarly remarkable effect on the reinforcement of the
PVA hydrogels, other additives had no impact or negatively affected the network and
structure of the hydrogel composites, and hence the mechanical strength. The addition
of chitosan from 0.25 to 1.0 wt% resulted in a reduction in the mechanical strength and
increased the pore size of the PVA hydrogel composites. They concluded that by increasing
the chitosan content from 2.5 to 10%, the Young’s modulus decreased from 539 MPa to
29 Mpa, indicating a 1755 % reduction in the mechanical strength combined with larger
pore size by adding chitosan [43]. The chitosan-PVA polymer matrix affects the formation
of PVA crystalizes and leads to the formation of less ordered structure hydrogels [46].
The addition of salecan to the PVA hydrogel also resulted in a reduction in mechanical
strength. The pure PVA hydrogel yielded the highest compressive strength and modulus,
while the values of the hybrid hydrogels decreased as the proportion of Sal/PVA increased.
For example, the compressive modulus of the hydrogels declined considerably with the
increase in salecan content from 145 kPa (pure PVA) to 23 kPa (S50P50). This is explained
by the formation of stronger interaction and crosslinking in PVA hydrogel itself than that
between PVA and salecan, which was not strong compared to the crosslink between PVA
itself [5]. Therefore, it is important to choose the suitable type and content of the material
that will be added to the PVA gel to ensure the interaction with the PVA gel in order to
improve the porous structure and the mechanical strength.

4.3. Performance of PVA/Nanoparticles Hydrogel in Bioreactor

The industrial implementation of an immobilization matrix will require high material
stability to withstand the shear stresses and abrasion in the bioreactor environments, both
for long-term operation and biocatalyst reuse. Among several PVA /nanoparticles compos-
ites developed in this study, the PVA /TiO, with 0.1 wt% achieved the most remarkable
improvement in mechanical strength. Additionally, the durability test showed that the
reinforcement of PVA hydrogel using TiO, nanoparticles improved hydrogel strength by
more than 50%. The pore structure of the immobilization matrix is an essential factor in
biomass immobilization using the entrapment method. The choice of PVA hydrogel for
biomass immobilization is due to its porous structure and hence the excellent performance
in biomass housing to form in its pores for growth and cultivation [50]. Furthermore,
the pores generate the possibility of efficient diffusion of organic particulates and soluble
pollutants into the immobilization matrix [51]. According to the SEM analysis, PVA/TiO,
hydrogel is a homogenous porous material suitable for biomass immobilization. Thus,
it was chosen and tested for biomass immobilization and biological treatment of GTL
process water. Immobilized bacteria in PVA /TiO, showed high biodegradability due to
the distribution of the regular pores that allowed biomass immobilization in cross-linked
PVA hydrogel composites and enhanced the diffusion of the organic pollutants through the
pores in the PVA gel.

5. Conclusions

The preparation of PVA nanocomposites for biomass immobilization is a good alterna-
tive to conventional PVA gel matrices. The reinforcement of PVA hydrogel by Fe;O3 and
TiO; influenced the morphological structure and mechanical strength of the PVA nanocom-
posite hydrogel. The morphological analysis showed that the reinforcement of PVA gel
with Fe;O3 and TiO; nanoparticles resulted in compact nanocomposite hydrogel with
regular pore distribution and tiny pore diameter due to the formation of bonds between
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nanoparticles and hydrogel that caused more interaction within the polymeric matrix.
Furthermore, the hydrogel’s mechanical strength and elasticity depend on the type and
content of the nanoparticles. The most remarkable improvement in the mechanical strength
of the PVA /nanoparticles composites was obtained by incorporating 0.1 wt% TiO, and
1.0 wt% Fe;O3 nanoparticles. However, TiO, has more influence on the morphology and
mechanical strength than iron oxide since approximately 900% improvement in the Young’s
modulus resulted from optimization of the content of the TiO; in the PVA hydrogel.

The PVA /TiO, matrix was used for biomass immobilization and compared with pure
PVA gel to treat the GTL process water. The addition of nanoparticles to the PVA matrix
improved the mechanical strength but did not affect the biodegradation performance.
The current study illustrated that the developed PVA /nanoparticles hydrogel is a suit-
able immobilization matrix and can replace the conventional PVA hydrogel in biomass
immobilization and the area of biological wastewater treatment.

Author Contributions: All authors contributed to the study conception and design. Material prepa-
ration, data collection, and analysis were performed by R.S., M.H.E.-N., M.C.M.v.L. and L. A.H. The
first draft of the manuscript was written by R.S. and M.H.E.-N., and all authors commented on
previous versions of the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: Research grants from the Qatar National Research Fund (a member of the Qatar Foundation)
through Grant #NPRP100129170278. The findings achieved herein are solely the responsibility of
the authors.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author. The data are not publicly available due to ethical considerations, confiden-
tiality agreements with participants, and the necessity to protect sensitive information and maintain
participant privacy.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Madan, S.; Madan, R.; Hussain, A. Advancement in biological wastewater treatment using hybrid moving bed biofilm reactor
(MBBR): A review. Appl. Water Sci. 2022, 12, 141. [CrossRef]

2. Yang, L;Jiao, Y;; Xu, X;; Pan, Y.; Su, C.; Duan, X; Sun, H; Liu, S.; Wang, S.; Shao, Z. Superstructures with Atomic-Level Arranged
Perovskite and Oxide Layers for Advanced Oxidation with an Enhanced Non-Free Radical Pathway. ACS Sustain. Chem. Eng.
2022, 10, 1899-1909. [CrossRef]

3. Berillo, D.; Al-Jwaid, A.; Caplin, J. Polymeric materials used for immobilisation of bacteria for the bioremediation of contaminants
in water. Polymers 2021, 13, 1073. [CrossRef]

4. El-Naas, M.H.; Mourad, A.H.I; Surkatti, R. Evaluation of the characteristics of polyvinyl alcohol (PVA) as matrices for the
immobilization of Pseudomonas putida. Int. Biodeterior. Biodegradation 2013, 85, 413-420. [CrossRef]

5. Qi, X.; Hu, X,; Wei, W.; Yu, H.; Li, J.; Zhang, J.; Dong, W. Investigation of Salecan/poly(vinyl alcohol) hydrogels prepared by
freeze/thaw method. Carbohydr. Polym. 2015, 118, 60-69. [CrossRef] [PubMed]

6. Hassan, C.M.; Peppas, N.A. Structure and applications of poly(vinyl alcohol) hydrogels produced by conventional crosslinking
or by freezing/thawing methods. Adv. Polym. Sci. 2000, 153, 37-65. [CrossRef]

7. Parhi, R. Cross-Linked Hydrogel for Pharmaceutical Applications: A Review. Tabriz Univ. Med. Sci. 2017, 7, 515-530. [CrossRef]

8.  Hernandez, R; Sarafian, A.; Lopez, D.; Mijangos, C. Viscoelastic properties of poly(vinyl alcohol) hydrogels and ferrogels
obtained through freezing-thawing cycles. Polymer 2004, 45, 5543-5549. [CrossRef]

9. Gonzalez, ].S.; Maiolo, A.S.; Hoppe, C.E.; Alvarez, V.A. Composite Gels Based on Poly (Vinyl alcohol) for Biomedical Uses.
Procedia Mater. Sci. 2012, 1, 483-490. [CrossRef]

10. Bouabidi, Z.B.; El-Naas, M.H.; Zhang, Z. Immobilization of microbial cells for the biotreatment of wastewater: A review.
Environ. Chem. Lett. 2019, 17, 241-257. [CrossRef]

11. Lee, S.; Boo, C.; Elimelech, M.; Hong, S. Comparison of fouling behavior in forward osmosis (FO) and reverse osmosis (RO).
J. Membr. Sci. 2010, 365, 34-39. [CrossRef]

12.  Agarwal, S.; Greimer, A.; Wendorff, ].H. Electrospinning of manmade and biopolymer nanofibers—Progress in techniques,
materials, and applications. Adv. Funct. Mater. 2009, 19, 2863-2879. [CrossRef]

13. Xu, X,;Pan, Y; Ge, L.; Chen, Y.; Mao, X.; Guan, D.; Li, M.; Zhong, Y.; Hu, Z.; Peterson, V.K; et al. High-Performance Perovskite

Composite Electrocatalysts Enabled by Controllable Interface Engineering. Small 2021, 17, 2101573. [CrossRef] [PubMed]


https://doi.org/10.1007/s13201-022-01662-y
https://doi.org/10.1021/acssuschemeng.1c07605
https://doi.org/10.3390/polym13071073
https://doi.org/10.1016/j.ibiod.2013.09.006
https://doi.org/10.1016/j.carbpol.2014.11.021
https://www.ncbi.nlm.nih.gov/pubmed/25542108
https://doi.org/10.1007/3-540-46414-x_2
https://doi.org/10.15171/apb.2017.064
https://doi.org/10.1016/j.polymer.2004.05.061
https://doi.org/10.1016/j.mspro.2012.06.065
https://doi.org/10.1007/s10311-018-0795-7
https://doi.org/10.1016/j.memsci.2010.08.036
https://doi.org/10.1002/adfm.200900591
https://doi.org/10.1002/smll.202101573
https://www.ncbi.nlm.nih.gov/pubmed/34137160

Nanomaterials 2024, 14, 249 20 of 21

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Sinha, V.; Chakma, S. Advances in the preparation of hydrogel for wastewater treatment: A concise review. J. Environ. Chem. Eng.
2019, 7, 103295. [CrossRef]

Schexnailder, PJ.; Gaharwar, A.K,; Bartlett, R.L.; Seal, B.L.; Schmidt, G. Tuning Cell Adhesion by Incorporation of Charged Silicate
Nanoparticles as Cross-Linkers to Polyethylene Oxide. Macromol. Biosci. 2010, 10, 1416-1423. [CrossRef] [PubMed]

Gaharwar, A.K,; Peppas, N.A.; Khademhosseini, A. Nanocomposite Hydrogels for Biomedical Applications. Biotechnol. Bioeng.
2014, 111, 441-453. [CrossRef]

Chen, X. Preparation and property of TiO, nanoparticle dispersed polyvinyl composite materials. ]. Mater. Sci. Lett. 2002, 21,
1637-1639. [CrossRef]

Badranova, G.U.; Gotovtsev, PM.; Zubavichus, Y.V.; Staroselskiy, I.A.; Vasiliev, A.L.; Trunkin, .N.; Fedorov, M.V. Biopolymer-
based hydrogels for encapsulation of photocatalytic TiO, nanoparticles prepared by the freezing/thawing method. J. Mol. Lig.
2016, 223, 16-20. [CrossRef]

Wang, C.; Zhou, G.; Wang, X,; Liu, J.; Li, D.; Wu, C.; Zhang, W. Composite hydrogel membrane with high mechanical strength for
treatment of dye pollutant. Sep. Purif. Technol. 2021, 275, 119154. [CrossRef]

Hou, R;; Zhang, G.; Du, G.; Zhan, D.; Cong, Y.; Cheng, Y.; Fu, ]. Magnetic nanohydroxyapatite/PVA composite hydrogels for
promoted osteoblast adhesion and proliferation. Colloids Surf. B Biointerfaces 2013, 103, 318-325. [CrossRef]

El-Naas, M.H.; Al-Zuhair, S.; Makhlouf, S. Batch degradation of phenol in a spouted bed bioreactor system. J. Ind. Eng. Chem.
2010, 16, 267-272. [CrossRef]

Surkatti, R.; El-Naas, M.H. Biological treatment of wastewater contaminated with p-cresol using Pseudomonas putida immobi-
lized in polyvinyl alcohol (PVA) gel. . Water Process. Eng. 2014, 1, 84-90. [CrossRef]

Surkatti, R.; Al Disi, Z.A.; El-Naas, M.H.; Zouari, N. Isolation and Identification of Organics-Degrading Bacteria From Gas-to-
Liquid Process Water. Front. Bioeng. Biotechnol. 2021, 8, 603305. [CrossRef]

Surkatti, R.; El-Naas, M.H. Competitive interference during the biodegradation of cresols. Int. ]. Environ. Sci. Technol. 2018, 15,
301-308. [CrossRef]

Engineering, M. Fabrication, Modeling and Experimental Study of Bending Deformation of Micro-Ferrogel Fibers in a Non-
Uniform Magnetic Field. Master’s Thesis, University of Alberta, Edmonton, AB, Canada, 2009.

Mamada, H.; Kemmochi, A.; Tamura, T.; Shimizu, Y.; Owada, Y.; Ozawa, Y.; Hisakura, K.; Oda, T.; Ohkohchi, N.; Kawano, Y.; et al.
Development and evaluation of novel hydrogel for preventing postoperative pancreatic fistula. Polym. Adv. Technol. 2022, 33,
125-136. [CrossRef]

Abitbol, T.; Johnstone, T.; Quinn, M.; Gray, D.G. Reinforcement with cellulose nanocrystals of poly(vinyl alcohol) hydrogels
prepared by cyclic freezing and thawing. R. Soc. Chem. 2011, 7, 2373-2379. [CrossRef]

Gupta, S.; Goswami, S. A combined effect of freeze-thaw cycles and polymer concentration on the structure and mechanical
transparent PVA gels. Biomed. Mater. 2012, 7, 015006. [CrossRef]

Ianasi, C.; Piciorus, M.; Nicola, R.; Ciopec, M.; Negrea, A.; Nizilansky, D.; Len, A.; Almasy, L.; Putz, A.-M. Removal of cadmium
from aqueous solutions using inorganic porous nanocomposites. Korean J. Chem. Eng. 2019, 36, 688-700. [CrossRef]
Nasikhudin; Ismaya, E.P,; Diantoro, M.; Kusumaatmaja, A.; Triyana, K. Preparation of PVA /TiO, Composites Nanofibers by
using Electrospinning Method for Photocatalytic Degradation. IOP Conf. Ser. Mater. Sci. Eng. 2017, 202, 012011. [CrossRef]
Ahmed, M.H.; Keyes, T.E.; Byrne, J.A.; Blackledge, C.W.; Hamilton, ].W. Adsorption and photocatalytic degradation of human
serum albumin on TiO, and Ag-TiO; films. |. Photochem. Photobiol. A Chem. 2011, 222, 123-131. [CrossRef]

Khatuaa, C.; Chinyaa, I.; Sahab, D.; Dasa, S.; Sena, R.; Dhara, A. Modified clad optical fibre coated with PVA /TIO, nano composite
for humidity sensing application. Int. |. Smart Sens. Intell. Syst. 2015, 8, 1424-1442. [CrossRef]

Sanchez, L.M.; Shuttleworth, P.S.; Waiman, C.; Zanini, G.; Alvarez, V.A.; Ollier, R.P. Physically-crosslinked polyvinyl alcohol
composite hydrogels containing clays, carbonaceous materials and magnetic nanoparticles as fillers. J. Environ. Chem. Eng. 2020,
8,103795. [CrossRef]

Gonzalez, ].S.; Hoppe, C.E.; Muraca, D.; Sanchez, EH.; Alvarez, V.A. Synthesis and characterization of PVA ferrogels obtained
through a one-pot freezing-thawing procedure. Colloid Polym. Sci. 2011, 289, 1839-1846. [CrossRef]

Zazakowny, K.; Lewandowska-Lancucka, J.; Mastalska-Poptawska, J.; Kaminski, K.; Kusior, A.; Radecka, M.; Nowakowska, M.
Biopolymeric hydrogels—nanostructured TiO, hybrid materials as potential injectable scaffolds for bone regeneration. Colloids Surf.
B Biointerfaces 2016, 148, 607-614. [CrossRef]

Siripatrawan, U.; Kaewklin, P. Fabrication and characterization of chitosan-titanium dioxide nanocomposite fi Im as ethylene
scavenging and antimicrobial active food packaging. Food Hydrocoll. 2018, 84, 125-134. [CrossRef]

Li, X.; Dong, S.; Yan, H.; Wu, C. Fabrication and properties of PVA-TiO, hydrogel composites Xuefeng. Procedia Eng. 2012, 27,
1488-1491. [CrossRef]

Ahmad, J.; Deshmukh, K.; Higg, M.B. Influence of TiO; on the Chemical, Mechanical, and Gas Separation Properties of Polyvinyl
Alcohol- Titanium Dioxide (PVA-TiO,) Nanocomposite Membranes Influence of TiO, on the Chemical, Mechanical, and Gas
Separation Properties of Polyvinyl Alcoh. Int. ]. Polym. Anal. Charact. 2013, 18, 287-296. [CrossRef]

Bagiya, M.; Taufiq, A.; Munaji, S.; Sari, D.P.; Dwihapsari, Y.; Darminto, Y. Development of PVA /Fe;0, as Smart Magnetic
Hydrogels for Biomedical Applications. In Hydrogels; IntechOpen: London, UK, 2012; pp. 160-178.

Bannerman, A. Design and Fabrication of a Multifunctional Nano-on-Micro Delivery System. Master’s Thesis, The University of
Western Ontario, London, ON, Canada, 2015.


https://doi.org/10.1016/j.jece.2019.103295
https://doi.org/10.1002/mabi.201000053
https://www.ncbi.nlm.nih.gov/pubmed/20602416
https://doi.org/10.1002/bit.25160
https://doi.org/10.1023/A:1020871830587
https://doi.org/10.1016/j.molliq.2016.07.135
https://doi.org/10.1016/j.seppur.2021.119154
https://doi.org/10.1016/j.colsurfb.2012.10.067
https://doi.org/10.1016/j.jiec.2009.09.072
https://doi.org/10.1016/j.jwpe.2014.03.008
https://doi.org/10.3389/fbioe.2020.603305
https://doi.org/10.1007/s13762-017-1383-2
https://doi.org/10.1002/pat.5496
https://doi.org/10.1039/c0sm01172j
https://doi.org/10.1088/1748-6041/7/1/015006
https://doi.org/10.1007/s11814-019-0262-6
https://doi.org/10.1088/1757-899X/202/1/012011
https://doi.org/10.1016/j.jphotochem.2011.05.011
https://doi.org/10.21307/ijssis-2017-813
https://doi.org/10.1016/j.jece.2020.103795
https://doi.org/10.1007/s00396-011-2501-1
https://doi.org/10.1016/j.colsurfb.2016.09.031
https://doi.org/10.1016/j.foodhyd.2018.04.049
https://doi.org/10.1016/j.proeng.2011.12.612
https://doi.org/10.1080/1023666X.2013.767080

Nanomaterials 2024, 14, 249 21 of 21

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

El-Aassar, M.R; El Fawal, G.F; El-Deeb, N.M.; Hassan, H.S.; Mo, X. Electrospun Polyvinyl Alcohol/Pluronic F127 Blended
Nanofibers Containing Titanium Dioxide for Antibacterial Wound Dressing Electrospun Polyvinyl Alcohol/Pluronic F127
Blended Nanofibers Containing Titanium Dioxide for Antibacterial Wound Dressing. Appl. Biochem. Biotechnol. 2015, 178,
1488-1502. [CrossRef]

Chen, G.; Zhou, S.; Gu, G.; Wu, L. Modification of colloidal silica on the mechanical properties of acrylic based polyurethane/silica
composites. Colloids Surf. A Physicochem. Eng. Asp. 2007, 296, 29-36. [CrossRef]

Hoon, J.; Hwang, M.-R; Kim, J.O.; Lee, ].H.; Kim, Y.I; Kim, ].H.; Chang, SW.; Jin, S.G.; Kim, J.A.; Lyoo, W.S,; et al. Gel
characterisation and in vivo evaluation of minocycline-loaded wound dressing with enhanced wound healing using polyvinyl
alcohol and chitosan. Int. . Pharm. 2010, 392, 232-240. [CrossRef]

Gonzalez, ].S.; Luduefa, L.N.; Ponce, A.; Alvarez, V.A. Poly(vinyl alcohol)/cellulose nanowhiskers nanocomposite hydrogels for
potential wound dressings. Mater. Sci. Eng. C 2014, 34, 54-61. [CrossRef] [PubMed]

Lardenoije, E.J.H.; van Raaij, E.M.; van Weele, A.J. Performance Management Models and Purchasing: Relevance Still Lost. In
Researches in Purchasing and Supply Management, Proceedings of the 14th IPSERA Conference, Archamps, France, 20—23 March 2005;
Eindhoven University of Technology: Eindhoven, The Netherlands, 2005; Volume 369, pp. 687-697. [CrossRef]

Bhattarai, N.; Gunn, J.; Zhang, M. Chitosan-based hydrogels for controlled, localized drug delivery. Adv. Drug Deliv. Rev. 2010,
62, 83-99. [CrossRef] [PubMed]

Moud, A.A.; Kamkar, M.; Sanati-Nezhad, A.; Hejazi, S.H.; Sundararaj, U. Viscoelastic properties of poly (vinyl alcohol) hydrogels
with cellulose nanocrystals fabricated through sodium chloride addition: Rheological evidence of double network formation.
Colloids Surf. A Physicochem. Eng. Asp. 2021, 609, 125577. [CrossRef]

Butylina, S.; Geng, S.; Oksman, K. Properties of as-prepared and freeze-dried hydrogels made from poly(vinyl alcohol) and
cellulose nanocrystals using freeze-thaw technique. Eur. Polym. ]. 2016, 81, 386-396. [CrossRef]

Huang, Y.; Zhang, M.; Ruan, W. High-water-content Graphene oxide/Polyvinyl alcohol Hydrogel with Excellent Mechanical
Properties. J. Mater. Chem. A Mater. 2014, 2, 10508-10515. [CrossRef]

Al, S.; Yunus, M.Y.B.M.; Vo, D.-V.N.; Tran, N.H. Biocarriers for biofilm immobilization in wastewater treatments: A review.
Environ. Chem. Lett. 2020, 18, 1925-1945. [CrossRef]

Piatkowski, M.; Janus, L.; Radwan-Praglowska, J.; Raclavsky, K. Microwave-enhanced synthesis of biodegradable multifunctional
chitosan hydrogels for wastewater treatment. Express Polym. Lett. 2017, 11, 809-919. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s12010-015-1962-y
https://doi.org/10.1016/j.colsurfa.2006.09.016
https://doi.org/10.1016/j.ijpharm.2010.03.024
https://doi.org/10.1016/j.msec.2013.10.006
https://www.ncbi.nlm.nih.gov/pubmed/24268233
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1016/j.addr.2009.07.019
https://www.ncbi.nlm.nih.gov/pubmed/19799949
https://doi.org/10.1016/j.colsurfa.2020.125577
https://doi.org/10.1016/j.eurpolymj.2016.06.028
https://doi.org/10.1039/C4TA01464B
https://doi.org/10.1007/s10311-020-01049-y
https://doi.org/10.3144/expresspolymlett.2017.77

	Introduction 
	Materials and Methods 
	Materials 
	Experimental Procedure 
	PVA Gel Nanocomposite Preparation 
	SEM Analysis 
	Bond Characterization Using FTIR 
	Mechanical Properties 
	Rheological Characterization 
	Stability and Performance of PVA/Nanoparticles Hydrogel in Bioreactor 


	Results 
	SEM Analysis of PVA/Nanoparticles Gel Composites 
	FTIR Spectroscopy 
	Rheological Analysis 
	Mechanical Behavior 
	Stability and Biodegradation Performance Using PVA/Nanoparticles in a Bioreactor 

	Discussion 
	Morphological Analysis of PVA/Nanoparticles Hydrogel Composites 
	Elastic Behavior and Mechanical Properties of PVA Hydrogel Composites 
	Performance of PVA/Nanoparticles Hydrogel in Bioreactor 

	Conclusions 
	References

