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Rapid immobilization of viable Bacillus pseudomycoides
in polyvinyl alcohol/glutaraldehyde hydrogel for biological
treatment of municipal wastewater
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Abstract
A new approach for easy synthesis of Bacillus pseudomycoides immobilized polyvinyl alcohol (PVA)/glutaraldehyde (GA)
hydrogel for application in a wastewater treatment system is reported. Optimization studies revealed that GA/PVA mass ratio
of 0.03 and acidic pH of 2 were required for hydrogel synthesis and eventually for bacterial cell immobilization. The synthesized
crosslinked matrix possessed a pore size suitable for microbial cell entrapment while maintaining cell accessibility to external
environment for bioremediation. Possible crosslinking and bacterial cell immobilization in the hydrogel were evidenced by FTIR,
XRD, and SEM studies, respectively. Further, the extent of crosslinking of GA with PVA was investigated and confirmed by
transmittance and permeability experiments. The viability and proliferation of hydrogel embedded cells (after 25 days) was
confirmed by confocal fluorescence microscopy which also indicated that acidic pH of polymer solution did not affect the
immobilized live cells. B. pseudomycoides immobilized hydrogel were demonstrated to be effective for treatment of municipal
wastewater and reduced biochemical oxygen demand (BOD), chemical oxygen demand (COD), and protein content below the
recommended levels. Overall, the results from this bench-scale work show that employing bacteria-embedded PVA/GA hydrogel
for the treatment of municipal wastewater yield promising results which should be further explored in pilot/field-scale studies.
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Introduction

Technology involving microorganisms immobilized in a poly-
meric matrix has been efficiently used in wastewater treatment
(Halma et al. 2015; Jianlong et al. 2002; Paula et al. 2015; Xu
et al. 2015; Zhang et al. 2016). Immobilized microbial cells in
a polymeric gel have significant advantages for wastewater
treatment over free cells. First, immobilization provides high
cell density at any particular time for their long-term and ef-
fective action in the treatment process. Second, the cells
entrapped are protected from adverse environmental stresses
(Cho et al. 2006; Hsia et al. 2008; Lee and Cho 2010). Third, it
provides an easy way of separating treated water and solid
sludge, i.e. liquid-solid separation (Lee and Cho 2010;
Zhang et al. 2016). Immobilizing single bacterium (pure cul-
ture) is easier and more beneficial for a specific application
than the whole microbial community isolated from a complex
polluted system which may comprise of myriad microorgan-
isms like bacteria, algae, viruses, fungi, etc. In a multi-species
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microbial community, the synergistic/antagonistic effects of
microbial consortia, interdependent community growth pat-
terns, and wide-ranging metabolic activities are complicated
with high degree of variability making it difficult to achieve a
defined or specific application. Several natural and synthetic
polymers have been evaluated for their potential to serve as a
suitable support matrix material for immobilization of viable
microbial cells in wastewater applications (Leenen et al.
1996).

Microbial cells are typically able to survive the immobili-
zation process and growwell in the matrix of natural polymers
like alginate and carrageenan (Lozinsky and Plieva 1998).
Immobilized cells, however, have less practical applications
in wastewater treatment owing to several limitations including
uninhibited hydration rate, high contamination rate, and loss
of adhesiveness over long-term (approximately 20–25 days)
storage (Labus et al. 2015; Suhag et al. 2015). Thus, the char-
acteristics of the supporting material/carrier are important for
effective immobilization of microbes and their use in waste-
water treatment.

Polyvinyl alcohol, i.e. PVA, with chemical formula
[CH2CH(OH)]n, colorless, synthetic, biocompatible, semi-
crystalline white material, is a promising candidate for the
hydrogel support matrix due to its high mechanical strength,
hydrophilicity, high hydraulic shock resistance (in the waste-
water treatment chamber), non-toxicity, biocompatibility, and
low cost (Lee and Cho 2010). Moreover, the PVA hydrogel
has high permeability, which is essential to allow the contam-
inants in wastewater to be exposed to and degraded by the
immobilized microbes in the gel. Unaltered PVA hydrogel
has low stability when placed in water or any biological fluid,
which reduces its efficiency (Figueiredo et al. 2009). Upon
crosslinking, however, the hydrophilic polymer forms an in-
soluble compressed material under the influence of pressure
(Bolto et al. 2009). Crosslinking provides the requisite hydro-
phobicity to PVA hydrogel and increases its stability and abil-
ity to entrap biomolecules including live microorganisms—
making the PVA hydrogel favorable for various applications.
Various physical and chemical methods have been employed
to synthesize crosslinked, insoluble PVA hydrogel. These
methods, however, are associated with several disadvantages.
For example, physical methods like irradiation-based
crosslinking that employ gamma and electron beam radiations
can degrade some polymers/microbes, if immobilized in hy-
drogel, during the hydrogel preparation (Shakeel et al. 2017;
van de Wetering et al. 2005; Wu et al. 2011). Various
crosslinkers have been reported in the literature to crosslink
PVA, including sulphosuccinic acid (Tsai et al. 2010), poly
styrene sulfonic acid-co-maleic acid (PSSA-MA) with glutar-
aldehyde (Kang et al. 2005), sulfophthalic acid with
sulfoacetic acid (Chanthad and Wootthikanokkhan 2006;
Seeponkai and Wootthikanokkhan 2007), maleic acid (Gohil
et al. 2006), and glutaraldehyde (Varshosaz and Koopaie

2002). Glutaraldehyde, a bifunctional crosslinker molecule,
has two aldehyde groups one of which may react with the
hydroxyl group of polyvinyl alcohol, forming a hemiacetal
(in the polymeric network) while the other does not react
due to a kinetic or conformational limitation (Mansur et al.
2008). Other than being a crosslinker, glutaraldehyde also acts
as a preservative, by preventing any cross-contamination to
the available bacterial growth. Furthermore, glutaraldehyde
helps to preserve microbial enzyme activity which helps in
their growth and metabolism, and results in a higher shelf life
(or longer period of viability) for the entrapped microbes
(Figueiredo et al. 2009; Russell and Hopwood 1976).

Hydrogel beads/films made from PVA crosslinked by glu-
taraldehyde have been previously used for drug delivery
(Figueiredo et al. 2009; Varshosaz and Koopaie 2002), for con-
trolled drug release (More et al. 2010), for microbial fuel cells
(Rudra et al. 2015), and for the study of water-proofing prop-
erties (Marin et al. 2014). In most of these studies, however, the
formation of the 3-dimensional network of the polymeric gel as
well as cell immobilization procedure is arduous, cumbersome,
and time consuming. Preparation time of ~ 6 h has been report-
ed by Rudra et al. (2015) and 72 h by Mansur et al. (2008).
Also, the survival of the cells in these supports was reportedly
poor. Unfortunately, there is lack of a systematic study to char-
acterize and improve PVA/GA hydrogel properties under vary-
ing physical-chemical and environmental factors, e.g. polymer
concentration, pH, and salinity for specific applications, espe-
cially wastewater treatment. Swelling characteristic of hydrogel
is an important aspect because swelling behavior relates to the
pore size which is important for bacterial cell immobilization.
Hydrogel swelling is also important for the transport of various
biomolecules/drugs through hydrogels as the transportation pri-
marily depends on the amount of water present in the hydrogel
system (Kodavaty and Deshpande 2014).

In the current study, we investigated a range of PVA/GA
mass ratios under varying pH, temperature, and salinity con-
ditions to systematically assess and optimize the hydrogel
formation and functionality. We also report the kinetics of
hydrogel swelling and describe an expedited, single-step
method for the formation of PVA/GA hydrogel (Fig. 1) and
immobilization of viable microbial cells within the hydrogel.
Not only was the viability of cells in the hydrogel maintained
for more than 3 weeks, the concentration of viable cells in-
creased during that time period. Further, results from a test
application of the developed hydrogels to treat local municipal
wastewater demonstrated effective removal of organics and
proteins upon exposure to the PVA/GA hydrogels
immobilized with bacteria isolated from the wastewater.
Overall, this work reports results from a systematic study in-
vestigating the development and characterization of robust
PVA/GA hydrogels with specific applications for wastewater
treatment, which could also have potential implications for
wider use of PVA/GA hydrogel.
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Materials and methods

PVA/GA hydrogel synthesis

An aqueous homogenized 100 mL solution of 5 wt% PVA
(molecular weight 44.05 g.mol−1; degree of hydrolysis 85–
89%; Thermo Fisher Scientific Pvt. Ltd., India) was prepared
under continuous magnetic stirring at temperature 70 ± 5 °C.
The solution was allowed to cool to room temperature and the
pH was maintained at 2 ± 0.05 with 1 M HCl. PVA/GA
hydrogels were synthesized by mixing 20 mL of 5 wt% aque-
ous PVA solution with 6.25 % aqueous GA solution (molec-
ular weight 100.12 g.mol−1; Central Drug House Pvt. Ltd.,
India). Different GAvolumes of 0.5, 1, 2, 3, 4, and 5 mL were
used to provide varying PVA/GAmass ratios. These solutions
weremixed well and poured into a plastic mold and allowed to
solidify at room temperature, producing disc-shaped optically
transparent PVA/GA hydrogels of ~ 2 ± 0.03 g in approxi-
mately 2 h. Double distilled deionized water was used to pre-
pare all the solutions.

Swelling behavior of PVA/GA hydrogel

The swelling capacity and swelling kinetics of the hydro-
gel is an indicator of its permeability and structural integ-
rity, which are important parameters for the hydrogel per-
formance. As the prepared hydrogels are introduced in a
water solution, they absorb water and increase in weight
and size. The weight of the hydrogel before and after
swelling was measured. The swelling behavior of the
PVA/GA hydrogels was thus evaluated under varying
GA/PVA mass ratios, as mentioned above. For the hydro-
gel with the optimal mass ratio, further tests were done to
determine the effect of varying temperature and chemical
characteristics (like ionic strength and pH) of the solution
into which the hydrogels were introduced.

Ionic strength variation

Swelling capacity of the selected hydrogels was assessed in
0.15 M solutions of NaCl, CaCl2, and AlCl3 such that their
ionic strength values were 0.15, 0.45, and 0.9 M, respectively.

The ionic strength was calculated as 0.5 × ΣCiZ2
i , where Ci is

the concentration of the ionic species “i”, and Zi is the ionic
charge on species “i”. Deionized water was used as control.
For evaluating the effect of pH, the hydrogels were submerged
in 50 mL of phosphate buffer solution at pH 3, 6, and 9, and
the swelling capacity was assessed for each of the samples
after every 5 min until they attained equilibrium. For temper-
ature tests, deionized water was used at temperature ranging
from 50 to 100 °C.

The swelling capacity (or ratio) at time t,Qt, was calculated
according to Eq. (1) below.

Swelling ratio %ð Þ ¼ Wt−W0

W0

� �
� 100% ð1Þ

whereWt is the weight of the hydrogel in swollen state at time
t, and W0 is the initial weight of the dry hydrogel (Li et al.
2011).

Swelling kinetics of PVA/GA hydrogel

The swelling behavior of hydrogel with time for different GA/
PVA mass ratio was estimated assuming that swelling process
followed the first order kinetics, according to the equation:

dQt

dt
¼ k Qe−Qtð Þ ð2Þ

Where t is the swelling time, Qt denotes swelling capacity
at time t, Qe is the equilibrium swelling capacity, Q0 is the
swelling capacity at initial time t0, dQt/dt is the rate of swell-
ing, and k denotes the swelling rate constant.

By integrating Eq. (2), we get:

Qt ¼ Qe− Qe−Q0ð Þ:e−kt ð3Þ

This can also be written as:

log Qe−Qtð Þ ¼ −
kt

2:303
þ log Qe−Q0ð Þ ð4Þ

For measuring the swelling capacity at a particular time t,
prepared PVA/GA hydrogels were submerged in deionized
double distilled water for that particular time interval and then
their swelling ratio % was calculated using Eq. (1) (Li et al.
2011; Zhang and Ye 2014).

Permeability of PVA/GA hydrogel

Hydrogels of different GA/PVA mass ratios were fully swol-
len in deionized double distilled water to equilibrium and their
permeability was determined by immersing the hydrogels in
diluted (1:1 of 50 ppm) Acid Black 24 dye (purchased from
Control Textile Ltd., Ghaziabad, India) and leaving undis-
turbed for 4 h at room temperature. The UV transmission of
the dye solution was also measured at wavelengths ranging
from 400 to 800 nm.

Isolation of bacterial isolates from wastewater

Municipal wastewater samples were collected in 2000 mL
sterile plastic bottles from the wastewater treatment plant
located at Noida, Uttar Pradesh, India (28.535°N,
77.391°E). Samples were transported to the laboratory
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within 2 h and stored in the refrigerator at 4 °C until
further use. Ten millilitres of wastewater sample was se-
rially diluted till 10 dilutions using nutrient broth and
plated repeatedly for approximately 15 to 20 times to
select 40 different bacterial strains based on colony mor-
phological characteristics.

The isolated bacterial strains were cultivated in nutrient
broth or NB medium (peptone 5 g.L−1, NaCl 5 g.L−1, meat
extract 1.5 g.L−1, and yeast extract 1.5 g.L−1) at final pH of 7.4
± 0.2, and at 25 °C temperature (Aneja 2005). The isolates
were characterized using several standard biochemical tests
like amylase production test, cellulase production test, hydro-
gen sulphide (H2S) production test, urease test, gelatin hydro-
lysis test, casein hydrolysis test, citrate utilization test, catalase
test, methyl-red test, Voges-Proskauer test, indole test, carbo-
hydrate catabolism, and triple sugar iron (TSI) test as per
standard protocols (Aneja 2005). In addition, isolated bacteria
were also tested for their growth in wastewater and for their
potential to treat/remediate wastewater parameters such as
biochemical oxygen demand or BOD, chemical oxygen de-
mand or COD, and protein content. BOD and COD were
determined according to the standard protocols described in
APHA (APHA/AWWA/WEF 2012), and Lowry’s method
was employed for protein content estimation (Lowry et al.
1951). Glycerol stocks of isolated pure strains were prepared
and stored at − 80 °C until further use.

The bacterial strain that showed maximum positive results
in the biochemical tests, highest growth rate, and was the most
efficient in wastewater treatment (demonstrated by reduction
of BOD, COD, and protein content of the wastewater effluent)
was selected for immobilization in the hydrogels.

Identification and phylogenetic analysis
of the selected bacterium

Bacterial strain was identified using 16S rRNA sequencing
analysis using single-pass sequencing method. The sequenc-
ing was carried out at Yaazh Xenomics, Coimbatore, Tamil
Nadu, India. Centrifuged 2 mL of bacterial culture (OD600 =
0.5) was used to extract genomic DNA using Pure Link
Genomic DNA Mini Kit (Invitrogen, California). Extracted
DNA was then amplified by polymerase chain reaction
(PCR) in a thermocycler. Sequencing reactions were per-
formed using ABI PRISM® BigDyeTM Terminator Cycle
Sequencing kits with AmpliTaq® DNA polymerase (FS en-
zyme) (Applied Biosystems, CA). The samples after PCR
were subjected to electrophoresis in an ABI 3730xl sequenc-
er (Applied Biosystems, CA). FastQC program was
employed for quality control of genomic information
(Andrews 2010a, 2010b). The 16S rRNA sequence was
queried through BLAST, the NCBI similarity search tool.
The phylogeny analysis of query sequence with the closely
related sequence of BLAST results was performed followed

by multiple sequence alignments. The program MUSCLE
3.7 was used for multiple alignments of sequences (Edgar
2004). To remove alignment noise, the resulting aligned se-
quences were cured using the program Gblocks 0.91b,
which eliminates poorly aligned positions and divergent re-
gions (Talavera and Castresana 2007). Finally, the program
PhyML 3.0 aLRT was used for phylogenetic tree construc-
tion and analysis, and HKY85 as substitution model. The
program Tree Dyn 198.3 was used for tree rendering
(Dereeper et al. 2008).

Preparation of bacteria immobilized PVA/GA hydrogel

PVAwas homogenized and prepared as described in the sec-
tion “PVA/GA hydrogel synthesis.” After the maintenance of
pH, 0.5 mL of the selected bacterial culture (OD600 = 0.5; 1.31
× 109 CFU/mL) was added to the PVA solution, under steril-
ized conditions. Finally, 6.25% GAwas added, with adequate
mixing, to this PVA/bacteria solution to obtain bacteria
immobilized PVA/GA hydrogel (henceforth referred to as BI
PVA/GA hydrogel). The solution was finally poured into a
plastic mold and allowed to solidify at room temperature for
2 h. A disc-shaped BI PVA/GA hydrogel weighing ~ 2.5 ±
0.04 g was obtained.

Attenuated total reflectance-Fourier transform
infrared spectroscopy (ATR-FTIR)

ATR-FTIR was conducted on pure PVA hydrogel, PVA/GA
hydrogel, and bacteria immobilized PVA/GA hydrogel.
Samples were prepared as 1–2 mm thick films and analysed
using a Frontier Perkin Elmer ATR-FTIR (Massachusetts,
USA) in the range of 4000 to 650 cm−1, using transmittance
mode.

X-Ray diffraction (XRD)

XRD studies of raw polymer, PVA, and PVA/GA hydrogels of
the chosen ratio, with and without bacteria, were conducted
using Bruker D-8 powder X-ray diffractometer at room tem-
perature. Powdered samples were filled in a sample holder and
the surface was smoothened using a glass slide. The X-ray
scanning was done over a range of 2θ values from 10° to
80°, using Cu Kα radiation source at wavelength = 1.54 Å
(Minhas et al. 2013).

Scanning electron microscopy (SEM)

Themicrostructuremorphologies of the 3 and 5 wt% PVA/GA
hydrogel, with and without immobilized bacteria, were im-
aged using an SEM (ZEISS EVO 50 Model. Carl Zeiss,
Bangalore, India). SEM images and pore size distribution
were acquired using SmartSEM V-05.04.05.00 software. For
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sample preparation, the hydrogels were cut into a thin film of
approximately 60 nm, fixed on an aluminium stub with a
double-sided adhesive, conductive carbon tape. The samples
were then sputter-coated with gold for 2–3 min and SEM
images were taken at magnification ranging ×2000 to
×10,000.

Confocal fluorescence microscopy

The viability and growth of immobilized microbial cells
in 3 and 5 wt% PVA/GA hydrogels were examined by
confocal fluorescence microscopy at different time inter-
vals, with a radiance 2100 (BioRad) laser scanning sys-
tem on a ZEISS Axiovert 200 Microscope (Carl Zeiss,
Bangalore, India). The hydrogel was cut into a 1-mm
thick film, stained with acridine orange and ethidium
bromide (1 mg.mL−1 of acridine orange, 1 mg.mL−1 of
ethidium bromide, and phosphate-buffered saline at pH
7.4) in the dark for 20 min and observed under the
microscope. The acridine orange penetrates through both
living and dead cells of immobilized bacteria and stains
all the nucleated cells to generate green fluorescence.
Whereas, ethidium bromide enters only the dead cells
with compromised membranes and stains them red to
generate red fluorescence.

Hydrogel application for wastewater treatment

PVA/GA hydrogel, with and without immobilized bacte-
ria, were evaluated for treatment of wastewater effluent.
In addition, free living bacterial cells of the selected cul-
ture were also evaluated to compare the metabolic activity
of the bacteria within and without the hydrogel. Around
20 discs of PVA/GA hydrogels, BI PVA/GA hydrogels,
and 20 mL of bacterial culture (OD600 = 0.5) were added
separately to 2000 mL conical glass flasks containing
1000 mL of untreated municipal wastewater effluent.
BOD, COD, and protein content were tested as per the
standard methods at the beginning and after 5 days
(APHA/AWWA/WEF 2012; Lowry et al. 1951).

Statistical analyses

All experiments were conducted in triplicates and data is pre-
sented as mean ± standard deviation (S.D.). Statistical analy-
ses were done using t-tests, by one-way analysis of variance
(ANOVA) with Tukey’s test, using statistical software tool
Origin 8 (Northampton, MA, USA) and GraphPad Prism 5
(San Diego, CA). Differences were considered significant
for P < 0.05.

Results and discussion

Swelling behavior of PVA/GA hydrogels

Optimization studies of the PVA/GA hydrogel swelling were
performed to investigate the hydrogel swelling kinetics as well
as conditions required for maximum swelling capacity of
hydrogels against a range of factors, like PVA concentration,
GA/PVA mass ratio, solution matrix temperature, pH, and
ionic strength (Fig. 2). Results from each are discussed below.

Effect of PVA concentration on hydrogel swelling

The trend of swelling capacity of hydrogel with PVA
concentration is depicted in Fig. 2a. Maximum swelling
capacity was observed at 5 wt% PVA, while other factors
were held constant. The effect of PVA concentration on
swelling followed the same trend as reported in a previ-
ous study (Hosseinzadeh 2013). Swelling of hydrogel
substantially increased with increase in PVA concentra-
tion from 4 to 5 wt%. This increasing trend is attributed
to more sites being available for crosslinking with glu-
taraldehyde with increasing PVA. Beyond 5 wt% PVA,
however, the swelling capacity starts to reduce, which
might be due to increased viscosity of the medium with
increasing PVA concentration, thereby restricting the
PVA chain movements and hence decreasing the water
absorbing capacity.

Effect of GA/PVA mass ratio on hydrogel swelling

The effect of GA concentration as a crosslinking agent
was evaluated in terms of the impact of GA/PVA mass
ratio on the swelling capacity of the hydrogel, shown in
Fig. 2b. Compared to the impact of PVA wt% on swell-
ing ratio (Fig. 2a), the impact of GA/PVA mass ratio on
the swelling ratio was much lower; increasing GA/PVA
ratio resulted in only a slight decrease in swelling capac-
ity (Fig. 2b). This observed decrease in swelling of the
hydrogel with increasing GA concentration may be at-
tributed to increasing di-aldehyde in higher GA content
hydrogels, which helps in building a denser crosslinked
network that prevents PVA dissolution, but also results in
lower swelling capacity (Hosseinzadeh 2013). In our ex-
periments, 0.03 GA/PVA minimum mass ratio was need-
ed to prepare stable PVA/GA hydrogel. GA/PVA ratio
was increased up to 0.31, which exhibited the lowest
swelling ability, presumably due to a higher degree of
crosslinking. Hydrogels with GA/PVA mass ratio 0.03,
showing stable hydrogel formation and high swelling ca-
pacity, were thus selected for further studies with
immobilized microbial cells.
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Fig. 1 Chemical reaction of PVA polymer with glutaraldehyde catalysed by acid
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Fig. 2 a Effect of PVA concentration on the swelling capacity (ratio) of
hydrogel. b Effect of GA/PVA mass ratio on swelling capacity of
hydrogel ([PVA] = 5%). c Effect of temperature on PVA/GA hydrogel
swelling ratio (GA/PVA mass ratio 0.03). d Effect of salt solution on
swelling behavior of hydrogel (GA/PVA mass ratio 0.03; ionic strength

values are shown in parentheses). Error bars denote standard deviation of
triplicate measurements. For each dataset shown here, the mean values
were significantly different atP < 0.0001 (one-way ANOVAwith Tukey’s
test)
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Effect of solution temperature on hydrogel swelling

The impact of temperature on PVA/GA hydrogel was investi-
gated by varying the temperature from 50 to 120 °C, as
depicted in Fig. 2c. The results showed that by temperature
variation, the swelling capacity of hydrogels ranged between
~ 1.1 and 1.3%, and thus there was no significant impact of
temperature on the swelling ratio within the temperature range
tested. With increasing temperature, the swelling capacity first
increased till 100 °C, but a slight decrease was noted as the
temperature increased beyond 100 °C. A possible explanation
for this behavior could be increasing diffusivity of GA into the
PVA backbones with increasing temperature from 50 to 100
°C. But, “thermal crosslinking” of the PVA backbones at
higher temperatures, i.e. above 100 °C, caused a slight de-
crease in swelling capacity. This was also because of maxi-
mum extent of crosslinking achieved between GA and PVA,
via the completion of di-acetal formation. These findings and
temperature behavior are in agreement with prior reports
(Hosseinzadeh 2013).

Effect of solution ionic strength on hydrogel swelling

Swelling capacity of PVA/GA hydrogel in different ionic
strength solutions can shed light onto hydrogel behavior for
several practical applications. Effect of salt solutions (NaCl,
CaCl2, and AlCl3) with varying ionic strengths on the swelling
behavior of the hydrogel is shown in Fig. 2d. As the ionic
concentration of the medium increased from NaCl to AlCl3,
the swelling capacity decreased. This could be due to the
higher osmotic pressure in the hydrogels arising from unequal
distribution of ions in the gel-salt aqueous medium. The ions
remain static in the polymeric network, separating them from
the external medium through a semi-permeable membrane.
With increasing ionic concentration in the medium, the differ-
ence in the counter ions in the polymeric network and sur-
rounding medium increased, causing a higher outward osmot-
ic pressure for the water in the hydrogel and thus a reduction in
the water uptake of the hydrogel at equilibrium, thereby re-
duced the swelling capacity. On the other hand, when
hydrogels were placed in distilled water, maximum swelling
was achieved due to minimum osmotic pressure of the water
in the hydrogel allowing uninhibited permeation of water into
the gel (Hosseinzadeh 2013).

Swelling kinetics of hydrogels

Swelling kinetic behavior was investigated to examine the rate
of diffusion of water into the hydrogel, the consequent swell-
ing, and the time it takes to come to an equilibrium state. The
swelling kinetics of the hydrogel for various GA/PVA mass
ratios is depicted as a function of time in Fig. 3a. For all
concentrations, it was observed that initially the hydrogel

absorbed water at a high rate, almost instantly, leading to a
rapid increase in swelling capacity with time, and attained
equilibrium in ~ 30 min.

Water absorption rate and equilibrium swelling % were
also affected by the addition of glutaraldehyde. The plots of
log(Qe–Qt) vs. time, as shown in Fig. 3b, were used to deter-
mine the swelling rate constant k from the slope of each line by
using Eq. (4). Table 1 lists the calculated values of swelling
rate constants k as deduced from the plots in Fig. 3b and
equilibrium swelling % of each GA/PVA mass ratio. Though
the k values did not show a clear trend (Fig. S5, R2 = 0.33),
they were significantly different (P < 0.0001). Highest k value
(k = 0.22 min−1) was for lowest GA/PVA ratio of 0.03, and
lowest k value was for the highest GA/PVA ratio of 0.31 (k =
0.17 min−1); the data thus indicated slower swelling kinetics
with higher GA/PVA mass ratio. The equilibrium swelling
capacity, however, clearly decreased with increasing GA/

Fig. 3 a Swelling behavior of PVA/GA hydrogel at different time inter-
vals for different GA/PVA mass ratio. b Swelling kinetics of PVA/GA
hydrogel with time. The mean values are significantly different with
P < 0.0001 and P = 0.0032, respectively (one-way ANOVA followed
by repeated measures ANOVAwith Tukey’s test)
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PVA ratio. Increasing GA/PVA ratio and higher crosslinking
presumably leads to increased resistance to gel swelling and
decrease in the voids for water uptake, ultimately resulting in
decreased equilibrium swelling (Li et al. 2011).

Effect of pH on swelling behavior of hydrogels

A comparative analysis of the swelling behavior of PVA/GA
hydrogels over time, without and with bacterial cells, at vary-
ing pH levels is shown in Fig. 4a and Fig. 4b, respectively.
The swelling of hydrogel increased slightly with increase in
pH from 3 to 6, and then decreased significantly as the pH rose
to 9. When the pH is raised from 3 to 6, the PVA chains
become highly ionic, leading to repulsion of the like charges,
thereby increasing the swelling ratio. However, further in-
crease in pH from 6 to 9 resulted in decrease in swelling ratio,
which can be explained by increase in ionic strength that pos-
sibly neutralized the negative charges of the acetates (Mansur
et al. 2008). PVA (with the degree of hydrolysis 85–89%)
seemed to possibly act as an amphiphilic polymer, where the
balance between hydrophilic groups (OH− ions) and hydro-
phobic groups (acetate groups) in the aqueous solution pro-
vided the pH sensitivity. The presence of large and bulky
acetate groups in partially hydrolysed PVA weakens both
inter-molecular and intra-molecular hydrogen bonding be-
tween the hydroxyl groups present around, thereby affecting
the balance between the hydroxyls and acetates. Thus, the
swelling capacity of a pH-responsive hydrogel is influenced
by hydrogen bonds and attractive/repulsive electrostatic inter-
actions among the functional groups. Both PVA/GA hydrogel
and BI PVA/GA hydrogel exhibited a similar swelling trend
and pattern with varying pH of the media. The swelling ca-
pacity in BI PVA/GA hydrogel, however, was almost double
as compared to that for the PVA/GA hydrogel. This could be
because of the immobilized viable bacterial cells providing
extra water retention capacity within the hydrogels. The bac-
terial cell membrane acts as a permeability barrier for most
molecules, except solvents. The results thus clearly indicated
that PVA-derived hydrogels were indeed vulnerable to pH
changes in the evaluated pH range, exhibiting highest swelling
capacity at near-neutral pH values.

Isolation and phylogenetic analyses for identification
of bacteria from wastewater

Out of the 40 isolated bacterial strains (named as IB1 to IB40),
IB15 was selected, based on its maximum strong positive
results in the biochemical assays namely amylase, urease, cit-
rate, Voges-Proskauer, gelatin, indole, TSI, catalase, and ca-
sein tests. It also exhibited best growth rate when grown in the
wastewater and maximum reduction in pollutant parameters,
namely BOD, COD, and protein content. Microbial analyses
iden t i f i ed the se lec ted IB15 s t ra in as Baci l lus
pseudomycoides, as shown in Fig. S1. The 16S rRNA se-
quence of the isolate was submitted to GenBank (NCBI) un-
der the access ion number MH229766. Baci l lus
pseudomycoides has similarity with bacterium Bacillus
mycoides. Bacillus pseudomycoides has been reported in

Table 1 Swelling kinetics of PVAwith different concentrations of GA

GA/PVA mass ratio Swelling rate constant, k (min−1) Equilibrium swelling %

GA/PVA = 0.03 0.223 1.244

GA/PVA = 0.06 0.188 1.181

GA/PVA = 0.12 0.182 1.117

GA/PVA = 0.18 0.202 1.081

GA/PVA = 0.25 0.183 1.049

GA/PVA = 0.31 0.173 1.02
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Fig. 4 a Effect of pH on the swelling behavior of PVA/GA hydrogel with
time (GA/PVA mass ratio 0.03). b Effect of pH on the swelling behavior
of BI PVA/GA hydrogel with time (GA/PVA mass ratio 0.03). The mean
values were significantly different with P = 0.0177 and P = 0.0001,
respectively (one-way ANOVAwith Tukey’s test)

Environ Sci Pollut Res (2020) 27:9167–91809174



several previous research reports such as the enhanced potas-
sium uptake in tea plants by increasing potassium availability
in mica waste-treated soil in north-east India by Pramanik
et al. (2019), in the production and characterization of extra-
cellular polymeric substance by Solmaz et al. (2018), and in
the production and characterization of biosurfactant utilizing
soyabean oil waste by Li et al. (2016). EvenBacillus mycoides
has been identified/used in several studies such as its high
nematocidal activity as demonstrated by Luo et al. (2018),
transcriptional response to potato root exudates as shown by
Yi et al. (2018), antibacterial activity and characterization of
bacteriocin from B. mycoides as reported by Sharma and
Gautam (2008), development of an efficient electroporation
method for rhizobacterial Bacillus mycoides strains as report-
ed by Yi and Kuipers (2017), and aerobic and anaerobic bio-
degradation of TNT by B. mycoides reported by Lin et al.
(2013). As per our knowledge, however, there are no extant
reports of either Bacillus pseudomycoides or Bacillus
mycoides being used for wastewater treatment.

Structural and chemical characterization of PVA/GA
hydrogels

Effect of GA on permeability

The assessment of pore size of hydrogel on the basis of con-
centration of GA is an important criterion required for micro-
bial immobilization. The results of the effect of addition of
different amount of GA on the transmittance showed that the
hydrogel became less transparent (Fig. S2), and the % light
transmittance reduced (Fig. S3) (Ma and Xiong 2008). The
hydrogel with GA/PVA mass ratio of 0.03 had the best visible
light transmittance at wavelength 600 nm. Moreover, with
increasing GA/PVA mass ratio from 0.03 to 0.31, UV trans-
mission of Acid Black 24 dye solution at wavelength range
400–800 nm significantly decreased, indicating a reduction in
the hydrogel permeability towards the dye (Fig. S3) (Li et al.
2011); the same was also illustrated by the hydrogel images
when exposed to 1:1 dilution of 50 ppm of Acid Black 24 dye
for 4 h (Fig. S4).

ATR-FTIR analyses

ATR-FTIR absorption spectra of pure PVA hydrogel, PVA/
GA hydrogel, and BI PVA/GA hydrogel are shown in Fig.
5. The pure PVA hydrogel spectrum in Fig. 5a has a charac-
teristic wide peak at 3311 cm−1 indicative of O-H stretching
from inter-molecular and intra-molecular hydrogen bonding.
The vibrational band at 2954 and 1434 cm−1 can be attributed
to asymmetrical stretching vibration and the symmetrical
bending vibration of –CH from alkyl groups, respectively
(Rudra et al. 2015). Also, the appearance of peaks at 1735,
1278, and 1434 cm−1 in the PVA spectrum is due to C=O

stretching, C-O stretching, and O-H bonding, respectively,
of the acetate groups remaining in partially hydrolysed PVA
(85–89% hydrolysed). The absorption bands at 1110 and 3311
cm−1 may be attributed to C-O stretching and O-H stretching
from alcoholic group of PVA, respectively (Rudra et al. 2015).
Figure 5b is the ATR-FTIR spectrum of PVA crosslinked with
GA, i.e. PVA/GA hydrogel. Interestingly, the reduction in
peak at 1735 cm−1 indicates that the aldehyde group of GA
has reacted with –OH group of PVA to a great extent. In
addition, the sharp C-O stretching band at approximately
1110 cm−1 in pure PVA is shifted to 1090 cm−1, which could
be attributed to the ether (C-O-) and the acetal (C-O-C) bonds
formed due to the crosslinking of GAwith PVA. The consid-
erable reduction of peak at 1735 cm−1 could be presumably
due to the CHO groups of GA (present at both ends) being
almost completely utilized in crosslinking with OH group of
PVA chain as shown in Fig. 1. Also, the reduction in peak at
1110 cm−1 and shifting of 3311 cm−1 peak towards a slightly
higher frequency in PVA/GA spectrum supports the hypothe-
sis regarding crosslinking of alcoholic group of PVA with
CHO group of GA resulting into the formation of ether (C-
O-) and acetal ring (C-O-C) (Zhang and Ye 2014). For the BI
PVA/GA hydrogel, Bacillus pseudomycoides, a Gram-
positive bacterium, was immobilized in the hydrogel as
discussed above. Teichoic acids in the cell walls of Gram-
positive bacteria impart an overall negative charge to the cell
wall, which impacts the bacterial adhesion properties (Rudra
et al. 2015). The FTIR analyses for BI hydrogels, shown in
Fig. 5c, revealed that the absorbance peaks associated with C-
O stretching/bending vibrations of alcoholic/acetate group
were reduced significantly after immobilization and conse-
quently shifted towards higher energy. This could be because
of interaction between negatively charged bacterial surface
and slightly positively charged carbon linked with oxygen
atom in the hydrogel structure. The significant decrease in
peak intensity at 2943 cm−1 also supports the entrapment as
well as the involvement of weaker interactions between the
cell surface and the PVA/GA hydrogel.

XRD analyses

Figure 6 shows the XRD spectra of (a) PVA, (b) PVA/GA
hydrogel, and (c) BI PVA/GA hydrogel. As seen in spectrum
(a), PVA has sharp peaks at 2θ = 19.52°, 22.51°, and 41.02°—
indicating a high level of crystallinity. Spectrum (b) of PVA/
GA hydrogel showed a different XRD pattern, with just one
peak observed at 2θ = 20.31°, indicating low crystallinity level
as compared to the pure PVA. This was attributed to the pres-
ence of crosslinking between PVA and GA. Further, increased
crosslinking density due to addition of bacterial cells leads to a
more amorphous BI PVA/GA hydrogel. This was evident
from one weak broad peak at 2θ = 19.88° (spectrum (c)), on
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account of possible interactions between PVA and GA; and
PVA,GA, and bacteria (Minhas et al. 2013; Rudra et al. 2015).

SEM analyses

Based on swelling tests discussed above, both 3 and 5 wt%
PVA/GA hydrogels were selected for immobilization of bac-
terial cells, as both showed appreciable swelling capacity,
clearly illustrated in Fig. 2a. However, after immobilization
in 3 wt% hydrogel, its stability and robustness was lost; which
was not in the case of 5 wt% PVA/GA hydrogel, wherein the
stability and mechanical strength were maintained before as
well as after immobilization of bacterial cells. The unique

microstructure morphologies of cross-section of 3 and
5 wt% PVA/GA hydrogels, with and without bacterial cells,
are illustrated in Fig. 7a–e. The average pore size distribution
ranging from 1.5 to 3.4 μm and 1.3–2.6 μm in 3 and 5 wt%
PVA/GA hydrogels, respectively, was observed all around. A
large number of rod-shaped Bacillus sp. (see Fig. S6) were
found adhered in 5 wt% PVA/GA hydrogel (Fig. 7d, e in
comparison to 3 wt% PVA/GA hydrogel (Fig. 7c). This might
be attributed to the presence of comparatively larger pore size
in 3 wt% PVA/GA hydrogel which could not effectively hold
the bacterial cells. However, the pore size in 5 wt% PVA/GA
hydrogel was small enough to immobilize Bacillus sp., and
retain the immobilized cells through various electrostatic in-
teractions between the hydrogel surfaces and negatively
charged microbial cell wall.

Fluorescence microscopy

The ATR-FTIR spectra and SEM images confirmed the im-
mobilization of Bacillus sp. within the hydrogel. Additionally,
confocal fluorescence microscopy was undertaken to evaluate
the PVA/GA hydrogels for maximum cell immobilization in
viable state and extent of their proliferation with time.
Fluorescence images of 3 wt% BI PVA/GA and 5 wt% BI
PVA/GA hydrogel after 2 and 25 days are shown in Fig. 8.
The stains acridine orange and ethidium bromide were used to
differentiate between live (green) and dead (red) bacterial cells

Fig. 5 Attenuated total
reflectance-Fourier transform
infrared (ATR-FTIR) spectra of
(a) PVA, (b) PVA/GA hydrogel,
(c) BI PVA/GA hydrogel (GA/
PVA mass ratio 0.03)
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Fig. 6 X-Ray diffraction spectra of (a) pure PVA, (b) PVA/GA hydrogel,
(c) BI PVA/GA hydrogel (GA/PVA mass ratio 0.03)

Environ Sci Pollut Res (2020) 27:9167–91809176



immobilized in the hydrogel. The appearance of larger num-
ber of green cells (viable cells) with a few red cells (dead cells)
on day 2 in 5 wt%BI PVA/GA (Fig. 8c) as compared to 3 wt%
BI PVA/GA hydrogel (Fig. 8a) demonstrated the suitability of
5 wt% PVA/GA hydrogel as a supporting matrix with signif-
icant pore size to retain immobilized cells in a viable state.
Further, the increase in the number of living cells in compar-
ison to the dead cells of bacteria on day 25 (Fig. 8d) with
respect to day 2 (Fig. 8c) in 5 wt% BI PVA/GA hydrogel
revealed that the immobilization did not affect the growth
and metabolic activities of microbial cells and a high percent-
age of cells remained viable for almost 3–4 weeks.

PVA/GA hydrogel application for wastewater
treatment

The BOD, COD, and protein content of the untreatedmunicipal
wastewater effluent and treated effluent after the Bacillus
pseudomycoides application as free cells or immobilized in hy-
drogel were measured and compared with the permissible limit

given by WHO (Sayre 1988), and the results are shown in
Table 2. Reduction in BOD was noted to be 32 and 86% by
PVA/GA hydrogel and BI PVA/GA hydrogel, respectively.
Free bacterial cells were also able to reduce BOD by 87%,
much similar to BI PVA/GA application. Further, COD and
protein content also reduced significantly. COD was reduced
by 71 and 73%byBI PVA/GA hydrogel and free bacterial cells,
respectively. Additionally, protein parameter was noted to have
reduced by 60% by BI PVA/GA hydrogel much like by free
cells, i.e. 63%. Metabolic activity of the free bacterial cells was
evidently at par with the immobilized cells and both the forms
were successfully able to reduce the pollutant parameters effec-
tively. These results indicate that Bacillus pseudomycoides
holds a great promise for use in wastewater treatment. The
abatement in pollution parameters confirmed the suitability of
pore size of gel matrix for easy diffusion of organic substances
and N/P from wastewater into the gel carrier to be metabolized
by the immobilized microbial cells in the hydrogel. Moreover,
in course of effluent treatment, no degradation of support matrix
occurred due to the presence of an abundant microbial

Fig. 7 Scanning electron
microscopy images of a 3 wt%
PVA/GA hydrogel, b 5 wt%PVA/
GA hydrogel, c 3 wt% BI PVA/
GA hydrogel (at ×2000), d 5 wt%
BI PVA/GA hydrogel (at ×2000),
and e rod-shaped Bacillus sp.
embedded in 5 wt% PVA/GA
hydrogel (at ×10,000)
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Fig. 8 Fluorescence images of aBI in 3 wt% of PVA/GA hydrogel at day
2, b BI in 3 wt% of PVA/GA hydrogel at day 25, c BI in 5 wt% of PVA/
GA hydrogel at day 2, d BI in 5 wt% of PVA/GA hydrogel at day 25. All

images include an intensity plot below them with x-axis in micrometre
and y-axis in intensity units

Table 2 Bioremediation parameters before and after the hydrogel
application. All values are shown as mean ± standard deviation (S.D.)
for 3 determinations. For “treated municipal wastewater”, % reduction is

shown in parentheses. The mean values of PVA/GA hydrogel, BI PVA/
GA hydrogel, and free bacteria are significantly different from the
untreated values at P < 0.0001 (one-way ANOVAwith Tukey’s test)

Wastewater parameters Untreated municipal
wastewater

Treated municipal wastewater (% reduction) WHO prescribed permissible
effluent limitsa (mg.L−1)

PVA/GA hydrogel Free bacteria Bacteria immobilized
PVA/GA hydrogel

Biochemical oxygen demand
(BOD, mg.L−1)

180 ± 1.53 123 ± 2.08 (32%) 23 ± 1.23 (87%) 25 ± 1.65 (86%) 30

Chemical oxygen demand
(COD, mg.L−1)

415 ± 2.65 368 ± 1 (11%) 114 ± 1.14 (73%) 120 ± 2.52 (71%) 250

Protein (mg.L−1) 0.030 ± 0.004 0.028 ± 0.002 (7%) 0.011 ± 0.003 (63%) 0.012 ± 0.005 (60%) 0.020

a These are monthly permissible limits
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population in the wastewater, even after 2–3 months of contin-
uous use. Also, there was no significant difference in Bacillus
sp. activity, whether in free or immobilized forms, during the
treatment of municipal wastewater effluent.

Conclusions

A simple, expedited, single-step preparation of PVA/GA hydro-
gel (with andwithout immobilized bacterial cells) was effectively
demonstrated with a rapid method that takes 2 h, which is sig-
nificantly faster than preparation times (6–72 h) reported in prior
studies (Mansur et al. 2008; Rudra et al. 2015). The porosity of
developed hydrogel favored the growth and proliferation of
immobilized bacteria and also diffusion of nutrients to the cells
(within the hydrogel) from the surrounding environment.
Temperature independent preparation of the present hydrogel
achieved its equilibrium swelling capacity in 30 min and showed
maximum swelling at a slightly acidic pH of 6, posing no harsh
effect on the cell growth and activity. Bacteria immobilized PVA/
GA hydrogel had favorable kinetics without any leaching com-
plications of the supporting matrix. Moreover, metabolic activity
of the immobilized cells was investigated in terms of reduction in
BOD, COD, and protein—suggesting the potential of
immobilized microbial cells in a mechanically stable matrix for
successful wastewater treatment. Finally, viability of the
immobilized bacteria in the hydrogel for more than 2 months
bodes well for the future use of this technology on an applied
scale, in municipal wastewater treatment plants or in the industry.
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