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ABSTRACT

The aim of this research work was to explore formaldehyde (HCHO) degrading bacterium from
industrial effluent. Formaldehyde biodegradation characteristics were evaluated in a batch process,
under aerobic conditions. The experiments were performed with Bacillus cereus to reveal its formal-
dehyde degrading activity. Process parameters were studied with different experimental conditions
of pH and inoculum concentration with initial HCHO concentration of 100, 200, and 300 mg/L to
determine the effect of parameters on percentage degradation of formaldehyde. The process was
carried out in a temperature controlled orbital shaker at 37°C for 2 d at 200 rpm speed. The exper-
imental results showed that B. cereus exhibited the highest removal efficiency of formaldehyde by
using surface immobilization beads, which reaches a maximum of 98% reduction at pH 7 and 15%
inoculum size with initial formaldehyde concentration of 300 mg/L. The surface immobilization
beads were analyzed by using the scanning electron microscopy before and after the biodegradation
of formaldehyde to reveal the condition of beads and its contact with the substrate. A pure bacte-
rial strain of B. cereus CIT (Accession number MN658860) was newly isolated and used for biodeg-
radation of formaldehyde under different experimental conditions. From this study, microorgan-
ism has been identified by using 16s rRNA cell sequencing and it has confirmed that the isolated
species was B. cereus. The growth of B. cereus was analyzed by growth curve and its formaldehyde
degradation effect was observed by microbial inhibitory concentration. The isolated bacterial species
has high potential for biodegradation of formaldehyde in wastewater.

Keywords: Formaldehyde degradation; Bacillus cereus; Surface immobilization; Scanning electron

microscope analysis; Process parameters

1. Introduction

Volatile organic compounds (VOCs) are toxic pollut-
ants, that are released into the environment is either by
man-made or natural [1-3]. The toxic compounds that are
released into the environment have been increased in the
present scenario due to industrial development and organic
fuels utilization [4]. These compounds degrade slowly and
accumulate in the ecosystem and cause serious damage to
the environment and also to the exposed human beings [5].
Increasing industrialization has provided many advantages
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to mankind but it also impacted the environment harmfully
[6]. In the past decades industries released a large amount
of these pollutants into the ecological systems [7]. Among
these, formaldehyde is considered as one of the major VOCs
emitted from industries because of its harmful effects on
human health and high emission level in atmosphere [4].
Therefore, it is most important that the treatment of waste-
water, before it gets discharged into the environment.
Formaldehyde is the most dangerous and toxic organic
compound present in industrial wastewater. The report on
carcinogens reveals that, formaldehyde is the 25th most

1944-3994/1944-3986 © 2023 Desalination Publications. All rights reserved.



192 P. Ezhilkumar et al. / Desalination and Water Treatment 287 (2023) 191-199

produced chemical (5 million ton/y) in the United States of
America. Formaldehyde has been reported as toxic organic
compound and has been enlisted among 45 organic sub-
stances that have detrimental effects on environment [8]. A
variety of techniques have been reported for formaldehyde
(HCHO) treatment. Various types of physical, chemical, and
biological processes, involving photolysis, hydrolysis, bio-
logical decomposition, oxidation, adsorption, and simple
evolution, are utilized to reduce the concentration of HCHO
which are found in the environment [9]. The oxidation
methods have good performance in removing degradable
toxic contaminants such as HCHO, but the production of
by-products and their release into the environment is one of
the serious limitations of this method. Therefore, the use of
complementary methods such as biological methods to elim-
inate such contaminants is mandatory [10]. Bioremediation
was considered to be the most appropriate methods as it
is eco-friendly and cheaper method compared to conven-
tional adsorption and chemical oxidation processes [11].
Diverse metabolic capabilities of microorganisms have
been worked by man in different ways in the biodegrada-
tion of waste materials [12]. The principle of bioremediation
is based on consuming VOCs by microorganism as an energy
resource in cellular respiration phase and as carbon resource
in growth phase [13]. Microbial treatments for bioremedia-
tion of toxic and hazardous environmental pollutants are
being preceded along vigorously [14]. Microorganisms play
a major role in transformation of harmful organic pollut-
ants to lesser or no harmful compounds due to the power-
ful catalytic activity of enzymes that are capable of changing
toxicity and/or structure of contaminants [15]. The effec-
tiveness depends upon type of pollutants and microor-
ganisms that are chosen for the remediation studies.
Microorganisms such as Flavobacterium, Candida,
Alcaligenes, Streptomyces, Cellulosimicrobium,
Trichoderma, Penicillium, Methanospirillum, Sphingobium,
Rhodococcus, Aspergillus, Rhodotorula, etc., have been
isolated and characterized, which have shown notable bio-
degradation potential for different pollutants from environ-
ment. Microorganisms utilize the contaminants potentially
as carbon and/or nitrogen sources for growth and meta-
bolic activities [16]. Various microbes which are resistant
to formaldehyde have the ability to degrade formaldehyde.
Pseudomonas putida degrades formaldehyde with formalde-
hyde dismutase enzyme [17]. The study with Pseudomonas
putida A2 is found to be capable enough to degrade about
400 mg/L of formaldehyde in 100 h as the sole carbon source.
It has also been reported that gram-positive Bacillus and
gram-negative coccus were found to be the most domi-
nant species in the biological degradation of formaldehyde
wastewater [18]. Though variety of microbial strains acts
as an engine in the biodegradation process, in case of high
formaldehyde concentrations significant inhibition phenom-
enon is observed as a major element and hence screening for
high tolerance formaldehyde strain is utmost required [19].
Bacillus species has capability to tolerate harsh environmen-
tal conditions by forming antibiotics, quorum quenching
enzymes and spores; thereby they can survive at various
adverse living conditions [3]. Bacillus cereus is a gram-posi-
tive, rod-shaped bacteria which is isolated from the soil and
waste effluent water naturally. Using immobilization beads

of B. cereus with surface growth is the more effective for treat-
ment of wastewater comparing to use of free cells. Sodium
alginate was used for preparing immobilized beads to entrap
bacterial cells and act as a supporting material which pos-
sess high porosity. Biodegradation studies in environmen-
tal processes will focus on both growth characteristics and
degradation of toxic contaminants in the wastewater. Cell
immobilization is an alternative method for enzyme immo-
bilization in recent days. Selection of the support material
plays a vital role in the process of immobilization. Different
support materials, such as calcium alginate, alumina and
nanomaterial’s like nanofibers are used for immobilization
of free cells by entrapment or physical adsorption meth-
ods [20]. The immobilized cells were more effective in
treatment of the wastewater due to conversion rate of toxic
substances into nutrient, production of biomass and car-
bon dioxide. Biodegradation rate using immobilized cells
will be better when mass transfer resistance is absent [21].
The study deals with isolation, screening, identification
of more efficient microorganism for degradation of HCHO
from wastewater. The confirmation of the strain was per-
formed by 16s rDNA studies and its efficacy was evaluated
in a batch process. The isolated strain was immobilized and
allowed for surface growth and used for formaldehyde
degrading experiments with different parameters.

2. Materials and methods

The isolation of bacterial species was performed by serial
dilution method and the cell sequencing was done by 16s
rDNA sequence determination. The biodegradation study
was performed in batch process using isolated species.

2.1. Chemicals and reagents

Analytical grade chemicals with purity greater than 99%
were procured from HiMedia Laboratories Private Limited,
India were used in this study. The chemicals used for the
isolation and experimental study were Luria—Bertani (LB)
agar, Luria-Bertani (LB) broth, yeast extract, beef extract,
starch, sodium alginate, calcium chloride, sodium chloride,
sodium hydroxide, hydrochloric acid, formaldehyde. The
reagents used for analysis of formaldehyde concentration
in samples before and after treatments by Hantzsch method
were ammonium acetate, acetyl acetone and acetic acid. The
Hantzsch reagents were prepared for reagent with pentane
2,4-dione and reagent without pentane 2,4-dione.

2.2. Sample preparation and isolation of microorganism

The industrial effluent containing formaldehyde was
collected from State Industries Promotion Corporation of
Tamil Nadu Ltd., (SIPCOT), Hosur, India. The initial form-
aldehyde concentration of effluent was analyzed by using
Hantzsch reagents which was 100-120 mg/L. 10 mL efflu-
ent was diluted to 90 mL using sterile water in a 250 mL
flask containing LB medium. Then medium with effluent
was incubated at 37°C for 24 h in a rotary shaker incubator
(Orbitek, Scigenics Biotech Private Limited, Chennai, India)
at 200 rpm [22,23]. The sample culture was checked for its
decrease in the turbidity and was plated on to LB agar with
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serial dilution to isolate the colonies [24]. Colonies with dis-
tinct morphological characteristics such as colour, shape and
size, were selected and purified with standard procedure
[22]. Starch indicator was used for confirmation of Bacillus
species. The broth medium was kept in the incubator for
24 h for the bacterial growth. Sub-culture was prepared
from mother culture under optimal growth condition with
standard procedure to carry out characterization of microor-
ganism and experimental studies [22].

2.3. Characterization of microorganism

The isolated pure cultures were streaked in a separate
petri plate for the growth. Visual observation was done
using microscope to assess the growth and colony morphol-
ogy. Gram staining was performed for identification using
the microorganism from the fully developed colony [25].

2.3.1. DNA extraction, PCR, sequencing and phylogenetic
analysis

2.3.1.1. Cell sequencing by 16s rDNA sequence determination

The isolates which have shown growth on formalde-
hyde concentration were considered as potential degrad-
ers. Among the isolated bacteria, B. cereus was found to be
potent formaldehyde degraders. Hence, for cumulative
identification, these isolates were sent to Yaazh Xenomics,
Coimbatore, India, for the cell sequencing and DNA
extraction was performed as per the standard protocol [26].
Amplification of 16s rDNA was done by colony polymerized
chain reaction (PCR) method. PCR was performed based
on the standard procedure with thermal cycling condi-
tions. The reaction mixture about 25 uL containing 5 pL of
DNA extract as the template, 1.5 puL of forward primer 8F
(5’ AGAGTTTGATCCTGGCTCAG3) and reverse primer
1541R (5 AAGGAGGTGATCCAGCCGCA3’), 5 uL of deion-
ized water, and 12 pL of Taq Master Mix [8]. 16s rRNA
universal primers were used to perform single pass sequenc-
ing. Samples were prepared using standard protocol and
subjected to electrophoresis (ABI 3730xl sequencer, Applied
Biosystems). Obtained sequence was matched with National
Centre for Biotechnology Information (NCBI) database using
BLASTN [9]. MUSCLE 3.7 was employed to study multi-
ple alignments of sequences [27]. Program PhyML3.0aLRT
was used for phylogenecy analysis and HKY85 as substitu-
tion model. The program Tree Dyn 198.3 was used for tree
rendering [28]. Phylogenetic tree shown in the supplemen-
tary Fig. S1 illustrates the evolutionary relationship among
groups of organisms or among a family of related nucleic
acid [28].

2.4. Growth analysis for resistant microorganism

The growth of bacterium in industrial effluents was
determined in batch mode. A volume of 50 mL LB broth
were prepared and inoculated with 1 mL of respective
bacterial culture into the media. The culture along with
positive control and negative control were incubated in
shaking incubator at optimal condition with standard pro-
cedure [22]. The cell growth was measured by measuring

optical density of the culture for every 1 h by using UV-Vis
Spectrophotometer (Elico Ltd., India, SL 164 double beam)
at 410 nm for the duration of 24 h [29].

2.5. Minimum inhibitory concentration (MIC)

To determine the ability of formaldehyde resistant micro-
organism of isolated microorganisms, 5 mL of the isolated
microorganism from mother culture was taken and inocu-
lated into freshly prepared 50 mL LB broth media, contain-
ing varying concentrations of 100, 200, and 300 mg/L, pH of
6, 6.5, 7 and inoculum volume 5%, 10%, 15% HCHO. Then
the broth was incubated at specific conditions to observe
HCHO resistant species [22].

2.6. Biodegradation of formaldehyde using isolated B. cereus
2.6.1. Preparation of aqueous solution

The aqueous solution used for experiment was prepared
by using formaldehyde solution with 10% methanol as sta-
bilizer which prevents evaporation of HCHO due to vol-
atile in nature. The stock solution was prepared by taking
10 mL of formaldehyde in a 1,000 mL standard measuring
flask and then distilled water is added to make the solution
to 1,000 mL and stirred well. From the above stock solution,
the working standard was prepared (100, 200 and 300 mg/L)
by taking 10, 20, and 30 mL of stock solution in a 1,000 mL
standard measuring flask, respectively and making the
solution to 1,000 mL [30]. Totally 27 samples were analysed
with different parameters.

2.6.2. Inoculum preparation

Newly isolated species B. cereus from the stock culture
was sub-cultured and inoculated on nutrient broth medium
containing beef extract, yeast extract, peptic digest of ani-
mal tissue and sodium chloride for bacterial growth. The
optimum growth temperature was maintained for B. cereus
at 37°C. The increase of turbidity reveals the growth of
bacteria in the medium. The culture was acclimatized with
100 mg/L formaldehyde for its sustainability in the media
[24]. Then the cells were utilized for immobilization beads
preparation and for surface growth.

2.7. Immobilized beads with surface growth

The beads were formed by extruding 5% sodium alginate
solution with species into calcium chloride solution with a
needle dropper. Dropped beads were kept in the calcium
chloride solution for 1 h to harden the beads and washed
three times with sterile distilled water. These beads were
taken in inoculated broth medium for surface growth and
incubated in temperature controlled orbital shaker.

2.8. Experimental procedure for biodegradation in batch process

The experimental studies were performed in the 250 mL
batch reactor (conical flask). It consists of 150 mL form-
aldehyde solution with varying concentration and sur-
face immobilized beads in each of the conical flask. The
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experimental studies were performed with different experi-
mental conditions of pH value (6.5, 7.0 and 7.5) and inoculum
concentration (5%, 10% and 15%) to determine the effect of
parameters on the degradation process [31]. The pH of the
solution was adjusted with 2 N NaOH or 2 N HCl [32]. The
incubations were done on the temperature controlled orbital
shaker at 37°C at 200 rpm for 2 d [22,23,33,34]. Samples were
withdrawn at regular time interval and the concentration
of formaldehyde was determined by Hantzsch method by
using UV-Visible spectrophotometer at 410 nm (Elico Ltd.,
India, SL 164 double beam). This experiment was repeated
by varying the formaldehyde concentration to determine
the effect of concentration on the degradation process for
species B. cereus (MN658860).

Formaldehyde degradation efficiency was calculated by
using the formula:

C -C
E(HCHO) (%) = {(OCOF)} =100

where C, — initial formaldehyde concentration (mg/L) and
C, - final formaldehyde concentration (mg/L).

2.9. Scanning electron microscopic analysis

Calcium alginate beads with surface growth and with-
out surface growth immobilized cells were examined with
VEGAS3 TESCON scanning electron microscope (SEM; Czech
Republic). It uses a focused beam of high-energy electrons
for generation of variety of signals at surface of solid spec-
imens. Signals derived from electron-sample interactions
reveals information about sample. Standard protocols were
followed for SEM analysis.

3. Results and discussion
3.1. B. cereus — MIN658860

General physio chemical characterization was done
for the isolated bacteria and staining was performed. The
isolates which have shown growth on formaldehyde con-
centration were considered as potential degraders. Among
the isolated bacteria, the potential degrader was subjected
to the 16s rDNA sequence analysis and the sequence were
deposited in NCBI and it was published with GenBank
accession number MN658860 and named as B. cereus CIT
(Accession Number MN658860).

3.1.1. 165 rDNA sequence determination

Though many bacterial isolates were obtained from
industrial effluent, their efficiency in degrading formalde-
hyde was inferior to B. cereus. Hence the rest of the isolates
were omitted and B. cereus alone included in the current
investigation. The study reveals that the strain isolated was
close to the members of genus B. cereus. The partially ampli-
fied 16s rDNA sequence was submitted to NCBI database
search. The highest sequence similarity conformed that it is
closely related to B. cereus. Details are given in the supple-
mentary Fig. S52.

3.2. Growth curve analysis and minimum inhibitory
concentration

For the growth curve analysis (Fig. 1) the initial con-
centration of formaldehyde taken was 300 mg/L which was
the maximum concentration level used for biodegradation
experiment. There is lag in the growth of cells from initial
time to 2 h which shows adaptation period. During the time
period of 2-5 h there is gradual and rapid increase in the
growth of cells which shows the exponential growth period.
Optical density increased as the time increases at the begin-
ning, and reached the maximum value at 5 h. Inhibitory
effect was observed as value of the optical density declined
rapidly with further increase in time; no growth was found
for the time higher than 7 h and maximum concentration of
formaldehyde was about 300 mg/L at corresponding optical
density. The biodegradation of formaldehyde decreased at
concentrations higher than 300 mg/L [35]. After analysing
the incubated samples dosed with HCHO, it was revealed
that the microbial growth was inhibited due to the pres-
ence of formaldehyde. For higher HCHO concentrations
(above 300 mg/L) degradation percentages decreased as the
formaldehyde concentration increased. The experiments
were carried out using positive and negative control. The
absorbance value(s) were related to the values obtained by
Jarusutthirak et al. [36] in their studies.

3.3. Biodegradation of formaldehyde using B. cereus
(MN658860.01)

The biological treatments of wastewater systems are
cost effective, but their efficiency is directly proportional
to performance of the microbial community associated
with the specific system [37]. A pure culture of B. cereus
was isolated and used for the biodegradation of formalde-
hyde under different experimental conditions of pH, inoc-
ulum size and HCHO concentration. Identification and cell
sequencing was made to confirm the species as B. cereus.
The experimental results were shown that the removal effi-
ciency of formaldehyde by using surface immobilization
beads reaches a maximum of 98% reduction at pH 7, 15%
inoculum size and in initial formaldehyde concentration of
300 mg/L.

0.9
0.8
0.7

0.5
0.4
0.3
0.2
0.1

Optical Density

3 E5 25 3 35 4 45 5 55§ 65 7 A5 __5' 8.5_': S B
Time (Hours)

Fig. 1. Growth curve analysis with the initial concentration
of formaldehyde 300 mg/L (standard deviation is shown by
error bars).
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3.4. Process parameters
3.4.1. Effect of pH on percentage degradation

The speed of reactions relies on the pH of the environ-
ment, and pH directly or indirectly affects the oxidation of
chemical materials [9]. Jarusutthirak et al. [36], in their study
reported that the pH range of 5-7 was optimum pH for
formaldehyde removal. Under acidic condition the formal-
dehyde degradation efficiency was low and it was increased
to maximum level at neutral pH. Then at basic condition
with pH 7.5 and above again the degradation efficiency
was reduced to appropriate level. At pH 7.0, the maximum
degradation efficiency was achieved for 300 mg/L of initial
HCHO concentration with inoculum size 15%.

The formaldehyde degradation with surface immobi-
lized beads of B. cereus at various HCHO concentrations
at pH 6.5 ranging from 100 to 300 mg/L was shown in
(Fig. 2a—c). The maximum degradation of formaldehyde
(85.15%) was achieved at a concentration of 300 mg/L with
inoculum size 10% at pH of 6.5 and 8 h (Fig. 2c). The sur-
face immobilized beads of newly isolated strain B. cereus
could degrade formaldehyde at initial concentrations at pH
7.0 varying from 100-300 mg/L was shown in (Fig. 3a—c).
The maximum degradation of formaldehyde (98.05%) was
achieved at a concentration of 300 mg/L with inoculum size
15% at a pH of 7 and 8 h (Fig. 3c). The surface immobilized
beads of B. cereus degrade formaldehyde at initial concen-
trations at pH 7.5 varying from 100-300 mg/L was shown
in (Fig. 4a—c). The maximum degradation of formaldehyde
(93.40%) was achieved at a concentration of 300 mg/L with
inoculum size 10% at a pH of 7.5 and 3 h (Fig. 4c).

The experimental studies reveal that the degradation
was low at acidic and basic condition but maximum deg-
radation achieves at neutral pH. Under alkaline conditions,
the radical oxidation potential of hydroxide decreases, con-
sequently the efficiency of the process also decreases [38].
The experimental results show that for surface immobi-
lized beads the percentage degradation was 85.15% at pH
6.5 and it was increased to 98.05% at pH 7.0, further it was
decreased to 93.40 at pH 7.5. The study revealed that the
optimum pH for the degradation of formaldehyde was 7.0
with maximum degradation of 98.05%.

3.4.2. Effect of initial concentration of HCHO on percentage
degradation

It is very clear that the concentration of pollutants is
one of the most important parameter that varies in different
industries. Hence, studying the effect of the initial concentra-
tion of pollutants on the degradation efficiency is required
[39]. Based on the result from the experiments it is evident
that at initial time the degradation was low due to adaptation
period and as time increases the degradation also increases
in most experimental conditions. The degradation efficiency
of HCHO by Bacillus species was maximum at lower con-
centration in the range of 100-400 mg/L and decreases after
400 mg/L [40]. Similarly at initial HCHO concentration of
100 mg/L the degradation was achieved at low level and
it was increased at 200 mg/L reasonably. But at initial con-
centration of 300 mg/L the degradation of formaldehyde
was achieved as 98.05% for immobilized beads with surface

growth. At low concentration of HCHO, the hydroxyl radi-
cals can easily remove a large percentage of the contaminants
present in the reactor but, by increasing the concentration
of the contaminant, the amount of these radicals will be
insufficient for its further degradation [39,41]. By increas-
ing the initial concentration of formaldehyde, the amount
of contact and exposure of the formaldehyde to hydroxyl
radicals declines, which causes more utilization of hydroxyl
radicals and decreases the removal efficiency [42].

3.5. SEM analysis of surface immobilized beads

The surface immobilization bacterial beads were ana-
lyzed by using the SEM before and after the biodegradation
of formaldehyde to reveal the surface growth on the beads
(Fig. 5a and b). The view field range from 415 um-2.07 mm
and width range are 10.29-9.82 mm.
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Fig. 5. Scanning electron microscopy analysis (a) before surface growth and (b) after surface growth.
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Fig. 6. Scanning electron microscopy analysis of surface immobilization beads (a) before treatment, view field 415 pum and

(b) after treatment, view field 2.07 mm.

Further, the surface immobilization beads were analyzed
by using the SEM before and after the biodegradation of
formaldehyde to reveal the condition of beads and increasing
contact with the substrate (Fig. 6a and b). The analysis shows
that there are changes on surface of immobilized beads.
Initially beads were having rough surfaces, after experiment
the surfaces become flat due to repeated usage, as shown in
Fig. 6b. The repeated usage of beads causes erosion of cells
present on the surface of the matrix so that number of cells,
which are in contact with substrate decreases that leads to
decreased activity [30]. The pores present in the surface of
the bead appeared to be coarse and uneven, which is help-
ful to increase specific surface area of the beads and increase
diffusion of substrates [28]. The images observed by SEM
indicated that the structure of the beads was beneficial for
increasing activity of surface immobilized cells [13].

4. Conclusion

A pure culture of B. cereus (MN658860) was newly iso-
lated and used for biodegradation of formaldehyde under
different experimental conditions of pH, inoculums size
and HCHO concentration. Identification and 16s rRNA cell
sequencing were performed to confirm the isolated spe-
cies was B. cereus. The growth of B. cereus was analyzed by
growth curve and its formaldehyde degradation effect was
observed by microbial inhibitory concentration. The iso-
lated pure culture of B. cereus was used for biodegradation
of formaldehyde and the experiment was conducted at var-
ious conditions of pH, inoculum size and HCHO concen-
tration. The experimental results confirmed that removal
efficiency of formaldehyde by using surface immobilization
beads reaches a maximum of 98.05% reduction at pH 7, 15%
inoculum size with initial formaldehyde concentration of
300 mg/L. The surface immobilization beads were analyzed
by using SEM before and after the biodegradation of formal-
dehyde to reveal the condition of beads and increasing con-
tact with the substrate.

5. Limitation and scope of the study

Hence the data obtained in this research work were lab-
oratory scale process and through modeling, there is con-
siderable scope to extend this in future. In this context, it is
valuable to consider the following;:

¢ The kinetics of microbial growth study.

¢ The degradation can be predicted by using mixed cul-
ture of microorganisms.

* Degradation of formaldehyde by using the combina-
tion of both microbial and photo catalytic methods in
various concentration.
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