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Abstract

This study reports the degradation and decolourization capability of a manganese peroxidase
enzyme producing bacterium isolated from pulp and paper mill wastewater. The isolate was
identified as Bacillus aryabhattai based on biochemical analysis and 16S rRNA gene sequencing. The
strain was designated MG966493. This bacterium was able to reduce 67% and 54% colour and lignin,
respectively from the pulp and paper mill wastewater after 144 h of treatment at 32 °C, pH 7.6 and
120 rpm. Further, FT-IR analysis showed that during the lignin degradation process a number of
metabolites were produced comprising different functional groups such as carbonyl (C = C), carboxy!
(-COOH), alkene (C=C), amines (-NH2), sulphonic (-SO3) and nitro (-NO2). In addition, the SEM
analysis showed that the bacterial cells exposed to pulp and paper mill wastewater have rough
surfaces with reduced size as compared to the unexposed cells with smooth surfaces. This study
concluded that the isolated bacterium B. aryabhattai has significant potential for the bioremediation
of pulp and paper mill wastewater and thus, can be applied for their treatment at an industrial scale.

Keywords: Pulp and paper mill wastewater, bacterial degradation, lignin reduction, SEM analysis, FT-
IR analysis.

Introduction

Pulp and paper industry is the third most wastewater producing industry in the world and key
contributors to the industrial water pollution (Asghar et al. 2008). According to the Indian Ministry of
Environment and Forest (MOEF), pulp and paper industry is categorized as one of the “Red
Category” of 17 listed industries, which causes severe environmental pollution. In order to minimize



the environmental pollution, the industry must follow various effluent discharge standards set by
the Central Pollution Control Board (CPCB 2010) and other agencies.

Pulp and paper industry discharges a dark brown coloured wastewater produced during the various
stages of paper making process into the environment. This deeply coloured wastewater is reported
to have high pollution parameters such as biochemical oxygen demand (BOD), chemical oxygen
demand (COD), suspended solids (SS) along with toxic chlorinated compounds, tannins, resin acids,
sulfur compounds, lignin and its degradation products (Haq et al. 2016a, b; Pokhrel and
Viraraghavan 2004). This dark coloured wastewater, if discharges into the environment without
treatment or partial treatment can cause undesirable colouration of aquatic resources along with
increase in BOD, COD values, reduction in dissolved oxygen content and photosynthetic activity of
aquatic plants (Bharagava et al. 2009; Ali and Sreekrishnan 2001; Karrasch et al. 2006). Chlorinated
organic compounds of pulp and paper mill wastewater can also lead to genetic mutations and skin
disorders in exposed organisms (Easton et al. 1997; Malik et al. 2009). In the terrestrial ecosystem,
pulp and paper mill wastewater reduces soil fertility and crop productivity and if the contaminants
enter the food chain, these may lead to genotoxic, carcinogenic, and clastogenic effects in human
and animals (Savant et al. 2006; Mandal and Bandana 1996).

Due to the above environmental problems, total chlorine free (TCF) bleaching process involving the
use of oxygen, hydrogen peroxide, ozone, and peracetic acid has been introduced in papermaking
process to prevent the environmental pollution. This eliminates bleaching with elemental chlorine
that releases dioxins and furans into the environment. This also fulfills the market demand of non-
chlorine based chemical bleached pulp (Miri et al. 2015; Yaqoob et al. 2011; 2010).

An increased use of TCF bleaching was expected worldwide especially outside of Europe. However,
TCF is currently used in few countries only, accounting 5% of the total bleached pulp production
worldwide in 2010 because of low market uptake, higher bleaching cost, lower pulp strength,
reduction in the removal of hexenuronic acid, and more brightness reversion compared to the
elemental chlorine free bleached pulp (Miri et al., 2015). Thus, it is necessary to adequately treat the
generated wastewaters before its final discharge into the environment. Although a number of
physico-chemical and biological methods have been reported for the treatment of pulp and paper
mill wastewater, they are energy demanding, costly and also generate secondary pollutants (Yang et
al. 2008). Intensive research has been carried out on the microbial degradation and decolourization
of pulp and paper mill wastewater using bacteria or fungi or their enzymes to replace these
conventional treatment methods.

Most of the research on the degradation of pulp and paper mill wastewater involved fungi as they
degrade lignin and other pollutants efficiently. However, fungi require low pH for better
performance while the pH of pulp and paper mill wastewater tends to be neutral or alkaline
(between 7-9), the requirement to reduce the pH of wastewater prior to the fungal treatment
resulting in an additional cost (Raghukumar et al. 2008; Costa et al. 2017). In contrast, bacteria
survive well in neutral to alkaline pH (pH-7 to pH-9) and is suitable for the treatment of pulp and
paper mill wastewater without any need of pH adjustment (Brown and Chang 2014; Rahman et al.
2013). Many bacterial species and their enzymes have been reported for lignin degradation, colour
removal and toxicity reduction, but the reduction rate of pollution parameters by bacterial strains
have been found lower than that of fungi (Singh et al. 2011; Raj et al. 2014; Costa et al. 2017). Thus,
there is a need to search for potential bacterial strains for the effective treatment of pulp and paper
mill wastewater. The present study is focused on the isolation, screening and characterization of
manganese peroxidase producing bacterial strains and the evaluation of their potential for
degradation and decolourization of pulp and paper mill wastewater for environmental safety.



Materials and methods

Chemicals

All the reagents and chemicals used in this study were of analytical grade. The purified synthetic
kraft lignin (molecular weight, 28,000 dalton) powder was purchased from Sigma Aldrich (USA).
Glucose, peptone, agar and salts used in bacterial degradation experiments were purchased from Hi-
Media (Mumbai, India).

Sampling site and sample collection

The wastewater samples were collected from the outlet of Century Pulp Paper Mill, Lalkuan,
Uttarakhand (India). The wastewater was collected in sterile plastic containers of 5 L capacity,
transported to laboratory and stored at 4 °C. The samples were analyzed for various physico-
chemical parameters and also used in isolation of potential bacterial strains capable for the
degradation and decolourization of pulp and paper mill wastewater.

Physico-chemical analysis of pulp and paper mill effluent

The physico-chemical analysis of pulp and paper mill wastewater was performed in triplicates as per
the standard methods (APHA 2012). The collected wastewater sample was analyzed for pH,
temperature, COD (open reflux method), BOD (5 days method), total dissolved solids (TDS), total
suspended solids (TSS) and total solids (TS) (drying method), total nitrogen (Kjeldhal method), sulfate
and phosphate by the BaCl, precipitation method and the Vanadomolybdo-phosphoric acid method,
respectively (APHA 2012). The colour and lignin in wastewater was measured following the CPPA
(1974) and Pearl and Benson (1940) methods, respectively. The pH of wastewater was measured
using a digital pH meter (Metrohm, USA). Heavy metals such as copper, zinc and iron were analyzed
using atomic absorption spectrophotometry (AAS) (VARIAN AS240FS, Australia) after acid digestion
(APHA 2012).

Enrichment of sludge sample and isolation of lignin degrading bacterial strains

Nutrient enrichment technique was used to isolate potential bacterial strains (Morii et al. 1995).
Wastewater sample (20 mL) was added in a Erlenmeyer flask (250 mL) containing 80 mL of sterile
mineral salt medium (MSM) of the following composition (in g L-1): Na;HPO4 2.4; KH,PO4 2.0;
NH4NOs5 0.1; MgS0, 0.01; CaCl, 0.01; D-glucose 10.0; peptone 5.0 (Chandra et al. 2007) and trace
elements solution (1ML L-1) (Pfenning and Lippert 1996). The pH of medium was adjusted to 7.5
0.1. Lignin (100 mg L-1) was added to medium (LMSM) as carbon source and flasks were incubated
at 30°C under shaking conditions (120 rpm). After 5 days of incubation, 10 mL of sample was
transferred to a fresh 90 mL lighin amended mineral salt medium (L-MSM) and incubated for 48 h at
30 °C under shaking conditions (120 rpm) (Hooda et al. 2015).

The culture broth was serially diluted to 10-4 and 10-5 and 50pL of this culture broth was spread
onto the lignin amended MSM agar plates followed by incubation at 3212 °C for 48 hours. The
morphologically and phenotypically different colonies developed on the plates were selected, picked
up and purified by repeated streak plate method on the same medium. The purified colonies were
sub-cultured on MSM agar plates supplemented with the increasing concentration of kraft lignin i.e.
200 to 1500 mg/L. Finally, four bacterial isolates that were able to grow at the highest concentration
of 1200 mg/L of kraft lignin were selected and streaked on the L-MSM agar plates.

Screening of isolated bacterial strains for ligninolytic enzyme activity
The screening of purified bacterial isolates was carried out based on the dye decolorization method.
The isolated bacterial strains were screened for manganese peroxidase activity using phenol red dye



as an indicator. The phenol red dye at the concentration of 0.01% was added to the sterile MSM
agar medium under aseptic conditions. All the four bacterial isolates were streaked onto the MSM
agar plates amended with phenol red dye and incubated at 32 °C for 48 h. A decolourization zone
developed around the bacterial colonies indicates positive result of ligninolytic enzyme activity. Out
of the four bacterial isolates, only one bacterium was found capable to produce clear zone of
decolorization and was selected for further studies. This bacterium was also grown in liquid medium
(MSM broth) containing 0.01% phenol red dye. A loopful of bacterial culture was inoculated into 10
mL nutrient broth followed by incubation at 32 °C under shaking flask condition at 120 rpm.

After 24 h, 1 mL of culture was transferred to 99 mL of MSM (pH 7.6) and incubated at 32°C and 120
rpm for 72 h. At a regular time interval, samples were withdrawn and bacterial growth, dye
decolourization and MnP activity measured. The flasks having no bacterial culture were used as
control.

Characterization and identification of isolated bacterial strain

Biochemical characterization

The isolated bacterial strain was characterized morphologically and biochemically as per the
standard methods of Cowan and Steel’'s manual for the identification of medical bacteria (Barrow
and Feltham 1993).

Molecular identification

DNA preparation, PCR amplification and 16S rRNA gene sequencing analysis

The genomic DNA from isolated bacterium was isolated following the method described by Atashpaz
et al. (2010). The extracted DNA was examined on 0.8 % agarose gel, which contains 1ug/ml
ethidium bromide and the bands were observed on UV transilluminator.

The 16S rRNA gene was amplified by using 5 pL of genomic DNA (as template DNA) and universal
eubacterial primers (27F) 5'-AGAGTTTGATCMTGGCTCAG-3’ and (1492R) 5'-
CGGTTACCTTGTTACGACTT- 3’ (Narde et al. 2004). The reaction mixture was contained 5 uL DNA
template, 200 uM of each dNTP,1X PCR buffer, 3.0 mM MgCI2, 25 pmol of primer and 2.5 units of
Amplitag DNA polymerase (Perkin Elmer) in a final reaction volume of 50 plL (Bharagava and Mishra
2018). The thermocycling reactions were carried out in a Veriti® 96-well Thermal Cycler (Applied
Biosystems, USA). Thirty-five cycles were run to amplify the 16S rRNA gene fragment following the
initial denaturation at 95°C for 2 min, subsequent denaturation at 95 °C for 30 s followed by
annealing at 52 °C for 30 s, extension at 72 °C for 2 min and final extension at 72 °C for 15 min.

The PCR products were resolved on 1% agarose gel and purified by using gel extraction kit (Merk
Biosciences, Bangalore). This gel purified PCR product was sequenced by Aakaar Biotechnologies,
Pvt. Ltd. (Lucknow, India) and the obtained partial sequences were subjected to BLAST analysis using
the online option available at www.ncbi.nlm.nih.gov/BLAST (Altschul et al. 1997) suggesting the
closest neighbor of isolated bacterium. The partial sequences obtained were submitted to Gene-
Bank under the accession number MG966493.

Biodegradation study of pulp and paper mill effluent by isolated bacterium

The degradation experiments were performed in Erlenmeyer flasks (250 mL) containing 99 mL of
autoclaved pulp and paper mill wastewater supplemented with 1% (w/v) glucose and 0.5 % (w/v)
peptone as carbon and nitrogen source, respectively. Overnight grown culture (1%) with optical
density (OD) 2.0 was inoculated followed by incubation at 32+1°C and 120 rpm for 144 h. The flasks
containing autoclaved pulp and paper mill wastewater only were used as control. At a regular



interval of 24 h, appropriate sample volume was withdrawn and analyzed for bacterial growth,
reduction in colour and lignin content as per the Raj et al. (2014).

Quantification of manganese peroxidase activity

The isolated bacterial strain was grown in 10 mL nutrient broth for overnight as pre-culture. One mL
of this preculture was inoculated in Erlenmeyer flask (250 mL) containing 99 mL L-MSM broth
amended with lignin (100 mg L?). The flask was incubated at 32+2 °C, 120 rpm and pH of broth was
maintained at 7.6. Sample (2 mL) was withdrawn from flask and centrifuged at 8,000 rpm for 15 min
at 4 °C. The culture supernatant was directly used as extracellular crude enzyme to determine the
enzyme activity.

Further, the quantitative assay for manganese peroxidase enzyme activity was performed following
the method of Orth et al. (1993). The reaction mixture (4 mL) was contained 1mL of culture
supernatant (crude enzyme extract), 1 ml of phosphate buffer (pH 7.0), 500 pL H,0, (1ImM), 500 pL
MnSO,4 (1mM) and 1 mL phenol red (0.1 mM). The reaction was started by adding H,O; in reaction
mixture and enzyme activity was measured against the reagent blank. A sample (1 mL) was taken
from reaction mixture and 40 puL NaOH (5 M) was added to this sample to stop the reaction. The
samples were withdrawn at every 1 min up to 4 min and absorbance was measured at 610 nm. The
enzyme activity was expressed in terms of International Unit (1U) and is defined as the amount of
active enzyme required to oxidize 1 umol substrate per min.

Fourier Transform Infra-red spectrophotometric (FT-IR) analysis

To identify the functional groups, present in untreated and bacteria treated pulp and paper mill
wastewater, the FT-IR analysis was performed by using FT-IR Spectrophotometer (NicoletTM 6700,
Thermo Scientific, USA). The untreated and treated pulp and paper mill wastewater samples were
centrifuged at 8000 rpm at 4 °C for 10 min and dried in air at 50 °C (Kurade et al. 2012). About 1 mg
of air-dried sample was mixed with the 400 mg of potassium bromide in ratio of 5:95. The mixture
was taken over translucent disk and given manual hydraulic pressure of 100 kg /cm? for 10 min and
finally the sample disk was fixed in FT-IR Spectrophotometer (NicoletTM 6700, Thermo Scientific,
USA) to carry out analysis. The FT-IR spectrum of samples were recorded in the mid IR region of 400-
4000 cm™ (Bharagava and Mishra 2018).

Scanning electron microscopy (SEM) analysis

Scanning electron microscopy was carried out to observe the surface morphology of bacterium
exposed to pulp and paper mill wastewater. The pre-culture of the isolated bacterium was
inoculated into pulp and paper mill wastewater while bacterial cells grown in nutrient broth was
used as control. Both the samples were incubated at 32 °C, 120 rpm for 24 hours. After 24 hours, the
samples were centrifuged at 8000 rpm for 10 min. The obtained bacterial pellets were washed three
times with phosphate buffer (pH 7.2) and pre-fixed by 2.5% glutaraldehyde for 4-6 h at 4 °C. The
cells were again washed twice with phosphate buffer and post fixed by 1% osmium tetraoxide and
left for 1 h to get clear image. The post-fixed cells were washed thrice with phosphate buffer and
dehydrated with acetone of concentration 30, 50, 70, 90, 95 and 100% (v/v). These dehydrated cells
were dried in a critical point dryer (CPD) and coated with platinum by using ion sputter coater (JEOL,
Japan JFC 1600 Auto Fine Coater), and observed under the SEM (JEOL JSM-6490LV) for analysis.

Statistical Analysis

All the experiments were performed in triplicates (n = 3) to reduce the experimental errors, and
confirm the variability and validity of the results. The results obtained from each set of experiment
were subjected to the mean, standard deviation analysis.



Results and discussion

Physico-chemical characteristics of pulp and paper mill wastewater

The physico-chemical analysis of untreated pulp and paper mill wastewater showed that it was dark
brown in colour and alkaline in nature (pH 8.1) with high values for BOD, COD, phosphate, nitrate
and total phenol as shown in Table 1. Some parameters such as TDS and metals content were below
the permissible limit except for Ni in untreated wastewater. The quality of the wastewater improved
significantly after the bacterial treatment process. Pulping and bleaching are the main stages of
papermaking process, which contribute pollutants to wastewaters. In pulping process, sodium
hydroxide and sodium sulfite are used to dissolve lignin and hemicellulosic content that contribute
high pH and sulfate content while, bleaching process releases lignin and its derivatives and
contribute high BOD and COD to wastewaters. The nitrates present in wastewater mainly associated
with lignin while chlorine used to whiten the pulp reacts with other compounds and form
chlorophenols and chlorides, which are released during the bleaching process (Singhal and Thakur
2009; Pokhrel and Viraraghavan 2004).

The dark brown colour of wastewater reduces the photosynthetic activity of aquatic plants and
affects the food chain whereas high BOD, COD values decreases the dissolved oxygen level in aquatic
resources creating anoxic conditions to the aquatic organisms. Total solids include organic, inorganic
and many dissolved substances, which create toxic environment by changing the ion composition,
increase in salinity (USEPA 1986) and poses threats to the aquatic organisms. The presence of metals
in pulp and paper mill wastewater might be due to the bioaccumulation in plants, which are used as
raw materials as well as also from different types of chemicals used in paper manufacturing process
(Hakeem and Bhatnagar 2010).

Table 1 Physico-chemical characteristics of untreated and bacteria treated pulp and paper mill
wastewater

Physico-chemical Observed Values Wastewater
parameters discharge standard as
per the CPCB (2010)

Untreated Bacteria Treated

pH 8.1+1.0 6.911.0 6.0-9.0

BOD (mg/L) 426 +30.61 27 £9.01 30.00

COD (mg/L) 774 £ 43.75 215 +28.09 250.00

TDS (mg/L) 859 +45.29 522 +52.27 2100.00

Lignin (mg/L) 529 +20.10 243 +15.17 NS

Colour (Co-Pt) 1065 + 89.27 351 +70.68 NS

Phosphate (mg/L) 9.1+1.13 4.6 £0.80 5.0

Sulphate (mg/L) 866 + 47.03 688 + 24 1000

Nitrate (mg/L) 43.66 + 7.37 09+4.1 10.0

Chlorides (mg/L) 286 + 24.63 190 +20.29 230

Total phenol (mg/L) 39.33+12.05 0.6+1.15 1.0

Heavy metals (mg/L)

Cu 0.07 £0.03 0.06 £ 0.04 3.0

Fe 1.27+£0.23 0.94+0.11 3.0

Zn 0.14£0.11 0.08 £ 0.04 5.0

Ni 5.04 £0.43 2.84 +0.37 3.0

NS: Not specified



Screening and characteristics of isolated bacterium

Initially, eight (PLP 1-PLP 8) morphologically different bacterial strains were isolated from the
collected pulp and paper mill wastewater through enrichment technique. Out of these eight
bacterial strains, four bacterial strains were capable to grow on the MSM agar plates amended with
the highest concentration of lignin (1200 mg mL?). Out of these four bacterial strains, only one
bacterium (PLP 6) produced the clear decolourization zone of phenol red dye around the colonies
after 48 h of incubation period as shown in Fig. 1a and b. During the screening for MnP production in
broth medium, the optimum bacterial growth (OD600 1.826) and phenol red dye decolourization
(91%) was observed at 48 h of incubation period and later both the bacterial growth and dye
decolourization showed a declined trend as shown in Fig. 2. The activity of extracellular MnP enzyme
was also observed maximum (6.1 IU mL?) at 48 h of incubation period (Fig. 3). However, no dye
decolourization was observed in the uninoculated control.

—

Fig. 1 Screening of potential lignin degrading bacterial isolate on MSM agar plate (A: Control; B:
Inoculated with bacterial isolate) amended with phenol red dye
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Fig. 2 Bacterial growth and decolourization of phenol red dye in MSM broth
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Fig. 3 MnP enzyme activity at different time intervals
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Fig. 4 Phylogenetic tree of the isolated bacterial strain showing the relationship with their related
neighboring sp. Their names and respective accession numbers are given in the tree.

The isolated bacterium PLP 6 appeared as light brown colonies on lignin amended agar plates (L-
MSM) and shown to be as Gram positive, rod shaped, endospore forming, motile with circular ends,
entire margin and flat elevation. This bacterium showed positive reactions for catalase, gelatinase,
amylase, urease and cellulase, while negative reactions for starch hydrolysis, indole and citrate
utilization tests. The BLAST analysis of 16S rRNA gene sequence of the isolated bacterium showed
the closest relationship (99%) with Bacillus aryabhattai as shown in phylogenetic tree (Fig. 4). Thus,
based on the sequence similarity, the isolated bacterium (PLP 6) was identified as Bacillus
aryabhattai with accession number MG966493.



Degradation and decolourization of pulp and paper mill wastewater by isolated

bacterium

The degradation and decolourization of pulp and paper mill wastewater containing lignin 529 +
20.10 mg L by the isolated bacterium was performed at pH 7.6 for 144 h and expressed in terms of
bacterial growth, lignin degradation and colour reduction. During this study, the bacterial growth
was observed optimum at 120 h of incubation period and afterwards a slight decrease in growth was
observed (Fig 5A) whereas maximum reduction in colour (67%) and lignin content (54%) was
observer at 144 h of incubation period and after that reduction in colour and lignin was observed
Fig. 5B. Though, the degradation was not observed up to 48 h of incubation period indicating that
initially the bacterium utilized glucose and peptone as C and N source and afterwards it started to
use lignin and other pollutants as C and N sources resulting in the reduction in lignin and colour of
wastewater. Many authors have also reported similar findings (Haq et al. 2016; Singhal and Thakur
2009; Bharagava et al. 2010; 2009).

In pulp and paper mill wastewater, lignin and chlorinated phenols are the major environmental
pollutants and their removal is very essential for environmental and public health safety. The
outcome of this study suggests Bacillus aryabhattai might be capable for the effective degradation
of pollutants present in pulp and paper mill wastewater. Earlier studies made on the treatment of
pulp and paper mill wastewater using Aeromonas formicans showed 70%, 85% and 80% reduction in
COD, colour and lignin, respectively after 8 days of treatment (Gupta et al. 2001). The removal of
colour (61%), lignin (53%), BOD (82%), COD (78%) and phenol (77%) from pulp and paper mill
wastewater by Bacillus sp. was also reported within 6 days of incubation period (Raj et al. 2007).
Chandra et al. (2009) also reported that two bacterial strains Bacillus cereus and Serratia marcescens
efficiently reduced colour (45-52%), lignin (30-42%), BOD (40-70%), COD (50-60%) and total phenol
(32-40%) after 168 h of incubation period. Raj et al. (2014) found that Paenibacillus sp. effectively
reduced colour (68%), phenol (86%), COD (78%), BOD (83%) and lignin (54%) at 34 £ 1°C and 120
rpm after 144 h of treatment. Haq et al. (2016) reported that a lignin peroxidase producing strain
Serratia liquefaciens was capable to effectively reduce the pollution parameters (COD 85%, phenol
95%, colour 72% and lignin 58%) of pulp and paper mill wastewater at 30°C, pH 7.6 and agitation 120
rpm after 144 h of incubation period.

During the bacterial treatment of pulp and paper mill wastewater, the pH of wastewater changes
due to the metabolic activities of bacterium. The initial pH of wastewater was 7.6, but after 48 h, it
decreases to pH 5.5 and thereafter gradually increased up to pH 6.9 whereas the pH of the control
remained constant. This shift in pH from alkaline to acidic might be due to the acetate efflux along
with the intermediates of TCA cycle (Yang et al. 2008).

The activity of manganese peroxidase enzyme (MnP) also increased up to 4.7 lU mL till 72 h, and
afterwards it steadily declined as shown in Fig 5C. MnPs are the heme-containing glycoproteins that
have the capacity to oxidize both phenolic and non-phenolic compounds. MnP catalyses the
peroxide dependent reactions and oxidizes Mn from Mn (l1) to Mn (lll). Afterwards is released from
the enzyme surface and complex with oxalate or other chelated compounds. The oxidized or
chelated Mn (lll) complex acts as a reactive low molecular weight species and diffuses redox
mediators such as simple phenols, amines, dyes, phenolic lignin substructures and dimmers. The
oxidation potential of Mn (lll) chelators is limited only to phenolic compounds whereas during the
oxidation of non- phenolic compounds by Mn (lll), the reactive radicals formed in presence of a
second mediator (oxalate, malonate etc.). In absence of H,0,, these radicals can be used by MnP as a
source of peroxides and increases the pollutants (lignin) degradation efficiency.
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Fig 5: Bacterial growth (A), colour & lignin reduction (B) and MnP production (C) during pulp and
paper mill wastewater decolourization by the isolated bacterium Bacillus aryabhattai.

FT-IR analysis

The FT-IR analysis of untreated pulp and paper mill wastewater revealed the compounds present in
untreated pulp and paper mill wastewater have different functional groups such as carbonyl (C = C),
carboxyl (-COOH), alkene (C=C), amines (-NH2), sulfonic (-SO3) and nitro (-NO2) as shown in Fig. 6A.
In the bacteria treated pulp and paper mill wastewater, the changes in the appearance of peaks
indicated changes in functional groups in the metabolites produced during the bacterial treatment
of pulp and paper mill wastewater (Fig 6B).

The spectrum of lighin compounds has wide range from 3500-3100 cm™. These bands appear due to
the presence of phenolic and hydroxyl groups, which make hydrogen bond giving rise to -OH
stretching frequencies. The wide absorption peaks in the region of 3400 to 3300 cm™ is attributed to
O-H stretching, which is related to the aliphatic compounds present in lignin structure. The peaks
around 2940-2850 cm* showed C-H stretching of -CH, group, indicating the presence of various
amino acids and aliphatic -CH; groups. Functional groups like NH*, -CH, -SH, -PH, -SiH appeared in the
range of 2700-2250 cm™™. The stretching frequencies appearing in the range of 1700 to 1000 cm
allocated aromatic rings, which related to the absorption bands of lignin. The stretching range of
aromatic nitro compounds -NO,, secondary C=0 and C-N groups was observed at 1540-1515 cm™.
The peaks around 1410-1350 cm™ region showed O-H stretching bands for phenol or tertiary
alcohols. The spectrum in the region of 1250-900 cm™ referred to the stretching frequencies for
cyclic ethers. The stretching of C-S linkage was observed in the region of 700-600 cm™ whereas
brominated compounds was appeared in the range 600-500 cm™ in infrared band region (Rajwar et
al. 2017; Muruganantham et al. 2009).
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Fig. 6 FT-IR spectrum of untreated (A) and bacteria treated pulp and paper mill wastewater (B)

SEM analysis

The SEM analysis of unexposed and exposed cells has revealed that the unexposed cells were long,
rod shaped with smooth surfaces (Fig. 7A) whereas the cells, which were exposed to pulp and paper
mill wastewater become rough, porous, coagulate with wrinkled surfaces and increase in cell
number (Fig. 7B). These changes in exposed cells might be due to the stress conditions exerted by
various pollutants present in pulp and paper mill wastewater during the treatment process and
might be associated with either the precipitation or adsorption of pulp paper mill wastewater
pollutants on bacterial cell surface (Kumari et al., 2016).
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Fig. 7 SEM analysis of bacterial cells grown in control (A) and Pulp and paper mill wastewater (B)
during treatment process

Conclusion

In present study, a MnP enzyme producing bacterium was isolated from pulp and paper mill
wastewater, which was characterized and identified as Bacillus aryabhattai based on the
biochemical reactions and 16S rRNA gene sequence analysis. This bacterium was capable to reduce
effectively the pollution parameters of pulp and paper mill wastewater. Thus, based on the
degradation and detoxification potential of isolated bacterium, it was concluded that the isolated
bacterium can be used as a potential agent for the effective degradation and detoxification of pulp
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and paper mill wastewater and contaminated sites for environmental as well as human health
safety.
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