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Phenol is considered as a precarious pollutant due to its carcinogenic, mutagenic nature even at low concentration. The present
study emphasizes the degradation kinetics and behavior of a packed bed bioreactor (PBBR) for biodegradation of phenol us-
ing bacterial strain Bacillus flexus GS1 IIT (BHU). Low density polyethylene (LDPE) was used as packing material in a labo-
ratory scale PBBR. Process variables such as pH, temperature were optimized and found to be 7.0 and 30°C, respectively.
Phenol biodegradation efficiency in PBBR was analyzed at optimum condition by varying substrate concentration between
25-700 mg/L. At optimum conditions, the maximum removal of phenol was observed to be 99.45% at 300 mg/L of initial phe-
nol concentration. The kinetic constants were calculated from Monod and Andrew-Haldane model and found to be p,,: 0.215
h™'; K: 80 mg/L and g, 0.27 h™" Kg: 66 mglL; K;: 300 mgiL, respectively.
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Introduction

Wastewater is now a primary concern to the environmen-
talists due to the scarcity of fresh water sources in India. The
noxious organic wastes need to be removed from the waste-
water discharged from the heavy metal, resin, oil, and petro-
chemical industries since it impacts toxic effects on both
aquatic animals and human beings. Phenol, an aromatic
compound found in the wastewater, has the potential to in-
hibit the growth, spawning, and metabolic activity of the
aquatic animals. The various sources of phenol include coke
oven industries, steel plants, dye manufacturing, pesticides1‘3.
Also, the acute exposure to phenolic compounds causes
abnormality in the digestive tract, skin irritation, DNA muta-
tion, damage of the internal organs®. So, the Central Pollu-
tion Control Board has restricted the limit of phenolic com-
pounds discharged by the industries into inland surface wa-
ter, and public sewers should be 1 and 5 mg/L, respectively*.

Bioremediation gains more popularity due to its various
advantages includes less sludge generation, low cost, high
removal efficiency, complete mineralization of pollutants*. But,
the degradation of phenol becomes a challenging task due
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to its toxicity and growth inhibition tendency for bacteria’-2.
Therefore, to enhance biodegradability, robust and sustain-
able techniques should be developed.

Packed bed bioreactor (PBBR) has been proven to be
low cost, easy to fabricate, operate at high organic loading
rate, and can accumulate higher biomass within a specific
time' %8, Further, different packing materials such as polyvi-
nyl alcohol gel beads biochar, liapor clay, and gravels, are
used in the bioreactors. Among these, low-density polyethyl-
ene (LDPE) has been used as packing material in PBBR for
aromatic compound degradation. LDPE which is an inert and
porous substance with an average density of 0.930 g/cm3,
stable below 90°C, and is generally used in packaging for
electronic devices.

From the literature survey, it is found that no work has
been reported on the biodegradation of phenol using Bacil-
lus flexus GS1 IIT (BHU) immobilized on LDPE in PBBR.
The main objective of this study is as follows: (1) to evaluate
the efficacy of phenol degrading bacteria using Monod and
Andrew-Haldane model, (2) operation of a PBBR at a wide
range of phenol concentrations.
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Experimental
Material and method's:
Chemicals and bacterial culture:

The chemicals used in the experiment were purchased
from Sigma Aldrich and Himedia. The doubled distilled water
was used for the preparation of mineral salt media (MSM).
Phenol (99% purity) was purchased from Himedia, India.
HPLC grade chemicals (water and methanol) were purchased
from Thermo Fisher Scientific Pvt. Ltd., India. A desirable
quantity of phenol was added to MSM for the preparation of
wastewater. The composition of MSM was described as fol-
lows (g/L): MgSQO, (0.01); KH,PO, (0.5); K,HPO, (0.8);
(NH4),S0, (0.5); CaCl, (0.02); NaCl (0.5); CuSO, (0.02);
MnSO, (0.02); FeSO, (0.02); Na,MoO, (0.02); H3BO,
(0.005). The pH of the salt media was adjusted to the de-
sired value by adding 0.1 N NaOH or HCI.

The petroleum-contaminated soil samples were collected
in a sterile steel container from IOCL Refinery, Mathura (UP),
India and stored at 4°C for further use. 10 g soil sample was
added in a conical flask (250 mL) containing 100 mL MSM
and phenol (50 mg/L) to enrich the bacterial culture. This
flask was incubated at 35°C and 120 rpm for seven days.
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The incubation period was repeated by transferring 10 mL
aliquot sample from the previous batch to a 250 mL flask
containing 100 mL MSM with phenol concentration (100 mg/
L). Further, this process was repeated four times by gradu-
ally increasing the phenol concentration for the enrichment
of bacteria culture in phenolic environments. The pure cul-
ture was obtained by serial dilution method. The obtained
pure species were stored in nutrient broth at 4°C for further
used in phenol biodegradation study.

Process optimization, PBBR set up and operation:

In this experiment, the process parameters like pH and
temperature were optimized in the free cell system. 100 mL
autoclaved MSM were taken in Erlenmeyer flasks contain-
ing phenol (150 mg/L) as sole carbon source. A wide range
of pH (5-10) and temperature (25-40°C) was chosen for the
optimization study. Aliquots were taken intermittently for the
determination of substrate removal.

The PBBR was made up of borosilicate glass (60 cm in
length and 5.5 cm in the internal diameter), having a working
volume of 1 L (total volume of 1425 mL) (Fig. 1). For the
biodegradation study, LDPE sheets were procured from a
local market near IIT, BHU, Varanasi, India. The sheets were
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Fig. 1. Schematic representation of PBBR for phenol biodegradation.
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cut into the cubical size of 1 cm and washed with 70% etha-
nol. Then the cubes were washed and dried in an oven at
40°C. The dried packing materials were stored at room tem-
perature (30£3°C) for further immobilization purpose. The
immobilization of Bacillus flexus species on LDPE was car-
ried out, as reported by Sonwani et al.%. 6 g of LDPE cubes
were packed in the PBBR. Then 1000 mL of sterilized MSM
was recirculated inside the PBBR with addition of glucose (1
g/L), yeast extract (0.1 g/L), peptone (0.1 g/L), and bacterial
inoculums (3% v/v). At the initial phase, the PBBR was oper-
ated in the presence of glucose (1 g/L) and bacterial inocu-
lum for 15 days for the growth of Bacillus flexus on the po-
rous LDPE. After the confirmation of biofilm by SEM analy-
sis, the PBBR was fed with the phenol as an only carbon
source at a feed rate of 10 mL/min. Then, the PBBR was
operated at optimized conditions at a constant influent flow
rate of 10 mL/min. The efficacy of PBBR was investigated by
varying the initial phenol concentration from 25-700 mgl/L.
The air was supplied by a compressor at a flow rate of 0.3
LPM into the PBBR.

The liquid sample was collected from the system inter-
mittently, centrifuged at 5000 rpm for 10 min and filtered
through a 0.45 um Whatman filter paper. The dried cell mass
was determined by taking the weight difference of the filter
paper after drying in an oven at 105°C for 24 h'.

Growth kinetics study for phenol biodegradation:

To analyze the bacterial growth kinetics in phenol bio-
degradation, two models, such as Monod and Andrew-
Haldane, were successfully used. The Monod equation can
be expressed as eq. (1):

HmaxS

K+ S

where, L, X, Wnax S and K represent specific growth rate
(h™"), biomass concentration (mg/L), maximum specific
growth rate (h~"), phenol concentration (mg/L), and half- satu-
ration constant (mg/L), respectively. Again, the specific growth
rate (u) value can be found out by evaluating the slope of

the curve plotted between logarithm value of biomass ratio
and time duration as given by eq. (2) (Hussain et al.%):

log {);2}
p= _\MJ (2)
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(1)

where, the terms X, and x, represent the value of cell con-
centration at time t, and t,, respectively.

The microbial growth under inhibitory condition can be
expressed by eq. (3) (Zhang et al.”):
W= H maxS >
Ko+ S+ )

Ki

where, K; refers to the inhibition constant (mg/L). The kinetic
parameters involved in the Haldane model were obtained by
a nonlinear least-squares regression method.

Analytical techniques:
Morphological characteristics and bacterial identification:

The morphological structure of biomass attached to LDPE
was analyzed by scanning electron microscopy (SEM) analy-
sis (EVO-SEM MA15/18).

The bacterial genomic DNA isolation and identification
were carried out at Triyat Genomics, Nagpur, India, and a
sequence was analyzed at the National Center for Biotech-
nology Information (NCBI). The 16S rRNA sequence of the
specific microorganism was matched with an analogous rRNA
sequence present in the database of NCBI. Bacillus flexus
strain was the most matching species found from the Phylo-
genetic investigation using BLAST software. Bacillus flexus
was most abundant species found having accession num-
bers MK850444.1. The revolutionary relationship of the po-
tential species by the Neighbour-Joining technique is shown
in Fig. 2. A similar kind of analysis for the Bacillus flexus
strain was reported by other researchers®# for the biodegra-
dation of VOCs and pesticides.

Determination of phenol concentration:

The intermediate samples were collected, filtered through
a 0.22 um cellulose filter, and analyzed in HPLC for residual
phenol concentration. The HPLC (UFLC Shimadzu, Japan)
was associated with a C18 Shim-pack solar column (4.6
mmx250 mm; 5 um particle size) and a PDA detector. The
mobile phase was used a mixture of HPLC grade methanol
and water (50:50; v/v), the flow rate of 0.8 mL/min, 20 uL of
injection volume, and detector wavelength of 280 nm. The
peak obtained for phenol at a retention time of 9.1 min. Then
the phenol concentration was determined from the calibra-
tion curve obtained previously.
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KT893317.1 Bacillus flexus STRFG 13
GU143789.1 Bacillus flexus SV6
EF157300.1 Bacillus flexus XJU-3
JX855288.1 Bacillus flexus BCOO16
KP240950.1 Bacillus flexus CIFT MFB 5247(10)
LT852752.1 Bacillus flexus

MH542283.1 Bacillus flexus OOF26

0.0005

MEKS850444.1 Bacillus flexus GS1 IIT(BHU)

Fig. 2. Phylogenetic tree of isolated bacterial species Bacillus flexus GS1 IIT (BHU) (MK850444.1) for biodegradation of phenol.

Results and discussion
Process optimization in the batch process:

The biodegradation of phenol was carried out in 250 mL
flask containing phenol (150 mg/L) along with MSM to evalu-
ate the effect of pH and temperature. So, a wide range of pH
(5-9) and temperature (25-40°C) were chosen for the opti-
mization study. The microorganisms in the free suspension
system are more sensitive towards pH and temperature
change. Maximum phenol removal of 84.51% was obtained
at a pH of 7.0, which was shown in Fig. 3(a). Then it de-
creased to 52.68% with an increase in pH up to 9.0. Biodeg-
radation of phenol again decreased to 41.04% when the pH
of the media decreased to 5.0. At the extreme condition of
pH, the metabolic activity of the bacteria hindered, which
results in depletion of the biodegradation of phenol'?. The
optimum removal rate of different organic pollutants at a pH
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of 7.0 was reported by various researchers®® and reported
to be 89%, and 81%, respectively. The effect of the tempera-
ture on the degradation of phenol was studied by varying
temperatures 25-40°C at optimum pH conditions obtained
from Fig. 3(a). During phenol biodegradation, temperature
plays a crucial role as it directly impacts the enzymatic activ-
ity of the bacterial species. Significant phenol removal was
observed at the temperature of 25°C and found to be 72.68%,
as shown in Fig. 3(b). Optimum phenol removal was observed
between the temperatures of 30-35°C and found to be
83.59%. It seems that the increase of temperature beyond
35°C may decrease the enzymatic activity during the phenol
biodegradation, hence results in lower phenol removal effi-
ciency. The optimum temperature for biodegradation of phe-
nol by observed at 30°C was reported in the previous work®
and found to be 92%.
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Fig. 3. Effect of (a) pH and (b) temperature on biodegradation of phenol.
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Phenol biodegradation study in PBBR:

At the initial phase, the PBBR was operated at the batch
mode in the presence of glucose (0.5 g/L) and bacterial in-
oculum for 15 days for the growth of Bacillus flexus on the
porous LDPE. After the confirmation of biofilm by SEM analy-
sis, the PBBR was fed with the phenol as an only carbon
source at a feed rate of 10 mL/min. The phenol biodegrada-
tion study was carried out in PBBR by taking phenol concen-
trations of 25, 50, 100, 300, 500 and 700 mg/L, respectively.
Intermediate samples were taken from the reactor outlet to
determine phenol concentration of the effluent.

More than 85% of phenol was eliminated within 6 h of
operation when initial phenol dosing was 50 mg/L. The time
taken for complete removal of phenol was increasing with
the increase of phenol dosing. Complete biodegradation of
phenol resulted in 10, 18, and 27 h of operation at substrate
concentrations of 100, 300, and 500 mg/L, respectively. More
than 98% of phenol was completely mineralised due to the
presence of high fixed biomass in immobilized LDPE. From
the literature survey, it was found that the degradation effi-
ciency of phenol by the immobilized cells is quite greater
than the free cell®10. Mohanty et al.3 have investigated the
efficacy of phenol removal in free cell study and reported
that wastewater containing 500 mg/L of phenol was mineral-
ized within 84 h. This is due to the fixed biomass attached to
the packing support, which was capable of degrading each
concentration of phenol within a specific time period?. Fig. 4
shows that almost more than 90% biodegradation of phenol
was observed at concentrations of 700 mg/L at a reaction

time of 43 h. Banerjee et al.2 have reported that 500, and
700 mg/L of phenol was mineralized in PBBR using Bacillus
cerus in 60, and 100 h of recirculation time, respectively.
The time taken for the complete removal of phenol at the
initial phenol concentration of 700 mg/L was quite less in our
study compared to the above. This was may be due to the
less availability of the substrate to the bio cells present in-
side the packing material because of the high mass transfer
resistance offered by the polymer matrix®!!. Moreover, dif-
ferent packing support made up of gel matrix such as polyvi-
nyl alcohol (PVA), calcium alginate, chitosan, and agar of-
fers less permeability of phenol into the solid matrix due to
cell entrapment’. Basak et al.! have reported that the high
porous packing support (sugar cane bagasse) immobilized
Candida tropicalis PHB5 can degrade phenol of concentra-
tion of 800 mg/L within 54 h of operation. Low-density poly-
ethylene widely used for the packaging of various electronic
devices, shopping bags, trays, and it is disposed of after one-
time use, which ultimately leads to environmental pollution.
Therefore, the use of LDPE immobilized Bacillus flexus as
packing material for the biodegradation of phenol could be a
better option to the environment as well as for bioremediation
of toxic compounds?.

Monod and Andrew-Haldane kinetics for phenol biodeg-
radation:

To evaluate the efficacy of phenol degrading bacteria,
two kinetic models, i.e. Monod and Andrew-Haldane, were
used under non-inhibition conditions. The specific growth rate
(w) of the microorganisms was calculated at different sub-
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Fig. 4. Effect of phenol concentration on removal efficiency; Q = 10 mL/min, pH = 7.0, temperature = 30°C.
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Fig. 5. Graph plotted between specific growth rates against phenol concentrations using (a) Monod model and (b) Andrew-Haldane model.

strate concentrations of range 0-700 mg/L and plotted against
phenol concentration, as shown in Fig. 5. It seems that due
to the toxic effect of phenol, the specific growth rate of Bacil-
lus flexus increased up to 200 mg/L, and after that, it de-
creased continuously. At the substrate non-inhibition condi-
tion, Monod kinetics well described the efficacy of the micro-

. . . M
organisms. The kinetic parameters i.e. L., K, and —; =
S

were calculated and obtained to be 0.214 h~!, 80 mg/L, and
0.00267 L mg~" h~", respectively. For the biochemical reac-
tion, high .. and low K;values were always preferred, and

n .
the value of —; % Wwas taken to be an important parameter
S

in evaluating the potential of substrate degradation capa-
city®.

The Andrew-Haldane kinetic parameters, i.e. [z Ko,
and K;, were calculated by non-linear regression analysis and
found to be 0.270 h™!, 66 mg/L, and 300 mgL, respectively.

i
The kinetic constant % was calculated and found to be
S

0.004091 L mg~" h~!. The calculated values of kinetic pa-
rameters were shown in Table 1. The present study shows a

Table 1. Monod and Andrew-Haldane kinetic parameters for
biodegradation of phenol

Phenol concentration  ppg K K; HmadKs — R?
(mg/L) (h) (mgl) (mgi) (Lmg~'h™)
0-300 0.215 80 - 0.0027 0.96
(Monod)

0-700 0.27 66 300 0.0041 0.98

(Andrew-Haldane)

high value of specific growth rate, as well as substrate inhibi-
tion constant compared to the previous studies'? was may
be due to the increase in acclimatization of the time period.

Conclusions

In this work, the PBBR was operated at optimized condi-
tions with varying phenol concentrations from 25-700 mg/L.
The phenol removal efficiency obtained from the research
work states that the current PBBR can be able to eliminate
phenol at high organic loading conditions. Also, the efficacy
of bacterial species was studied using Monod and Haldane
model. The present study demonstrates that high phenol
removal efficiency can be achieved by using LDPE immobi-
lized Bacillus flexus GS1 IIT (BHU) in a PBBR.
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