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The present study aimed to investigate the treatment of butachlor and other commonly
used herbicides by the synthetically formulated microbial consortium SMC1 immobilized
on the ceramic raschig rings in a packed-bed bioreactor (PBBR). The PBBR was operated
in continuous mode at various flow rates over a period of 70 days to determine the effect of
hydraulic retention time (HRT) and initial butachlor concentration on the removal efficiency
and elimination capability of the bioreactor. It was observed that the overall operation of the
bioreactor changes from being controlled by the mass transfer limitations to the controlled
bio-reaction , thus proposing the range of 270-325 mg/L/d to be the optimum operating
range for the efficient removal of butachlor by the PBBR. The bioreactor can reduce up to
90% of the initial chemical oxygen demand (COD) value while treating the mixture of
herbicides. The operating parameters were optimized using response surface
methodology where the feed flow rate of 2.9 ml/min, initial herbicide concentration of
454.63 mg/L, and concentration of an additional nitrogen source at 1.41 g/L was found to
yield maximal COD reduction. To date, a continuous study in the field of butachlor
biodegradation is yet to be reported. Hence, the study could be used as a model to
design a better herbicide biotreatment technology.

Keywords: biofilm, bioreactor, butachlor, chemical oxygen demand (COD), response surface methodology,
bioremediation

INTRODUCTION

Glyphosates and chloroacetanilide herbicides are the two most widely applied herbicides used
extensively in agricultural practices to protect various crops (Choudhury et al., 2016; Atwood and
Paisley-Jones 2017; Shuman-Goodier et al., 2021). Butachlor, a synthetic pre-emergent or early post-
emergent herbicide belonging to the class of chloroacetanilide, has been widely used for the control of
various types of annual grasses and broad-leaved weeds and the submerged freshwater macrophytes
(Mohanty et al., 2004; Chattopadhyay et al., 2006; Liu et al., 2008; University of Hertfordshire 2013).
Similarly, glyphosate is a broad-spectrum, post-emergent, and non-selective systemic herbicide used
in various crops such as soybean, cotton, canola, maize, etc. (Gianessi 2005; Annett et al., 2014).
Based on its worldwide usage, the U.S. Environmental Protection Agency has ranked glyphosate as
the principal herbicide (Atwood and Paisley-Jones 2017). Asia alone consumes approximately 4.5 x
107 kg of butachlor per year (Kaur and Goyal 2020; Shuman-Goodier et al., 2021). Recent reports on
herbicides in Indian agriculture state that butachlor in rice, alachlor in groundnut, and glyphosate in
cotton and tea are the highest consumed herbicides in India, with an annual consumption of 6,750
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metric tons and 6,003 metric tons, (Choudhury et al.,, 2016).
Evaluating their potential toxicity toward the non-target
organisms, studies revealed that the abov mentioned
herbicides pose a major concern to aquatic ecosystems
especially when applied in the areas near water bodies (Polard
etal, 2011; Mohanty and Jena 2019a). Butachlor is reported to be
clastogenic, cytotoxic, and carcinogenic in nature and along with
alachlor has been enlisted as a B2 group carcinogen by the USEPA
and relegated it to be highly toxic to humans (Orme and Kegley
2004; Lauga et al., 2013; Kaur and Goyal 2020). As butachlor is a
recalcitrant and highly persistent herbicide having a negative
impact on the environment; a number of studies on the removal
of buatchlor have been reported previously (Abigail et al., 2015).
Several physico-chemical techniques such as adsorption,
ozonation, and catalytic degradation have been applied
previously. However, these techniques have
shortcomings such as higher opreating cost, generation of
secondary toxic wastes, etc (Mohanty and Jena 2019a). Hence,
a biological approach for the removal of butachlor has gained
focus with time. One such technique is bioremediation where the
microbial species can be used for the disintegration of harmful
pollutants in to harmless products. However, the major limitation
of this alternative is the slower degradation rate which prohibits
its application for the treatment of industrial wastewater. Till
date, the study of biodegradation of butachlor has been limited to
the batch biodegradation of butachlor of low concentrations and
the degradation pathways related to it. Hence, these studies are
unable to address the limitations such as uneven cell density,
mediocre butachlor biodegradation efficiency due to slow
microbial growth rate which is due to low substrate utilization,
inhibition due to high butachlor concentration, or mass transfer
limitations. Thus, to overcome the aforementioned limitations,
the potential microbial strains immobilized on the solid support
may be used in bioreactors in continuous mode (Yadav et al,
2014). The available body of work on the biodegradation of
butachlor supports the scope of in-depth investigation in this
topic with a focus on enhancing the butachlor biodegradation
efficiency. Biofilm reactors have been designed to maintain a high
biomass density to achieve a higher removal rate even under the
conditions of slow microbial growth by protecting the microbial
cells involved from stressful conditions due to substrate
inhibition (Acuna-Askar et al., 2000). Moreover, since the
packed-bed biofilm reactors operates at high active biomass
concentrations, even reactors with small reactor volume
perform exceedingly well at lower substrate concentrations
without the necessity for the separation of active biomass from
the treated effluent, thus enhancing the stability and productivity
of the reactor and making it easier as well as cheaper to operate
(Ercan and Demirci 2015). Due to the aforementioned
advantages, packed-bed biofilm reactors have been extensively
used in the field of bioremediation technology for the treatment
of various environmental pollutants (Alfonso-Gordillo et al,
2016a).

Considering the aforementioned specifics, the aim of the
present study was to evaluate the performance of a lab-scale
packed-bed biofilm reactor packed with immobilized butachlor
degrading the microbial consortium at high loading rates. To the

several
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very best of our understanding, this is the first-of-its-kind work to
report on the biodegradation of butachlor in a continuous
packed-bed bioreactor.

MATERIALS AND METHODS

Chemicals and Medium

HPLC-grade methanol, acetonitrile, water, and analytical grade
butachlor were procured from Sigma-Aldrich (India).
Commercial grade butachlor, alachlor, and glyphosate were
obtained from Insecticides India, Ltd., Sinochem India Pvt.
Ltd., and Excel Cropcare Ltd., respectively. Other chemicals
and reagents used in this study were of analytical grade and
were procured from Merck (India) and Himedia (India). The
minimal salt medium (MSM) constituted (in g/L) of (NH4),SO4
(10), NaCl (10), KzHPO4 (15), KH2PO4 (05), and MgSO47H20
(0.2) (pH 7.0) (Liu et al., 2012). The medium was sterilized by
autoclaving, and the herbicides were added after (filter
sterilization.

Microorganisms

The synthetic microbial consortium, SMCI1, used in this study
was formulated from the bacterial strains Serratia ureilytica ASI,
Enterobacter cloacae FP2, and Pseudomonas putida G3 isolated
previously from the soil samples contaminated with butachlor
and other herbicides through the selective enrichment technique
(Mohanty and Jena 2018, 2019b, c). The individual strains were
grown overnight in a nutrient broth at 32.5°C at 120 RPM in an
orbital shaker incubator. The biomass was harvested by
centrifugation and resuspended in the nutrient broth prior to
the experiment. Equal amount of the cell biomass (approximately
1 g/L of dry cell biomass) was inoculated in the mineral salt
medium, and the setup was incubated overnight at 32.5°C, 120
RPM. The mixed bacterial culture obtained by mixing an equal
volume of the cell biomass was used for further experiments.

Packed-Bed Bioreactor

The biodegradation of synthetic wastewater containing butachlor
and other herbicides in continuous mode was studied in an up-
flow packed-bed batch bioreactor of 100 cm length and 8.5 cm
internal diameter with a 55-cm-high reactor bed (Supplementary
Figure S1, Supplementary Figure S2). The feed is supplied in to
the bioreactor from a feed tank through a peristaltic pump, and
the effluent is discharged out of the bioreactor in a collection tank.
Sterilized air is supplied in to the system using an air pump having
filters at its nozzle through an air sparger at the center of the
reactor base with a pore size of 1 mm, and the air feed is
controlled by the gas rotameter having a range of 0-30 LPM
attached to it. While the outlet for the discharge of exhaust gas
was designed at the top of the reactor covered with the lid, the
outlet for the effluent was placed above 70 cm from the bottom in
the reactor column. To maintain the sterile conditions, the
sampling ports were plugged with sterilized silicon tubing and
stopper cork. The airflow within the system was regulated by the
help of a pressure-regulating valve. The air flow rate was
maintained at 2 LPM to maintain the required oxygen level
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without creating turbulence within the feedflow. All the
experiments were carried out at ambient room temperature.
The active reactor bed volume was packed with ceramic
raschig rings of 6 mm diameter and 6 mm height as the
packing material with a stainless steel wire-mesh at both the
ends to prevent their movement. Synthetic wastewater
comprising butachlor and other herbicides were used as the
feed for the reactor and were fed continuously with the help
of peristaltic pump in an up-flow mode of operation.

Surface Immobilization of Bacterial

Consortium

The bacterial consortium prepared for this study was inoculated
to sterile MSM containing butachlor and incubated for 24-36 h at
32.5°C and 120 RPM. The bacterial biomass was harvested by
centrifugation at 5,000 rpm for 10 min and resuspended in 4 L of
mineral salt medium containing butachlor (200 mg/L), making
the final biomass concentration of the inoculant in the inflow
solution to 10® CFU/ml (approximate). The cell suspension was
transferred into the column packed with previously autoclaved
ceramic raschig rings using a peristaltic pump. The raschig rings
were washed properly, first with the regular laboratory-grade
detergent, followed by 70% ethanol, and finally with sterile
double-distilled water repeatedly five times. The raschig rings
were vacuum-dried at 45°C for 24 h prior to the immobilization.
The biomass washed out of the reactor was recycled back. The
reactor was continuously fed with the aforementioned medium
containing butachlor and was operated for 15 days until a steady-
state performance was achieved. To ensure proper biomass
growth; the raschig rings were acclimated for 15days at the
ambient room temperature of 30°C before the commencement
of the biodegradation studies. To confirm the formation of
bacterial biomass on the support material, a few raschig rings
were sampled for ESEM analysis.

ESEM Observation

Formation of the biofilm on the ceramic raschig rings was
confirmed by the environmental scanning electron microscope
(ESEM). For ESEM sample preparation, the raschig rings were
washed with phosphate buffer (pH 7.5) twice and fixed with 2%
(w/v) glutaraldehyde for 1 h at 4°C followed by 0.1% tannic acid
for 30 min. The fixed samples were washed with PBS and later
dehydrated with increasing concentration of ethanol solutions.
The samples were washed thrice with 100% ethanol and kept at
37°C for drying. The dried particles were then coated with a gold
layer and attached on to the microscope for ESEM analysis.

Continuous Study

The packed-bed bioreactor was operated in continuous mode for
70 days by varying the feed flow rate and inlet butachlor
concentration to determine the effect of HRT and inlet
loading on the butachlor biodegradation efficiency. The effect
of hydraulic retention time on the butachlor removal efficiency of
the reactor was determined by keeping the initial butachlor
concentration constant at 300 mg/L and gradually increasing
the retention time for the operation. Next, the effect of the
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inlet substrate loading rate was evaluated by keeping the HRT
constant and varying the initial butachlor concentration from
500 mg/L to 2000 mg/L. The required nutrient solutions were
added separately, and the DO was maintained at the required
level. The performance of the PBBR was evaluated in terms of
removal efficiency and elimination capacity.

Combined Removal of the Mixture of

Herbicides

Approximately 1 g/L each of butachlor, alachlor, and glyphosate
was added in a container to prepare the homogenous mixture of
the multisubstrate stock solution for the study. The removal
efficiency of the bioreactor was evaluated by varying the
concentration of the herbicide-mixture (500-2000 mg/L) in the
feed keeping all other operating conditions same at a constant
HRT of 18 h. The sSamples were collected in the regular interval
of 12 h from the outlet and analyzed for COD removal.

Parameter Optimization Using RSM

To evaluate the relationship between the operating parameters on
the COD removal efficiency of the packed-bed bioreactor, a
statistical optimization technique such as response surface
methodology (RSM) was used. Three operational parameters,
such as initial substrate concentration, feed flow rate, and
additional nitrogen source were considered for the study. To
optimize the factors, a 2° full factorial central composite design
(CCD) for the three parameters was used. A total of 20
experiments were performed, the particulars of which have
been enlisted in Table 1.

Analytical Methods

The concentration of butachlor in the medium was evaluated as
per the protocol discussed in the available literature (Mohanty
and Jena 2019b). First, the sample was saturated with sodium
chloride and then an equal volume of hexane/ethyl acetate (1:1)
was added to it. The organic phase was separated and air-dried
at room temperature and resuspended in HPLC-grade
methanol. The butachlor concentration in the extracted
samples was analyzed by HPLC using a 5pm, C-18 column
of Agilent Technologies (United States) with methanol: water as
the mobile phase in a ratio of 70:30. The flow rate was
maintained at 1ml/min, and the peak absorbance was
obtained at 225 nm.

The COD value of the synthetic wastewater was determined by
the protocol as discussed in the literature (Sung Wang et al.,
2017). First, the sample was placed in a container and the
digestion solution containing K,Cr,0, was added to it. Then,
sulfuric acid was added to the mixture in excess so that an acid
layer is created under the mixture. The container was closed
tightly and inverted several times for complete mixing of the
contents. The containers were placed in a block digester
preheated to 150°C and refluxed for 2h behind a protective
shield. Then, the container was cooled to room temperature
and one-two drops of Ferroin indicator was added to it. Then,
it was stirred rapidly on a magnetic stirrer while titrating with
0.1 M FAS till the color changed from blue-green to reddish
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TABLE 1 | Experimental results based on central composite design.

Run order Feed flow Initial substrate
rate (ml/min) concentration (mg/L)

1 413 91.75
2 413 908.25
3 413 500
4 413 500
5 1.9 500
6 413 500
7 6.36 500
8 413 500
9 2.77 750
10 2.77 250
11 2.77 750
12 5.5 250
13 2.77 250
14 5.5 750
15 55 750
16 5.5 250
17 413 500
18 413 500
19 413 500
20 413 500

brown. The blank containing only reagents and distilled water
equal to the volume of the sample was refluxed and titrated in the
same manner, and the COD value was determined using the
following formula:

(A-B) x M x 8000
VSam ple

COD,40,/1 = )
where A is the volume of FAS used for the blank in mL, B is the
volume of FAS used for the sample, and M is the molarity of FAS,
that is, 0.1.

Statistical Analysis

The performance evaluation of the bioreactor in case of the
single-substrate treatment study has been expressed in terms
of elimination capacity, removal efficiency, and inlet loading rate
calculated by the following formulae (Sonwani et al., 2020):

X Bin - Bou
Elimination capacity (EC) = w,
. Bin - Bout
%Removal efficiency (RE) = —5 x 100,
Q X Bin

>

Inlet loading rates (IL) = Vv
where B;, and B, are the butachlor concentrations at the inlet
and outlet of the bioreactor, respectively; Q represents the
volumetric feed flow rate; and V represents the reactor
volume. However, in case of the multisubstrate biotreatment
study, the performance of the bioreactor was expressed in
terms of COD removal efficiency which was calculated as per
the available literature using the following formulae:
COD;,, — COD,,;

%COD Removal efficiency = — oD~ 100,

Biogenic substrate

Biodegradation of Mixture of Herbicides in Biofilm Reactor

Experimental response Predicted response

conc. (g/L) (%) (%)
1 83.59 83.01
1 54.25 55.95
1 77.46 76.32
0.6 72.42 75.26
1 76.19 79.69
1.4 77.93 76.13
1 43.42 41,002
1 75.93 76.32
0.75 76.44 71.84
0.75 85.20 83.2
1.25 77.29 75.54
1.25 63.45 65.26
1.25 88.59 86.93
1.25 44.32 43.47
0.75 47.204 46.13
0.75 68.94 67.89
1 77.07 76.32
1 75.16 76.32
1 78.61 76.32
1 78.22 76.32

where COD;, and COD,,, are the COD concentrations at the
inlet and outlet of the bioreactor, respectively. All the experiments
were conducted in triplicate, and the reported data presented in
the graphical form are the mean and standard deviation of these
replicates shown as the error bars. Statistical analysis of data was
performed using one-way ANOVA at the signiﬁcanc@e level of
0.05 and Tukey’s post-test using the Graph Pad Prism software
version 6.0c.

In case of process parameter optimization to achieve maximal
COD removal efficiency, the relationship between the parameters
was expressed in terms of a second-order polynomial equation
shown below:

R=Py+) PVi+ ) PaV2it )7 0 Py ViV, (1)

where R being the predicted response is the COD removal
percentage; V is the influencing variables/parameters to be
optimized; and Py, P;, Pi,i and Py are the intercept coefficient,
linear coefficient, quadratic coefficient, and interaction
coefficient, respectively. The three-dimensional plots obtained
depict the interaction among the associated variables. Analysis of
variance (ANOVA) furnishes the significance of the correlative
coefficient value (R?) and the regression coefficients of the model
which in turn defines the quality fit of the model. For designing
the experiment and analysis, statistical software Minitab (Version
17.1) has been used.

RESULT AND DISCUSSION

Biofilm Formation on Ceramic Beads

In the present study, ESEM analysis of the immobilized beads in
various time frames has been carried out to evaluate the successful
biofilm formation of the microbial consortium SMCI1 on the
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FIGURE 1 | ESEM micrographs of ceramic raschig rings (A) without
biofilm; (B) with biofilm Day 15; (C) with biofim Day 70.

hollow ceramic raschig rings. Microbial cells have reportedly been
immobilized on various support materials such as calcium
alginate beads, cellulose acetates, ceramics, volcanic rocks etc.,

Biodegradation of Mixture of Herbicides in Biofilm Reactor

(Dzionek et al., 2016). Hollow ceramic raschig rings have been
opted for the current study as the support material due to a
variety of reasons such as it is non-biodegradable, inert, and has
high mechanical strength (Foroughi et al., 2019). After the initial
period where the cells were allowed to get acclimatized to the new
environment and get adsorbed to the support material, the
microbial strains grew rapidly to form a thick layer of biofilm
around the beads. Figure 1A presents the raschig rings on Day 0
as the control without biomass before the inoculation of the
bacterial consortium. The micrograph reveals that the raschig
rings have a very rough and porous surface texture with micro-
pores scattered randomly throughout the surface, thus providing
ample surface area for the immobilization of microbial cells and
passage of the medium through the structure (Muter et al., 2017).
Figure 1B presents the raschig ring on Day 15, which depicts the
porous surface of the ceramic raschig rings being colonized with
the biofilm and a dense population of rod-shaped bacterial
strains. The figure exhibits the biofilm as a complex structure
where the abundant extracellular polymeric matrix fortifies the
bacterial cells imitating a microbial mat. The micrograph in
Figure 1C corresponds to the 70th day of operation and is
quite similar to the micrograph taken during the
commencement of the continuous study, thus indicating the
fact that the microbial consortium is capable of withstanding
high and variable loading rates of butachlor.

The microporous structure of the ceramic raschig ring
posseses high surface area which helps in retaining higher
biomass on its surface, thus resulting in a high degradation
rate. The hollow raschig ring reduces the channeling of the
inlet feed, resulting in even distribution of butachlor within
the bioreactor. The micrograph confirms the presence of cells
both on the surface and within the hollow structure of the ring.
From the batch study, it was evident that the degradation
efficiency of the bacterial consortium has enhanced
significantly on being immobilized as compared to its freely
suspended form. This may be attributed to the increased
metabolic activity and tolerance of the microbial cells toward
the adverse environment on being immobilized (Shukla et al.,
2014). Similar results have previously been reported where
immobilizing the bacterial strains on any support materials
such as low-density polyethylene enhances the removal
efficiency from 78 to 91% of the organic contaminant such as
4-chlorophenol from the wastewater sample (Swain et al., 2021).

Continuous Study

The PBBR was operated in continuous mode for 55 days during
which the effect of HRT on biodegradation of butachlor by the
microbial consortium SMC1 was studied. The study was carried
out by varying the feed flow rates ranging from 1.28 ml/min to
5.5 ml/min at ambient room temperature. The performance of
the PBBR was evaluated in terms of removal efficiency (RE) and
elimination capacity (EC). Figure 2 and Figure 3 represent the
variation of the removal efficiency and elimination capacity of the
bioreactor system with respect to hydraulic retention time,
respectively. After the initial acclimatization period, the PBBR
was operated at a low feed flow rate of 1.28 ml/min, which
corresponds to the HRT of 36h and inlet loading rate of
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FIGURE 2 | Effect of HRT on butachlor removal efficiencies of the PBBR.
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133.2 mg/L/d. The steady-state condition was established within
15 days which was evident from the constant RE of 97%. The
elimination capacity of the system was found to be 194 mg/L/d of
butachlor. On day 16, the feed flow rate was increased to 2.22 ml/
min which corresponds to the HRT of 30 h and the inlet loading
rate of 159.84 mg/L/d. A sharp dip in both the RE and EC is
observed on day 16 with increase in the retention time. However,
both RE and EC recovered by day 24 and remained constant at

91% and 217 mg/L/d, respectively, with a very little change. A
similar trend was observed with each change in HRT of 24, 18,
and 12 h. The effect of retention time on the overall performance
of the packed-bed bioreactor has previously been reported for
various other organic pollutants where higher contaminant
removal efficiency has been obtained on increasing the
retention time of the bioreactor system. The contaminant
removal efficiency of the packed-bed bioreactor increased from
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FIGURE 4 | Influence of inlet butachlor loading on the removal efficiency
and elimination capacity of the PBBR.

80 to more than 95% on increasing the HRT from 0.25 to 4 days,
respectively (Chen et al., 2016; Khalid and Hashmi 2016). The
decrease in the removal efficiency (RE) at low retention time may
be attributed to the insufficient contact time between the
contaminant present in the feed and the immobilized
microbial strains, which leads to incomplete or low
degradation efficiency of the substrates (Alfonso-Gordillo
et al., 2016b).

Since the effective functioning of a bioreactor is dependent
upon the inlet loading rate, its effect on the butachlor removal
efficiency and elimination capacity has been investigated for the
PBBR, and the relationship has been presented in Figure 4.
From the graph, it is clearly evident that while the removal
efficiency of the bioreactor remains almost stable, the
elimination capacity increases linearly up to the inlet loading
rate of 271.44 mg/L/d beyond which the removal efficiency
starts decreasing noticeably and the elimination capacity of
the bioreactor tends on increasing. This phenomenon has
been discussed in various bioreactor studies carried out
previously (Yadav et al,, 2014; Briceno et al, 2020). In the
present study, the inlet loading rate of 271.44 mg/L/d is the
controlling step of the bioreactor that changes operation from
mass transfer to bio-reaction controlling. Below the critical rate,
diffusion of butachlor into the biomass is low, resulting in mass
transfer limitations. Therein, the innermost layer of the biofilm
may be depleted of the substrate, thus not utilizing the full
potential of the microbial system. However, at higher loading
rates, the system overcomes the mass transfer limitations since
the diffusional flux is high and under this condition, the
butachlor removal efficiency depends on the biodegradation
efficiency of the biomass. At higher loading rate, lower removal
efficiency may be the result of substrate inhibition or bacterial
plugging and channeling due to excess biomass (Patel and
Kumar 2016; Kureel et al., 2018). The present study proposes
the range of 270-325 mg/L/d to be the optimum operating range
for the removal of butachlor by the PBBR.

Biodegradation of Mixture of Herbicides in Biofilm Reactor

Effect of Initial Substrate Concentration on
RE of the PBBR

In the present study, continuous biodegradation of butachlor fed
at a constant flowrate of 2.77 ml/min was assessed for 25 days
with the butachlor concentration varying from 500 to 2000 mg/L.
Initial substrate concentration plays an important role in
determining the performance evaluation of the continuous
removal of the contaminant in a bioreactor. Wastewater
generated from the industrial applications is prone to have
shock loading on the biomass activity due to the inhibitory
effect of the contaminants at higher concentrations. Hence,
from the practical standpoint, evaluation of the shock loading
operation of the PBBR for the treatment of butachlor is highly
essential. Figure 5 demonstrates the effect of initial butachlor
concentration on the removal efficiency for different initial
butachlor concentrations. For an initial concentration of
500 mg/L of butachlor, the removal efficiency increased from
51 to 92% within 4 days and remained constant. On day 6,
increasing the butachlor concentration to 750 mg/L, the
removal efficiency sharply decreased to 50% and recovered to
87% byday 9, indicating the effect of shock loading on the
bioreactor to be temporary. A similar trend of sharp dip
followed by gradual increase in the RE till a steady point was
observed when the butachlor concentration was increased to
1,000 mg/L, 1,500 mg/L, and 2000 mg/L. The result obtained in
the present investigation indicates that the PBBR can adapt to
shock loading pertaining to higher butachlor concentrations. This
may be due to the formation of the biofilm on the support
material. Formation of biofilm by the bacterial cells has been
reported as one of the major adaptation strategies which has been
reported for the purpose of bioremediation of various organic
contaminants (Sahoo and Panigrahy 2018; Dash and Osborne
2020).

Combined Removal of the Mixture of
Herbicides

The previous study refers to the evaluation of the performance
of the PBBR using a single-target contaminant, butachlor.
However, in most of the cases, more than one contaminant
occurs as a mixture in the environment, which may affect the
removal efficiency of the bioreactor. Since, COD is a widely
used parameter that is measured to assess the magnitude of
pollution in any wastewater, in the present study, performance
evaluation of the PBBR for the treatment of synthetic
wastewater comprising the mixture of herbicides was
investigated with respect to its COD removal efficiency
(Figure 6). The removal efficiency of the PBBR was
evaluated for various initial COD concentrations in a
continuous mode to evaluate the simultaneous removal of
the herbicides. In the present study, percentage of COD
reduction was monitored as a function of time. Based on
the results of the single-substrate system, the flow rate of
the PBBR was maintained at 2.77 ml/min corresponding to
the HRT of 24 h for the simultaneous removal of the mixture of
pesticides from the wastewater. The figure indicates that at
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FIGURE 6 | COD level and the corresponding COD removal (%) in the synthetic wastewater by the PBBR.

lower concentration, degradation efficiencies of the PBBR is
considerably high, which decreases gradually with increasing
concentrations. Though complete removal cannot be achieved,
more than 90% removal efficiency is achieved at stage 1, where
the COD level of the influent was maintained at 500 mg/L. The
COD removal efficiency was further reduced to less than 80%

on increasing the COD level of the influent to 1,000 mg/L. A
similar trend of gradual decrease in the COD removal
efficiency with increasing concentration of the pollutant in
the synthetic wastewater was observed previously in various
studies (Alfonso-Gordillo et al., 2016b; Arikan et al., 2019).
The relative underperformance of the PBBR for the herbicide
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mixture as compared to the single-substrate system may be
attributed to the increased toxicity due to the presence of
multiple herbicides in the influent that inhibits the normal
metabolic activities of the microbial strain (Arikan et al., 2019).
However, the PBBR demonstrates excellent COD removal
efficiency and projects itself as a potential alternative to
treat wastewater generating from the herbicide industries.

Parameter Optimization Using RSM

The available literature survey evidenced that three independent
variables, that is, inlet feed flow rate, initial substrate
concentration, and additional biogenic substrate concentration
have a significant effect on the COD removal efficiency of the

bioreactor (Patel and Kumar 2016; Nguyen et al., 2017). Hence, in
the present study, the aforementioned parameters were optimized
by RSM to yield maximum COD removal by the bioreactor. The
design matrix of the subjected variables and the experimental
results are being presented in Table 1. The significance of each
variable and the model was determined by their probability value
and the correlation value, respectively (Supplementary Table
ST1). The results revealed the statistically significant (p < 0.05)
effects of influent feed flow rate and initial substrate
concentration on COD removal efficiency of the PBBR.
Regardless of their significance, all the terms (both linear and
quadratic) have been included in the following second-order
polynomial equation:
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RE (%) = 23.7 + 26.36xFFR + 0.0399xISC + 27.8xABSC
— 3.215% (FFRx FFR) — 0.000041x (ISC x ISC)
- 3.7x(ABSC x ABSC) - 0.00762x (FFR x ISC)
- 4.66x (FFR x ABSC) — 0.00013x (ISC x ABSC),

where RE represents COD removal efficiency; FFR represents
feed flow rate; ISC represents initial substrate concentration; and
ANS represents additional biogenic substrate concentration.

A regression model is usually considered statistically
accurate, highly correlated, and reproducible when the
coefficient of correlation (R?) value is higher than 0.9
(Bakkiyaraj et al., 2016). The R* value of 0.9018 indicates a
good agreement between the experimental and the predicted
values, which can be verified from the normal probability plot
of the residual (Supplementary Figure S3). The adjusted and
predicted R*> values were found to be 0.9616 and 0.9846,
respectively. The “Lack of Fit” of 0.0687 suggests that the
Lack of Fit is nonsignificant compared to the pure error. The
model is found to be competent for prediction within the range
of variables used. The mutual interaction among the variables
and their effect on the COD removal efficiency of the PBBR
were determined by mapping three-dimensional response
surface plots where the function of two wvariables was
observed while retaining the other variable constant at the
center point (Figure 7). The shape of the plot evidently
indicates the prominence of the involved parameters and
the significance of the mutual interaction among them.
From the figures and from the ANOVA table, it is highly
evident that feed flow rate and substrate concentration play a
major role in determining the COD removal efficiency of the
PBBR. Previous studies pertaining to optimization of the
process parameters have reported the significance of
substrate concentration and feed flow rate on the COD
removal efficiency of the packed-bed bioreactors (Dev et al,,
2017; Pandey and Sarkar 2019). It is an established concept
that the feed flow rate of the influent has the higest impact in
determining the efficiency of the PBBR (Mohanty et al., 2021).
The feed flow rate determines the retention time of the
pollutant within the bioreactor. The more the retention
time, the more opportunities obtained by the to metabolize
the pollutant efficiently. However, an exceedingly low feed flow
rate may also lead to mass transfer limitations, which may
result in lower removal percentage (Yadav et al, 2014).
Similarly, up to a certain initial concentration, the substrate
may act as the nutrient for the microbial biomass; however,
increase in the substrate concentration may confer the toxic
effect of the herbicides on the metabolic activity of the
microbial biomass, thus resulting in a low removal
competency. The desirability function thus predicted that
maximum COD removal can be achieved at the optimum
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additional nitrogen source at 1.41 g/L. The proposed model
was validated experimentally, and it was found that the
difference between the predicted and actual COD removal
rate was less that 3%, thus indicating the adequacy of
the model.

CONCLUSION

The present study aims to achieve high butachlor removal
efficiency both as a single-substrate system and in a mixture
of herbicides from wastewater using microbial consortium
SMCI1 immobilized on ceramic raschig rings in a continuous
vertical flow packed-bed biofilm reactor system. It was observed
that both the removal efficiency and the elimination capacity of
the system are affected by the retention time, inlet loading rates
and the intial substrate concentration of the wastewater. The
bioreactor system is also capable of treating the mixture of
herbicides efficiently and reduces the overall COD
concentration of the wastewater. Optimization of the
operating parameters such as feed flow rate, substrate
concentrations, and additional biogenic substances that have
a major effect on the performance of the bioreactor was
successfully carried out using RSM. The removal efficiency
obtained in the PBBR system was found to be superior to the
previously  studied  bio-systems.  Bioremediation  of
chloroacetanalide class of herbicides in a continuous-system
bioreactor has been one of the least explored fields of
study. Hence, the present study demonstrates the feasibility
of developing a large-scale biofilm-mediated bioreactor for the
effective treatment of wastewater from herbicide industries.
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