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Abstract
A sequential anaerobic-aerobic batch reactor was used to treat 3,6-dichloro-2-methoxybenzoic
acid (dicamba) during a long operation period of 340 days in the presence of disodium
anthraquinone-2,6-disulphonate (AQS) as redox mediator. The sludge activity was evaluated
for different dosages of dicamba over constant hydraulic retention time (HRT), neutral pH
(6.5–7.5) and at ambient reactor temperature. Effects of increased dicamba concentration,
solids retention time (SRT) and oxidation reduction potential (ORP) on the biodegradation of
dicamba was monitored and compared with control reactor containing no dicamba. Results
revealed that long operation period, long SRT and ORP were playing important role in the
breakdown of dicamba to its transformation products and subsequent removal in the system.
The system was capable of degrading the compound completely during long operation period,
long SRT and at low ORP in the presence of AQS. Reducing condition in the anaerobic reactor
significantly contributed to the treatment process through demethylation, dehalogenation and
dechlorination reactions in the presence of different reducing bacteria. The results of GC-
HRMS identified the anaerobic transformation products of dicamba as oleic acid (C18H34O2),
9-Octadecenoic acid (Z), 2-hydroxy-1-(hydroxymethyl)ethyl ester (C21H40O4), trans-13-
Ocatadecenoic acid (C18H34O2) compounds which were then oxidised in the aerobic reactor.
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Highlights
• Sequential anaerobic-aerobic reactor was capable to mineralize dicamba
• Addition of AQS as redox mediator contributed to the enhanced methanogenic activity
• Increased anaerobic biotransformation of dicamba (70%) with high rate of biogas production
• System can remove 82% of dicamba (60 mg/L)
• Formation of aerobic granules and low effluent COD (<50 mg/L)
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1 Introduction

Dicamba (3,6-dichloro-2-methoxybenzoic acid) is one of the halogenated aromatic herbicide
commonly used to remove and control broad leaf weeds in various crop fields. This herbicide
is mainly used to control post emergence of broad leaf type of weeds in the crop field
(González et al. 2006). The application of dicamba is not limited to agricultural field but also
used to eradicate weeds in railway embankments, drainages and gardens. Due to its high water
solubility (4500 mg/L), half-life period (28.3 day) and other physico-chemical properties the
herbicide may weakly be adsorbed on to soil (Hamilton and Crossley 2004). Dicamba exists in
water as anions, which makes it weakly adsorbed (Ghoshdastidar and Tong 2013) and it is
often detected more in surface than ground-water. Dicamba has been detected at concentrations
of up to 97.4 mg/L in sugar cane crop land runoff water (Sangami and Manu 2017a). Dicamba
can cause various health effects on aquatic life, animals and also on human (Shin et al. 2011).
Therefore, the US EPA has recommended 200 μg/L as standard limit for drinking water
(Hamilton et al. 2003). Dicamba has molecular weight of 221 g/mol and water solubility of
4500 mg/L at 25 °C (Sangami and Manu 2017a). Dicamba is weakly adsorbed on to soil with
pKa of 1.87, and it is highly water soluble (William and Armbrust 2002) and highly mobile in
soil (Comfort et al. 1992). Several treatment methods including physical, chemical and
biological have been used to treat it in wastewater, but they have limitations like formation
of excess sludge, incomplete mineralization, low capacity and high operating costs (Mondal
et al. 2010). Therefore, biological treatment methods are considered as efficient, eco-friendly
and economical alternatives (Ge et al. 2017).

The halogenated aromatic compounds can be treated using biological methods as they lack
in formation of toxic intermediates (Kuppusamy et al. 2017). There are studies reported to treat
herbicides including dicamba in membrane bio-reactors (MBR) and aerobic biofilm reactors
(Milligan and Häggblom 1999; Ghoshdastidar and Tong 2013), and specific microbial cultures
(González-Cuna et al. 2016). Use of specific microbial consortia creates a competition between
the species and becomes unrealistic in wastewater treatment plants (Khan et al. 2011b). It has
been found that the long sludge retention in the bioreactor would positively contribute to the
efficiency of the system (Navaratna et al. 2012) and sequential batch reactors (SBR) provide
the flexibility of handling long SRT as the sludge will be retained in the reactor. SBR works on
the simple principle of fill, react, settle and draw, has advantages like low sludge production,
easy operation, and is economically driven which makes SBR self-sustainable (Chin et al.
2005). Despite some issues, like formation of recalcitrant substances for complex chemicals,
the aerobic SBR has been widely used to treat various types of organic chemicals including
2,4,6-trichlorophenol by modifying an existing SBR (Khorsandi et al. 2018). SBR has also
been used as a pre-treatment process to reduce the shock load (Yeruva et al. 2015). The
reductive conditions in anaerobic reactor support the biotransformation of halogenated com-
pounds (Field et al. 1995). Several researchers have reported use of anaerobic sequential batch
reactor (ASBR) in the treatment of different pollutants including refractory organics by
reducing bacteria through dehalogenation, dechlorination reactions (Suflita et al. 1982;
Taraban et al. 1993; Weinberg and Teodosiu 2012). Therefore, it was assumed that the
refractory halogenated aromatic compounds, which cause recalcitrance, can be efficiently
treated in ASBR followed by aerobic SBR system. There are investigations on sequential
anaerobic-aerobic treatment of various environmental pollutants including azo dyes removal
(Manu and Chaudhari 2002), and textile wastewater treatment (Abiri et al. 2017) but no such
study has been found on dicamba treatment.
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A redox mediator, like anthraquinone-2,6-disulphonate (AQS), can accelerate the reaction
by lowering the activation energy of a reaction. Redox mediators (electron shuttles) are organic
molecules which can be either reduced or oxidised reversibly (Van der Zee and Cervante 2009).
Redox mediators are capable of transferring electrons over wide variety of organic and
inorganic compounds. Reduction of redox mediators can be promoted through chemical
reactions of anaerobic environments in the presence of reductants like sulphides, cysteine
(Curtis and Reinhard 1994). The reduction of redox mediator can be linked to anaerobic
oxidation of organic matter by microorganisms. It has been reported that some of the electron
withdrawing compounds accept the electron from reduced redox mediators; such re-oxidation
has been observed with azo dyes (Rau et al. 2002) and some polyhalogenated compounds
(Kappler and Haderlein 2003). In the presence of redox mediator, the polychlorinated pollutant
removal presented six-fold reduction rates (Cervantes et al. 2004). Enhanced removal efficiency
of nitroaromatic pollutants like aniline was observed for AQS amended reactions (Tratnyek
et al. 2001). Several redox mediated treatment processes have received ample attention for the
treatment of different types of pollutants and the scope of this work is limited to briefly discuss
the impact of dicamba removal in the absence and presence of different levels of AQS.

The literature on use of sequential anaerobic-aerobic batch reactor and use of disodium
anthraquinone-2,6-disulphonate (AQS) as redox mediator to treat dicamba in water is limited
and more insight is required on this treatment method. Therefore, this study was conducted to
investigate treatment efficiency of dicamba using sequential anaerobic-aerobic batch reactor in
the presence of AQS.

2 Materials and Methods

2.1 Chemicals and Synthetic Water Preparation

Analytical grade dicamba and AQS were purchased from Sigma-Aldrich (India), starch and
sodium bicarbonate from Hi-media, HPLC grade methanol and ultra-pure water were pur-
chased from Merck, India. The stock dicamba solution was prepared by dissolving 250 mg in
1 L of tap water and stock feed solution was prepared by dissolving 10 g/L of starch and 20 g/
L of NaHCO3 in 1 L tap water. The trace metal solution was prepared using
COCl2.6H2O:1.613, FeSO4:8.39, MgSO4.7H2O:5, H3BO3:0.1, ZnCl2:0.0473,
CuSO4.5H2O:0.0782, NiSO4.62O:1.698, (NH4)6MO7O24.4H2O:0.54, CaCl2:7.776, MnCl2.
4H2O:7.863 in g/L as per the protocols (Manu and Chaudhari 2002), which can serve as
nutrients for the microbes.

2.2 Reactor Design and Biomass Acclimatization

The anaerobic reactor was made using 2.5 L capacity glass bottle with working volume of 2 L,
12 cm in diameter, 20 cm in height and provision for gas collection was made (Fig. 1). The
aerobic reactor was made using 2.5 L plastic beaker, with 2 L working volume, 14 cm in
diameter, 18 cm in height and fitted with an air diffuser (Fig. 1). The reactors were designed to
operate manually to avoid operational issues and involve only manual feeding and decanting.
Fresh synthetic wastewater of 1 L was fed daily to the anaerobic reactor, and the reactor was
completely air tightened to collect and quantify the gas produced. The aerobic reactor was also
designed to work manually, and was fed with 0.5 L effluent from anaerobic reactor.
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Seed sludge for the anaerobic reactor was collected from the outlet of a UASB reactor in a
municipal treatment plant, and the aerobic sludge was collected from the aeration tank of an
STP located on the Institute campus. The sludge was cleaned with water, sieved using 250 μm
and characterised for mixed volatile suspended solids (MLVSS) before inoculation. Then,
anaerobic and aerobic reactors were inoculated with 9000 mg/L and 2500 mg/L of MLVSS
using anaerobic sludge and aerobic sludge, respectively. The activated anaerobic and aerobic
sludge was cultured in the respective reactors using synthetic water containing chemical
oxygen demand (COD) of 2100 ± 50 mg/L using 2 g/L of stock starch solution. A trace metal
solution was supplied to provide nutrient requirement for the microbes. pH was maintained at
7 ± 0.5 using stock NaHCO3 solution (4 g/L). The anaerobic and aerobic reactors hydraulic
retention time (HRT) was maintained at 48 h with volumetric exchange ratio of 50% (Khan
et al. 2011b). The ambient liquid temperatures recorded in the anaerobic reactor was in the
range of 28 ± 0.3 to 31 ± 0.2 °C and in the aerobic reactor was 28 ± 0.3 °C. The sequence of
operation was carried out on daily basis as follow: (i) feeding – 0.5 h; (ii) reaction – 22 h; (iii)
settling – 1 h; (iv) decanting and idle – 0.5 h.

After achieving consistent biological activity for influent COD concentration of 900 ±
50 mg/L the influent COD concentration was raised to 2100 ± 50 mg/L. Then, the influent
COD was maintained in the range of 2100 ± 50 mg/L using 2 g/L of starch to both anaerobic
reactors throughout the study period. The steady-state condition for the anaerobic reactor was

Fig. 1 Schematic and Lab scale diagram of anaerobic-aerobic SBR
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achieved in 48 days with less than 5% variation in COD removal efficiency (82%) and for the
aerobic reactor was in 15 days with less than 3% variation during 3–5 consecutive days. Then,
one set of anaerobic-aerobic reactors was used to treat dicamba, and one set was used as
control without dicamba and AQS. The dicamba and its TPs were measured both in the liquid
and sludge of the reactor using HPLC and GC-HRMS analysis. Influent concentration of
dicamba was increased from 10 to 60 mg/L and the influence of dicamba on COD reduction,
sludge toxicity and biogas production over different operation periods and SRTwas evaluated,
and the results were compared with the control.

2.3 Analytical Methods

The transformation products (TPs) have been detected using a gas chromatograph with high
resolution mass spectrometer (GC-HRMS, GC – Agilent 7890 and MS – Jeol (AccuTOF
GCV)). The GC-HRMS method had column type: column length 60 m; carrier gas Helium;
active phase RTX-1; column diameter 0.22 mm; phase thickness 0.25 μm; data type linear RI;
program type Ramp; start temperature 60 °C; end temperature 230 °C; heat rate 10 K/min; end
time 35 min.

Dicamba was measured using high performance liquid chromatography (HPLC, Agilent
Technologies, 1260) equipped with diode array detector at 274 nm wavelength, C18 column
with reverse phase and 100 × 4.6 mm, 3.5 μm pore size, flow rate of 0.8 mL/min, and mobile
phase ratio of 40:60 methanol and water. The retention time obtained for dicamba was
1.292 min. The maximum wavelength (λmax = 274 nm) was measured using UV-VIS spectro-
photometer (AU – 2701, Systronics). Sludge analysis was carried out according to procedure
mentioned (Weaver et al. 2004) to find dicamba adsorption. The known quantity of sludge was
resuspended with 20 mL methanol (100%) and allowed to mix using a shaker (at 150 rpm) for
24 h; then, centrifuged at 6000 rpm and filtered using 0.2 μm filter paper.

COD (closed reflux method), alkalinity, MLSS and MLVSS were measured as per the
standard methods (APHA 2016). All the samples were filtered before analysis using 0.2 μm
membrane filter. ORP, pH and temperature were measured using ORP and pH meter (edge,
Hanna Instruments). DO meter (HI 9741, Hanna Instruments) was used to measure dissolved
oxygen in the aerobic reactor.

2.4 Effect of Influent Dicamba Concentration, SRT and ORP on the Reactor
Performance

Dicamba acted as a toxic inhibitor on microbial community even at low concentrations, and
appeared as persistent over 112 days even at low concentrations of 3.5 mg/L (Ghoshdastidar
and Tong 2013). Dicamba concentration of 19.7 mg/L was treated up to 77% using aerobic
packed bed reactor over 150 days operation. Another study reported complete mineralization
of dicamba to CO2 and water in an anaerobic reducing condition (Milligan and Häggblom
1999). Hence, an initial dicamba concentration of 10 mg/L was selected and after observing
the system performance the concentration was raised up to 60 mg/L successively during the
operation period (Table 1). The impact of dicamba introduction on anaerobic and aerobic
biomass was monitored through dicamba and COD removal.

Solids retention time is an important parameter which greatly influences the reactor
performance. The daily sludge wasting from the reactor effluent was less than 6000 mg/L.
The reactor biomass was collected for analysis on specific days to avoid the loss of biomass.
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The initial MLSS concentration was 80,000 mg/L, and the MLSS measured during every
specific day was in the range of 19,200–23,100 mg/L. The SRT of the SBR can be calculated
the Eq. (1) and the maximum SRT found was >200 days during stabilization period in all the
reactors.

SRT ¼ Vt X Tc
Vw Xw 24

ð1Þ

where, SRT is the solids retention time (days); Vt is the total reactor volume (L); X is the
MLSS in the reactor (mg/L); Tc is the total operating cycle (h); Vw is the volume of MLSS
wasted (L); and Xw is the MLSS wasted (mg/L).

Oxidation reduction potential (ORP) is an important parameter which indicates the reaction
mechanism in the reactor. Reducing condition in the anaerobic reactor indicates a negative
ORP value. An efficient biological reactor should have optimal ORP of −320 mV (Van der Zee
and Cervante 2009). ORP can be maintained in the reactor using a redox mediator like AQS,
which is considered as a powerful redox mediator (Rau et al. 2002). The impact of addition of
different concentrations of AQS (5–20 mg/L) on anaerobic dicamba removal was studied by
monitoring the ORP in the reactor.

3 Results and Discussion

3.1 Acclimatization and Treatment of Dicamba

The anaerobic reactors were stabilized using starch as carbon at 24 h HRTwith COD removal
efficiency of 83% in 49 days, and aerobic reactors using anaerobic effluent as feed with COD
removal of 86% in 15 days. Yeruva et al. (2015) have reported that aerobic SBR and anoxic
SBR have shown 95% and 92% COD reduction, respectively (out of 3000 mg/L). The reactors
were fed with 1 g/L of starch for 20 days, later acclimatised to 2 g/L, and then, 10 mg/L of
dicamba was introduced. Anaerobic SBR acclimation can take more time than that of aerobic
reactor (Speece 1996). Whereas the aerobic SBR was acclimated in 15 days, this may vary for
different compounds from hours to several days up to 25 days (Khorsandi et al. 2018). The
influent feed to the anaerobic reactor had COD of 2100 ± 50 mg/L, and pH of 7.5–8.3, and to
the aerobic reactor COD of 360–1050 mg/L and pH of 6.3–7.6.

Table 1 Influent dosage of dicamba, AQS and MLVSS concentration in anaerobic reactor

Stages Run (Days) Dosages (mg/L)
(dicamba: AQS)

MLVSS (mg/L)

Reactor with
dicamba

Reactor with no
dicamba (Control)

I 0–49 (49) Nil 9200 9300
50–88 (38) 10:0 7100–8200 9000–9350
89–113 (24) 10:5 9300–9400 9100–9800

II 114–142 (28) 20:5 8000–8300 9200–9500
143–165 (22) 20:10 8550–9300 9200–9600

III 166–211 (45) 40:10 6400–7700 9700–9900
212–243 (31) 40:15 8000–9000 10,000–10,200

IV 244–300 (56) 60:15 7000–8500 10,000 ± 300
301–340 (39) 60:20 8000–9200 10,000
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The treatment process was carried out in four stages with different influent dicamba
concentrations from 10 to 60 mg/L, AQS dosage (5 to 20 mg/L) and overall reactor operation
period of 340 days. In stage I, operation conditions were continued with introduction of 10 mg/
L dicamba and the performance of the reactor is shown in Fig. 2. The toxicity of dicamba was
found to inhibit anaerobic sludge during the first 27 days of introduction, which was indicated
by reduced MLVSS in the reactor, and lower COD removal and biogas production compared
to the control. The COD in the effluent of acclimated reactor was 900–1300 mg/L, whereas the
control reactor COD was at 300–460 mg/L. High effluent COD may indicate incomplete
degradation of dicamba (González-Cuna et al. 2016). Initial dicamba removal between 52nd –
75th day was due to the accumulation of compounds through adsorption on the reactor sludge;
this was confirmed after characterising the sludge according to Weaver et al. (2004). Adsorp-
tion on the sludge was in the range of 5–8 mg/g MLVSS, indicating that significant amount of
dicamba was adsorbed on the sludge. Adsorption of dicamba was reduced with continuous
operation, which may be due to high water solubility of 4500 mg/L of the compound (William
and Armbrust 2002), and other characteristics, which make it weakly adsorbed on soil (pKa of
1.87), and highly mobile in soil (Comfort et al. 1992). Effluent from the dicamba acclimated
anaerobic reactor contained biotransformation products, which may be due to the inability of
anaerobic bacteria to completely biodegrade the compound under anaerobic condition. The
dicamba TPs have been degraded by the aerobic bacteria in the aerobic reactor indicated by
disappearance of intensity peak at retention time of 1.292 min in HPLC (Fig. 3). The HPLC
report obtained for the aerobic effluent indicates that the transformation products of dicamba
are mineralised. Further, decline in COD concentration and stable biogas production after
65 days indicate that the anaerobic sludge was restored slowly with a consistent biological
activity in the reactor, which may be an indication of acclimatization to 10 mg/L of dicamba.
Acclimation to 20 mg/L of 2,4-D took more than 80 days to aerobic reactor and inhibitory
effects of herbicide was avoided in the presence of glucose (Chin et al. 2005). Therefore, the
treatment was continued with the same influent dicamba concentration and the anaerobic
reactor reported 65% of dicamba removal, whereas the aerobic reactor removed up to 95% of
dicamba. The anaerobic reactor produces dehalogenated and dechlorinated compounds like
3,6-dichlorosalicylate and 6-chlorosalicylate of dicamba which may be difficult to degrade in
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Fig. 2 Anaerobic treatment efficiency of dicamba corresponding to COD reduction in comparison with control
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anaerobic condition (Milligan and Häggblom 1999), whereas in this study formation of long
chain fatty acids have been detected from the GC-HRMS analysis.

It was found that at low ORP in the anaerobic reactor, reductive reactions like demethylation
and dechlorination occur, which lead to the breakup of methyl, chlorine and halogen group.
Therefore, the ORP value was reduced from −250 to −300 ± 10 mV using 5 mg/L AQS, which
increased the anaerobic treatment efficiency by 5–12%. It was observed that further increase in
AQS to 10 mg/L showed increased dicamba removal efficiency but there was a raise in TPs
concentrations with high effluent CODwhen compared to control. Treatment of anaerobic effluent
in the aerobic reactor was found to bemaximum for degradation of dicamba and COD by 65% and
67%, respectively. Apparently the appearance of sludge granulation on day 40 was an indication of
active growth of aerobic bacteria by utilizing the anaerobic TPs as their nutrient sources. The
formation of sludge granules may be due to the reactor operating conditions which was promoted
by the dense microbial consortia of different bacterial species, which support the degradation of
dicamba; and similar observations have been reported (Dutta and Sarkar 2015). The initial dicamba
concentration was raised to 20 mg/L in the acclimatised bioreactor and continued in stage II.

The initial dicamba concentration was increased to 20 mg/L after the consistent removal of
10 mg/L. Toxic effect of dicamba appeared to be negligible when compared to the previous stage
as the bacteria in the reactor have been acquainted to the compound over the 113 days of
operation. After increase in the influent dicamba concentration, there was raise in dicamba TP
and COD in the effluent which may be attributed to increased toxicity load inhibited in the
anaerobic sludge; high COD in the effluent is an indication of incomplete dicamba degradation
(González-Cuna et al. 2016). Reduced biogas production and reduced MLVSS in the reactor was
an indication of sludge toxicity. During this time period from 140 to 160 days, it should also be
noted that the acclimatised bacteria were able to degrade the compound partially, which indicates
presence of insufficient dominant bacteria to degrade dicamba. Increase in AQS supported the
dicamba removal along with reduced effluent COD, which may indicate the development of
dicamba degrading bacteria favoured by the redoxmediator. MLVSS concentration was increased

Fig. 3 HPLC report obtained for the aerobic effluent sample
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from 8550 mg/L to 9300 mg/L after 160 days. ORP during this period was observed to be around
−300 mV with existing influent AQS concentration of 10 mg/L. It has been reported that the
addition of quinones like AQS activated the ability of unacclimated biomass to degraded azo dyes
(Rau et al. 2002). At ORP of −270 to −320mV, anaerobic reactor performance was reported to be
stable for dicamba removal, and incomplete degradation in anaerobic reactor followed the
previous degradation pattern (Fig. 2). It can be observed that the aerobic reactor performance
was exceptionally better than before with removal efficiency of TPs of 92% and COD of 97%
(Fig. 4). Hence, the aerobic effluent reported negligible TPs with effluent COD of 45–110 mg/L.
In contrast, the aerobic treatment was able to remove >99% (3.5 mg/L) dicamba over 112 days of
treatment (Ghoshdastidar and Tong 2013). The influent dicamba concentration was raised to 2
times (40 mg/L) and the treatment was conducted in stage III.

Performance of the anaerobic reactor for the treatment of 40 mg/L dicamba was conducted
during 166–243 days of operation in acclimated biomass (Fig. 2) and aerobic reactor performance
(Fig. 4). The reduction of anaerobic biological activity was indicated by high effluent dicamba
concentration, high COD, reduced MLVSS (<6500 mg/L) and biogas production. The reduced
sludge activity in anaerobic reactor compared to previous stage and the control reactor may be
due to sudden toxicity, but it was not observed in the aerobic reactor. The operation was preceded
using 10 mg/L of AQS till 45 days (between 166 and 211 days), ORP remained at −270 to
−320 mVand the treatment efficiencies for dicamba and COD were 74% and 77%, respectively.
AQSwas increased to 15mg/L (from day 243) andORPwas reduced slightly (−5mV), andORP
was almost negligible sometimes. It was assumed that long SRT (>90 days) would have
supported the degradation indicated by consistent reactor performance after 40 days of introduc-
tion of 40 mg/L of dicamba. Development of specific degradation pathway by the microorgan-
isms might have lead to the increased dicamba removal over long operation period (Koh et al.
2008). Consequently, the aerobic reactor showed better performance than the anaerobic reactor as
usually by degrading the anaerobic TP of dicamba (~80%) with COD removal efficiency of 90%
till the day 77. The studywas continuedwith increase in influent dicamba concentration to 60mg/
L from day 244 onwards and the results are discussed in stage IV.

Toxicity was slightly inhibited on anaerobes indicated by poor performance and reduced
MLVSS concentration below 7000 mg/L till 300 days of operation and continued further as the
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MLVSS concentration of 2000–10,000 mg/L can support the anaerobic treatment process
(Speece 1996). The continued treatment process regenerated theMLVSS concentration over
20 days. It was observed from the graph that at average ORP values around −310 mV the
anaerobic reactor showed >70% reduction in dicamba and produced some biotransforma-
tion products with COD removal efficiency of 81%. The dicamba removal efficiency of
Fenton’s treatment process reported 85% of 86.1 mg/L of dicamba with COD removal of
83% (Sangami and Manu 2017b). HPLC analysis reports obtained for the effluent and
influent samples during the study can suggest the formation of TPs in anaerobic reactor and
mineralization in aerobic reactor (Supplementary material 1). Further, the TPs of dicamba in
the anaerobic effluent was determined using the GC-HRMS analysis and some of the major
compounds detected are oleic acid (C18H34O2), 9-Octadecenoic acid (Z), 2-hydroxy-1-(hy-
droxymethyl) ethyl ester (C21H40O4), trans-13-Ocatadecenoic acid (C18H34O2). These
products have tendency to get oxidised when they are treated in aerobic reactor. Aerobic
reactor was able to remove dicamba TPs up to 85% with COD removal of 92%. The long
chain fatty acids removed by losing 2 carbon atoms by β-oxidation pathway produces
acetyl-CoA, which can be further oxidised to CO2 through tricarboxylic acid cycle
(Ratledge 1992). Formation of different types of fatty acids and other TPs during the
anaerobic treatment of dicamba can be used by aerobic bacteria as nutrient and supported
sludge granulation. Degradation of fluroaromatics compounds (type of herbicides) by
aerobic bacteria in the presence of oxygenase enzyme has supported our findings
(Murphy et al. 2009). The granules formation in the dicamba treating reactor compared
with the control reactor sludge is shown in Fig. 5. Granules are cultivated to treat xenobiotic
compounds in aerobic SBR as the bacteria uses the compound as their sole carbon source
(Khan 2011a). After 300 days of operation with influent AQS (15 mg/L), the concentration
was raised to 20 mg/L. This dosage was able to maintain the existing ORP (−310 mV) but it
was expected to reduce below −320 mV. The low ambient reactor temperature (28.4–
29.5 °C) might not have supported the redox reactions.

3.2 Effect of Influent Dicamba Concentration on Anaerobic Sludge Toxicity

The anaerobic reactor was found to be under the toxic risk on introduction of dicamba
which can be evaluated based on the reduction in MLVSS concentration and biogas

Fig. 5 Aerobic sludge granulation of a dicamba treatment reactor and b control reactor
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production. The averaged MLVSS concentration and biogas production was compared
with respect to the influent dicamba concentration. It can be observed that the inoculated
9000 mg/L sludge concentration was raised up to 11,000 mg/L initially in both reactors
(Table 1). The excess sludge was wasted in both reactors to maintain MLVSS of
9000 mg/L. After 48 days of total stabilization period, 10 mg/L of dicamba was
introduced to one of the anaerobic reactors. At the beginning, it appeared that there
was slight toxicity which reduced MLVSS concentration (7000 mg/L), whereas in the
control it was 9300 mg/L. The reduced sludge activity was an indication of toxicity
induced by the transformation products of dicamba on bacteria than the dicamba itself
(Ghoshdastidar and Tong 2013; Kuppusamy et al. 2017). MLVSS was restored in the
dicamba treating reactor with continued operation on day 85. On the 113th day MLVSS
in the control was 9800 mg/L but in the dicamba containing reactor it was 9400 mg/L,
and then, influent dicamba concentration was raised to 20 mg/L and the toxicity
inhibition followed similar pattern as before and was restored on continued treatment
due to the adoptability of bacteria to the TP of dicamba. In spite of the toxicity, the
biogas production was found to be consistently higher than that in the control reactor.
This may be another evidence for well adopted dominant anaerobic bacteria (Fig. 6b).
Release of electron donors from the dicamba under reducing conditions might have been
utilized by the anaerobic bacteria and thus high biogas was produced during the
treatment. This was also supported by lower ORP values (−310 mV) than the ORP (<
−250 mV) in the control reactor. Redox mediators have enhanced the biodegradation of
chloroaromatic pollutants like dyes by electron shuttling (Dos Santos et al. 2005), and
nitroaromatic pollutants like aniline (Tratnyek et al. 2001). Dicamba containing methyl,
chloride, and hydroxyl components after undergoing demethylation, dechlorination and
dehalogenation reactions produces CH4, H2S and CO2 gases. CO2 further utilized as
carbon source by some of the anaerobic methanogenic bacteria produces methane
(Suflita et al. 1982). Therefore, the biogas production in the anaerobic dicamba treating
reactor is greater than the control reactor. Further the concentration was doubled by 2
times (40 mg/L) which appeared as toxic load (shock load) on the sludge (Weinberg and
Teodosiu 2012) and reduced the MLVSS concentration ( 6400 mg/L). The sludge activity
was improved over 40 days with regeneration of improved MLVSS concentration and
biogas production. The biogas production during stage II (i.e., for 40 mg/L) has varied
from 535 to 670 mL/d, lower being on the day 5 and day 31 (after raise of 40 mg/L) due
to possible toxicity and it is supported by low COD removal efficiency (45–51%).
Further increase in dicamba concentration of 60 mg/L reduced MLVSS to 7000 mg/L
initially and recovered over 40 days of operation which indicate the consistent bacterial
performance. Increase in biogas production over a long operation period after the raise in
influent dicamba concentration compared to the control indicates the utilization of
influent dicamba by the activated biomass. Though there was shock load effects ob-
served during initial stages of dicamba introduction, it was recovered after certain time of
operation due to the adaptation and activation of inactive biomass of the anaerobic
reactor. A gradual adaptation and development of anaerobic biomass (MLVSS) over
long operation period has been reported during the treatment of phenoxy acetic acid
herbicide (Chin et al. 2005). Another significant observation during this study is that the
temperature variation, biogas production was comparatively more at high temperature
ranges in the anaerobic dicamba reactor (30–31.2 °C) than the control reactor (29.5–
30 °C). It can be observed that different influent dicamba concentration was removed
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gradually over time; dicamba (in the form of TP) remaining in the effluent after each
anaerobic and anaerobic-aerobic treatment can be observed in Fig. 7.

3.3 Effect of Solids Retention Time on the Reactor Performance

MLSS andMLVSS detected in the effluent was considerably less (i.e., MLSS: 800–6000 mg/L
and MLVSS: 600–2800 mg/L). The maximum and minimum SRT calculated was 200 days
and 26 days during the stabilization period, and dicamba treatment period respectively. In stage
I, after addition of 10 mg/L of dicamba the MLVSS in the reactor was reduced to 7200 mg/L
(quantification of MLVSS was done after and before the raise in influent dicamba to avoid
biomass loss). The loss of MLSS and MLVSS found in the effluent during daily decanting was
considered to be very small, of the order of 2200–2600 mg/L and 1800–2000 mg/L, respec-
tively, and the corresponding SRT was 60–70 days. Khan et al. (2011b) have reported SRT of
20 days for 5% loss of biomass. With increase in operation period, the sludge quality was
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improved, as indicated by the lower appearance of sludge in the effluent (<1200 mg/L). The
SRT calculated during the long operation period (89–113 days) was >150 days. The long
operation period supported the growth of slow and inactive biomass to get adapted to the toxic
condition, and hence, the increased reactor performance was observed.

It can be seen that in all the successive stages (II to IV) similar finding are observed.
During the first 20 days of each stage with increased dicamba concentration there was
always lower SRT (<55 days) compared to the second phase of that stage. Increase in
influent dicamba concentration to 20 mg/L followed the same pattern as observed in the
previous stage, whereas further raise to 40 mg/L has appeared as shock loading with
reduced sludge activity. The shock load impacts are gradually overcome due to adapta-
tion of bacteria over long operation period (Chin et al. 2005) and the SRT found was 28–
35 days during the first 10 days. MLVSS concentration dropped to <6500 mg/L during
stage III and recovered over 76 days. Further raise in dicamba concentration to 60 mg/L
had low impact on the biomass compared to previous stage. Long SRT in a biological
reactor enable growth of slowly growing micro-organisms which have further enhanced
the removal of EDCs (Koh et al. 2008).

3.4 Effect of Redox Mediator (AQS) on the Treatment Process

ORP is an important parameter which has greatly influenced the dicamba treatment in the
anaerobic reactor. AQS produces free radicals which enhance the redox reaction in reductive
environments by oxidising various types of organic and inorganic compounds (Van der Zee
and Cervante 2009), by transferring the electrons from electron donors (starch) to electron
acceptor (dicamba) (Da Silva et al. 2012). ORP in the anaerobic reactors during the stabiliza-
tion period was in the ranges of −220 to −270 mVat the ambient temperature ranges of 28 to
30 °C and ORP was dependent on temperature as observed in the experiment. The variation of
ORP was linked to redox reactions between the various substrates and hence degradation of
dicamba at different ORP and biogas production has been compared with control (Fig. 6a–b).
Introduction of 10 mg/L dicamba after the stabilization has activated redox reaction under
reducing condition indicated by reduced ORP (−260 to −285 mV). Decrease in the ORP was
observed with addition of 5 mg/L AQS solution at similar ambient temperature ranges, which
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increased the degradation efficiency of dicamba (Fig. 2). In the second stage, with 20 mg/L of
influent dicamba concentration, ORP remained the same around −270 to −290 mV, which was
sufficient enough to enhance the anaerobic degradation, where the control ORP ranged from
−220 to −270 mV. The raise in AQS by 10 mg/L has improved the redox reactions with further
reduction of ORP (−10 ± (−4) mV) at the ambient temperature. Da Silva et al. (2012) have
reported increased dye removal with addition of AQS which enhanced the colour removal by
mediating the redox reactions in the acidogenic and anaerobic reactors. Then, the dicamba
concentration was doubled to 40 mg/L keeping all the other dosages constant. At this stage the
ORP was found to be −310 ± (−12) mV, which indicates that there were active substrates
(dicamba) available for the redox reaction of the anaerobes; this is a clear indication of
compound being transformed to its residuals (TPs). As the effluent water contained high
residuals concentration and COD up to 750 to 1200 mg/L, it was believed that there are
available substrates which can be degraded in anaerobic reactor and hence the AQS was
increased to 15 mg/L. Though there was a reduction in ORP (around −12 mV), the reduction
in the residual compounds took place only after certain days of operation from herbicide
introduction and also after the introduction of AQS. The acclimatization of bacteria over 20–
45 days after raise in dicamba had indicated the reduced risk of dicamba for shock loads and
contributed to biodegradation. Dicamba concentration was raised to 60 mg/L and the ORP
remained the same, maybe due to the inability of bacteria to undergo redox reactions at
existing AQS of 15 mg/L. Even after raise in AQS to 20 mg/L, no significant change in
ORP was observed but the removal took place around 70%. It was observed that attainment of
saturation kinetics during the decolouration studies (Field and Brady 2003) may be due to
reduced ambient temperature in the reactor (28–29.2 °C) influencing the redox reactions. ORP
remained around −270 to −300 mV but the effluent contained significant amounts of non-
degraded compound which contributed to high COD values. The AQS addition to anaerobic
reactor had no influence on the sludge activity of the aerobic reactor. The high rate of herbicide
removal in the aerobic reactor was due to low influent load (COD <400 mg/L), and presence of
readily oxidising long chain fatty acids.

4 Conclusions

Treatment of dicamba in a sequential anaerobic-aerobic batch reactor was conducted. Bio-
transformation of dicamba in the anaerobic reactor, followed by the mineralization of trans-
formation products (TPs), was achieved. Treatment in the anaerobic reactor was studied using
varying concentrations of AQS as redox mediator which influenced the anaerobic transforma-
tion to certain extent. Anaerobic transformation products were identified as long chain fatty
acids using GC-HRMS analysis and the post-treatment in aerobic reactor supported the
complete mineralization. Significant outcomes of this study are:

– Toxicity on anaerobic biomass was reduced over long operation period with increased
SRT contributed to dicamba removal.

– Increased SRT over long operation period supported the efficacy of the system.
– Addition of AQS was significant in the enhancement of redox reactions under reductive

conditions and AQS (>20 mg/L) may be insignificant at low temperatures.
– COD remaining in the anaerobic effluent indicated the presence of biodegradable organic

matter in the form of TPs.
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– Individual reactor treatment efficiency is considered as inefficient.
– Aerobic treatment is essential for the maximum reduction of TPs and COD.
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