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Abstract

Agricultural runoff often contains persistent halogenated herbicide compounds like 2-(ethylamino)-4-(isopropyla-
mino)-6-(methylthio)-s-triazine (ametryn) and 3,6-dichloro-2-methoxybenzoic acid (dicamba). These can enter the
food chain through drinking water, causing serious effects for people and the environment. A sequential anaero-
bic reactor followed by an aerobic reactor was operated and investigated for herbicide removal efficiency at
constant, three-day, hydraulic retention time (HRT) and organic loading rate (OLR) of 0.2025 kg-COD/m3/d.
The effect of the herbicides on anaerobic bacteria was evaluated based on total biogas production and bacterial
activity, which indicated that there was no inhibition on the acclimated biomass. The sequential reactor pair
removed 72% of ametryn and 78% dicamba, with COD removal efficiencies of 86% and 85% respectively. The
different high-performance liquid chromatography (HPLC) peaks indicate that the compounds are biotransformed
and this was confirmed by gas chromatograph high resolution mass spectrometry (GC-HRMS).

Key words: agriculture runoff, ametryn, biodegradation, biotransformation, dicamba, sequential anaerobic-
aerobic batch reactor
INTRODUCTION

Agrochemicals like pesticides and herbicides are considered hazardous when discharged into the environ-
ment. Herbicides are used extensively to increase agricultural production by reducing the incidence of
weeds in crops. Many pesticides and herbicides are persistent organic pollutants. They are released
mainly during the wet season in runoff from the crop fields (Navaratna et al. 2016) and increase pollution
levels downstream (Conte et al. 2016). Agricultural runoff can contain up to 500 mg/L of pesticide (Chiron
et al. 2000), runoff from sugarcane fields, for instance, contained 3.5 mg/L of ametryn (2-(ethylamino)-4-
(isopropylamino)-6-(methylthio)-s-triazine) and 93.7 mg/L dicamba (3,6-dichloro-2-methoxybenzoic acid)
(Sangami & Manu 2017), the samples were analysed using the HPLC operating procedure shown in
Table 1. India consumed around 0.5 kg/hectare of herbicide in 2014 (De et al. 2014), which is relatively
little compared with the quantities consumed in Japan (15 kg/hectare), the United States (2) and the Euro-
pean Union (4) in 2001 to 2003 (OECD 2008). Herbicide application to crop fields is expected to increase
in future due to lack of availability of labour, increased food needs, user awareness, and crop land expan-
sion. The herbicides used and their derivatives have become a major concern in environmental
engineering, as they enter fresh water bodies in agricultural runoff and increase toxicity in the water.
Ametryn belongs to the class III herbicide category (moderately toxic to fish, large mammals and

humans), and is highly toxic to crustaceans and molluscs (Hurley 1998). It is weakly soluble in
water (209 mg/L) and has low affinity to soil with a pKa of 4 (Frías et al. 2004). Dicamba is a well--
known endocrine disrupting chemical, and exposure to it affects human eyes, thyroid, liver, kidney
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Table 1 | HPLC operating conditions

HPLC Parameter Ametryn Dicamba

Mobile phases and their ratio 58:42 50:50

Column temperature (°C) 25 35

Wavelength (nm) 223 274

Flow rate (mL/min) 1 0.75

Retention time (min) 8.882 1.382

Mobile phase¼methanol: water; Sample volume¼ 20 μL; run time¼ 20 min; column name and size¼ RP- C18, 100*4.6 mm, 3.5 μ pore size.

Source: Sangami & Manu 2017.
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and nervous systems (USEPA 2006). It is weakly adsorbed on to soil with a pKa of 1.87 but is highly
mobile (Comfort et al. 1992), and highly water soluble (Vencill 2002). The prescribed limits for ame-
tryn and dicamba in surface waters are 14 (USEPA 2010) and 200 μg/L (Hamilton et al. 2003),
respectively. The two herbicides’ physical and chemical properties are shown in Table 2.
The effects of ametryn and dicamba could be detrimental to living organisms over time if discharged

untreated.Water scarcity, pollution of surface- and ground-waters, and stringent effluent discharge stan-
dards all demandmore efficient and economically sound treatmentmethods. To date, several treatment
methods have been developed, including both physico-chemical (Gao et al. 2009) and biological pro-
cesses (Milligan & Häggblom 1999; Sandoval-Carrasco et al. 2013; González-Cuna et al. 2016;
Navaratna et al. 2016). Biological treatment methods are commonly the most suitable alternatives
used to treat pesticide contaminated wastewaters (Chin et al. 2005; Ghoshdastidar & Tong 2013).
The sequential batch reactor (SBR) is considered the most viable biological method for treating

wastewaters with varying quality, quantity and temperature. SBRs perform well due to long solid
retention times (Ndon 2007), and their ease of operation anaerobically, aerobically or in combination
(Chin et al. 2005). They are more cost-effective than other treatment methods. It is reported that com-
bined anaerobic-aerobic SBRs have shown good pollutant removal efficiencies in the treatment of
domestic (Callado & Foresti 2001) and dye wastewaters (Manu & Chaudhari 2002), and the degra-
dation of organic pollutants (Wang et al. 2014).
Under anaerobic conditions, the herbicides ametryn and dicamba can be transformed to less ali-

phatic hydrocarbons in the presence of electron donors produced during dehalogenation reactions
(Milligan &Häggblom 1999). The dehalogenated metabolites become easier to oxidise to their respect-
ive end products in the subsequent aerobic reactor (Gaunt & Hester 1989). The reported studies have
focused on the treatment of 2,4-dichlorophenoxyacetic acid using only aerobic or anaerobic SBR pro-
cessing (Chin et al. 2005; Celis et al. 2008), and have not included ametryn and/or dicamba.
Table 2 | Physico-chemical properties of ametryn and dicamba

Properties
2-(ethylamino)-4-(isopropylamino)-6-
(methylthio)-s-triazine (Ametryn - C9H17N5S)

3,6-dichloro-2-methoxybenzoic acid
(Dicamba- C6H2 Cl2(OCH3)CO2H)

Structure

Molecular weight (g/mol) 227.35 221

Maximum solubility (mg/L) 209 at 25 °C 4,500 at 25 °C

Source: Sangami & Manu 2017.
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In this preliminary study an attempt has been made to investigate the performance of a sequential
anaerobic-aerobic batch reactor (SAAR) for the treatment of influent concentrations (25 mg/L) of
ametryn and dicamba in water, and to determine the biotransformation products (BTPs) formed
during treatment.
MATERIALS AND METHODS

Chemicals

Analytical grade ametryn and dicamba were purchased from Sigma-Aldrich. High performance liquid
chromatography (HPLC) solvents like methanol and Milli-Q water were purchased from MERCK,
and starch and sodium bicarbonate from Hi-Media. The chemical structures of the two herbicides
are shown in the Table 2. A stock herbicide solution was prepared by dissolving separately 250 mg
of ametryn in 2 L and 250 mg of dicamba in 1 L freshwater. The influent to the anaerobic reactors
was prepared using 200 ml of the ametryn and 100 ml of the dicamba stock solutions in two volu-
metric flasks containing 2 g/L of starch and 4 g/L of sodium bicarbonate solution. A trace metal
solution was prepared using (g/L): 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), and MnCl2.4H2O (7.863).
Bacterial seed sludge and characterization

The anaerobic seed sludge for the SAAR was collected from the outlet of the up flow anaerobic sludge
blanket (UASB) reactor of Mangaluru Municipal Corporation’s sewage treatment plant (STP), at
Kavoor, Mangaluru, India. Aerobic seed sludge (activated sludge) was collected from the sludge recy-
cling unit of the STP at NITK campus, Surathkal, Mangaluru. The anaerobic and aerobic sludge was
characterised for both mixed liquor suspended solids (MLSS) and mixed liquor volatile suspended
solids (MLVSS) in the laboratory, and sieved to uniform solid-grain size (250 μm). The required quan-
tity of sludge was inoculated directly but separately into the anaerobic and aerobic reactors.
Herbicide toxicity studies in anaerobic reactors

The methanogenic activity study was conducted following the protocol described by Isa et al. (1993).
The reactors were tested separately for maximum initial concentrations of 25 mg/L of ametryn and
dicamba, with starch as the carbon source and sodium bicarbonate (NaHCO3) as buffering agent.
The reactors were capped after each feed and connected to a gas-liquid displacement system to
record the gas production rate. Displacement of 5% w/v potassium hydroxide (KOH) solution from
the liquid bottle was collected and measured as methane gas. The methane yield was measured
every two hours for 12 hours. The feeding, decanting and gas recording procedure was followed
for three consecutive days. The maximum slope obtained on the graph of methane yield (quantity)
versus time indicates the methanogenic activity of the sludge (kg-CH4 – COD/kg.VSS/d).
Reactor set up and operation

The anaerobic and aerobic SBRs were designed to be operated manually – see Figure 1. Three anaero-
bic reactors were made out of 2.5 L glass bottles, with provision for collecting biogas. The bottles were
12.2 cm (diameter) by 28 cm (high), with a usable liquid volume of 2 L and 0.5 L free space. All the
anaerobic reactors were inoculated with 9 g/L MLVSS of anaerobic seed sludge.



Figure 1 | (a) Flow diagram and (b) laboratory set-ups of anaerobic and aerobic SBRs.
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Three aerobic reactors weremade using 2.5 L plastic beakers of 13.7 cm internal diameter and 18 cm
tall, with 2 L usable internal volume and 0.5 L free space. They were aerated using diffusers to maintain
the dissolved oxygen (DO) level. All were inoculated with 2.5 g/L MLVSS of aerobic seed sludge.
One anaerobic and aerobic reactor set – set An1-A1 – was used as the control – i.e., with no herbi-

cide. Two similar sets were used to treat herbicides, one for ametryn (An2-A2) and the other for
dicamba (An3-A3). The reactors’ daily operating cycle included processes like feeding (10 min), reac-
tion (23 hrs), settling (30 min), and decanting (20 min) (Chin et al. 2005).
The synthetic influent to the anaerobic reactor was prepared separately to yield initial concen-

trations of 25 mg/L for ametryn and dicamba. The effluent from the anaerobic reactor was
subsequently treated in the sequential aerobic reactor after 24 hours. The effluent samples from
each sequential anaerobic and aerobic reactor set were analysed daily during the 60 day treatment
period. Reactor performance was determined in terms of both herbicide and COD removal, as well
as gas yield. Reactor stability was monitored by measuring alkalinity, reduction-oxidation potential
(redox), pH, temperature and DO (aerobic reactors). The aerobic reactor DO concentration was main-
tained between 6.0 and 7.5 mg/L.
The herbicide and COD removal efficiencies were calculated using Equation (1),

(h) ¼ (Cin � Cf)=Cin�100 (1)

where (η) is the removal efficiency (%), Cin – the concentration of herbicide or COD in the influent
(mg/L), and Cf – the concentration of herbicide or COD in the reactor effluent (mg/L).
EXPERIMENTAL PROCEDURE

Reactor operation

The anaerobic reactors were operated with feed water containing 2 g-starch/L as the carbon source
and 4 g-NaHCO3/L as buffer, to maintain the reactor pH between 6.5 and 7.5. The aerobic reactors
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were operated using anaerobic reactor effluent as feed. All the reactors, three anaerobic and three
aerobic, were operated for more than 28 days with similar feed and draw-off processes, while the bac-
terial biomass acclimatized to the controlled environment. The aerobic reactors attained quasi-steady
state condition after 14 days, showing constant COD removal efficiency of 82% for three consecutive
days. The anaerobic reactors took 26 days to attain steady state conditions. This confirmed that con-
sistent biological activity was taking place in all reactors.
From day 28 onwards, An2 was fed with synthetic influent containing 25 mg/L of ametryn and An3

with 25 mg/L of dicamba. The OLR was maintained at 0.2025 kg-COD/m3/d (2 g-starch/L and
25 mg-herbicide/L). The volumetric exchange ratio was maintained at 50% of volume and the HRT
can be taken as 24 hours. The experiments were conducted at constant HRT of 24 hours throughout.
The reactors’ liquid temperatures were between 27 and 32.1 °C throughout treatment. Each run was
carried out on a daily basis by decanting 1 L of supernatant and feeding with fresh influent.
The aerobic reactors A1, A2 and A3 were operated using the effluents from An1, An2 and An3,

respectively, as feed. The OLR fluctuated between 0.02 and 0.038 kg-COD/m3/d. 0.5 L of supernatant
was decanted from the aerobic reactors before each fresh feed. The volumetric exchange ratio was
maintained at 25%, and the aerobic reactor HRT was 48 hours. Details of influent quality are given
in Table 3. The overall performance of the anaerobic-aerobic reactor pairs was evaluated at three-
day HRT.
Analytical methods

The herbicide concentrations were measured using HPLC (Agilent 1260, USA), reverse phase – C18
column (100*4.6 mm, 3.5 μm pore size) and diode array detector (DAD). Ametryn and dicamba were
analysed in HPLC using the operating procedure outlined (Table 1). Herbicides can be detected in
HPLC when methanol and water are used as mobile phases at different ratios during detection of
specific compounds, the solvents are allowed to flow continuously into the instrument detector
through capillary tubes at a fixed flow rate. The detector wavelength, temperature, and flow rate
were set to the specific values in Table 1. The instrument read the specified values for calibration,
after which the samples containing herbicide were injected into the mobile phase through the injec-
tor. The sample was carried to column, which separates the different molecular species based on their
physical and chemical properties, and passes them to the detector. The detector generates liquid chro-
matograms having intensity peaks for particular retention times. Keeping the sample volume (20 μL)
and wavelength (ametryn¼ 223 and dicamba¼ 274 nm) constant, the best calibration curve for the
standard herbicide solutions was established in the HPLC by varying the mobile phase ratios (metha-
nol and water), flow rate and temperature. Finally, the sample with unknown herbicide content was
injected and the chromatogram obtained compared with the standard curve to calculate the herbicide
concentration.
The BTPs were analysed using GC-HRMS [GC – Agilent 7890 and MS – Jeol (AccuTOF GCV)]. The

maximum wavelength (λmax) value for the standard herbicide solution and reactor samples was deter-
mined using a UV spectrophotometer (AU-2701, Systronics, India). DO was measured in the aerobic
reactor using a portable meter (Henna Instruments, India), by dipping the electrode tip in the reactor
Table 3 | Reactor influent characteristics

Parameter
pH Alkalinity (mg-CaCO3/L) COD (mg/L) Redox (mV) Temperature (°C) DO (mg/L)reactor

Anaerobic – i.e., An1, An2, An3 7.5–8.2 1,900–2,100 1,700–2,100 10 to 20 25–27.5 7–8

Aerobic – i.e., A1, A2, A3 5.6–7.3 1,800–2,400 160–1,200 �105 to �275 28–31.5 0–1



Water Practice & Technology Vol 14 No 2
428 doi: 10.2166/wpt.2019.027
liquid and pH, temperature, and redox were measured in the reactors with another calibrated meter
(edge® dedicated pH/ORP Meter, Hanna Instruments, India).
The influent and effluent samples from the reactors were centrifuged at 5,000 rpm (Remi, R – 24,

Remi Electrotechnik, India) for 20 minutes and filtered through 0.2 μm paper. The reactor sludge
was centrifuged, autoclaved and re-suspended using 20 mL of 100% methanol, and mixed on a mech-
anical shaker (150 rpm) for 24 hours, as per Weaver et al. (2004), and the liquid sample processed as
above. Parameters like alkalinity, COD, MLSS, and MLVSS were measured using APHA standard
methods (2005).
RESULTS AND DISCUSSION

Reactor performance

Experiments in the control reactors (An1 and A1)

Control reactor performance was monitored by measuring COD removal efficiency and gas pro-
duction – Figure 2(a). Effluent parameters including redox, alkalinity, pH and temperature were
monitored throughout the study period. Reactor pH was always between 6.6 and 7.7, which is
within the acceptable range for a methanogenic reactor (Ross 1992). An1 alkalinity and redox are
shown in Figure 2(b); the alkalinity ranged from 1,900 to 2,600 mg-CaCO3/L, the higher concen-
trations possibly arising from conversion of sulphite to sulphide in the reactor (McCartney &
Oleszkiewicz 1991). COD removal exceeded 90% after five days of operation but fell to some
extent (to 60%). This may have been caused by the presence of sodium salts and sulphides in the
feed, which could inhibit methanogen activity. The issue was overcome by adding a 2 ml/L solution
of trace metals to create favourable conditions for and strengthen the methanogens (Manu & Chaud-
hari 2002). After this the COD removal efficiency consistently exceeded 80%.
The reactor’s redox potential was between approximately �250 and �300 mV, the level required for

anaerobic reactions occurring under reducing conditions (Van der Zee & Cervantes 2009). The
24-hour average methane gas production in the control reactor (An1) was in the range 300 to
350 mL/d (data not shown), and the total gas yield (including methane and other biogas components)
averaged 550 to 710 mL/d (Figure 2(a)). Gas production variation is directly proportional to reactor
temperature, higher temperatures (32.1 °C) favouring anaerobic degradation processes. Treatment of
the anaerobic effluent in the aerobic reactor (A1) improved the total COD removal efficiencies to
more than 95%, perhaps by oxidation of volatile fatty acids to water and CO2 through the β-oxidation
pathway (Gaunt & Hester 1989). The performance of A1 and its effluent alkalinity are shown in
Figure 2(c).
Experiments in An2 (ametryn)

The reduction in ametryn and COD concentrations in An2, and the gas production rate are shown in
Figure 3. The maximum ametryn removal efficiency achieved was 22% on day 54. Acute initial tox-
icity was indicated by the reduced reactor performance, when the data are compared with the
control. The toxicity was overcome after day 45, with increased COD and ametryn removal, and
higher biogas production. The maximum ametryn removal during treatment is shown by the HPLC
results as arising from biotransformation, not degradation. The spectrophotometer wavelength scan
reported lower absorbance intensity at 223 nm (Sandoval-Carrasco et al. 2013). The GC-HRMS analy-
sis confirmed the generation of BTPs such as esters and fatty acids. The An2 pH was between 6.9 and
7.5, which is favourable for methanogenesis. Reactor temperature in An2 was higher than in the



Figure 2 | (a) Anaerobic control (An1) reactor performance; (b) effluent alkalinity and redox potential and, (c) COD removal and
effluent alkalinity (An1-A1).
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control (An1) at between 30.3 and 31.3 °C. At the higher temperatures, higher redox values of
between �250 and �280 mV were recorded, indicating that the reactor was performing better,
which was confirmed by its higher gas yield and better COD removal efficiency. The An2 redox
and alkalinity performances are shown in Figure 4. The effluent alkalinity obtained for low COD
removal and methane yield between days 37 and 41 indicates slightly toxic condition arising from
the formation of VFAs, but no other toxic inhibitions were reported. The low proportional removal
of COD may also indicate undegraded organic compounds in the effluent (González-Cuna
et al. 2016).



Figure 3 | Performance of anaerobic reactor treating ametryn (An2).

Figure 4 | Alkalinity and redox potential of An2.
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Ametryn adsorption onto the reactor sludge was investigated because the solids were retained
throughout the study. The sludge had adsorbed around 35 mg/mg-MLVSS of herbicide by day 40.
No further adsorption was found as the process continued, however, possibly due to ametryn’s
high pKa value (Navaratna et al. 2016). The 80% COD removal efficiency and methane yields of
around 14% (compared to the control) suggest that the methanogens adapted suitably and were
important in the treatment process.
Sequential anaerobic-aerobic treatment of ametryn in A2

In A2, 72% ametryn removal efficiency was achieved between days 55 and 58, with COD removal
efficiency of 86% – Figure 5. Comparison with the 92% COD removal in the control reactor indicates
that a portion of intermediate organic compounds was not digested by the aerobic bacteria initially.
After an initial lag, the aerobic reactor’s performance improved and became stable, with constant
COD removal efficiency. The reactor sludge contained no trace of ametryn. The HPLC and UV
spectra reports for the effluent indicate extensive degradation of ametryn metabolites. The
GC-HRMS analysis showed that the metabolites formed during anaerobic treatment were oxidised
to their end products in the aerobic phase. The anaerobic BTPs (different fatty acids) contain more



Figure 5 | Performance of aerobic reactor (An2-A2).
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carbon atoms than functional groups (halogens and alkyls), which can be oxidised to CO2 and water
through the tricarboxylic acid cycle (Ratledge 1992). Oxidative reduction of fatty acids through β-oxi-
dation produces acetyl-Coenzyme A by successive loss of C2 units.

Experiments in An3

The maximum dicamba and COD removal efficiencies reported, 58 and 72%, were achieved on day
56, along with high total gas production – Figure 6. The pH in An3 was between 6.8 and 7.8, and the
temperature between 30.3 and 32.1 °C. Variations in effluent alkalinity and reactor redox potential
were observed, and are shown in Figure 7. In practice, the stability parameters remained within the
required ranges, like those in the control reactor. Dicamba degradation in the reactor was monitored
using HPLC, the changed peak sets in the chromatogram indicating dicamba BTP formation. The
high COD removal efficiency and methane yield exceeding that in the control reactor by 12 to
14% suggest that dicamba was processed predominantly by the methanogenic bacteria. The maximum
dicamba removal efficiency may arise from the formation of more oleic acid groups as BTPs, and poss-
ibly the degradation and adsorption of oleic acid onto the sludge leading to high CH4 yields (Pereira
et al. 2002). No dicamba was adsorbed onto the reactor sludge, so there were no related peaks in the
chromatogram, probably because of the compound’s high water solubility – 4,500 mg/L – and its low
soil sorption capacity (Magga et al. 2008).
Figure 6 | Performance of anaerobic reactor treating dicamba (An3).



Figure 7 | Alkalinity and redox potential of An3.
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Sequential anaerobic-aerobic treatment of dicamba in A3

The effluent from An3 (anaerobic) was treated further in A3 (aerobic) to remove dicamba’s BTPs. A3’s
low COD removal efficiency compared to A1 indicates that these BTPs are recalcitrant to aerobic
treatment initially. Up to 78% of the dicamba BTPs were removed, with 85% COD removal – Figure 8.
The increased BTP removal efficiency in the later stages may be attributed to the 48-hour HRT, as
HRT is important in biological treatment (Wang et al. 2014). The anaerobic effluent contained
high concentrations of oleic acid, whose mineralization, to water and CO2, would have lowered
the COD concentration in A3. Gradual adaptation and development of anaerobic biomass over oper-
ating periods of 100 days was reported during the treatment of phenoxy acetic acid herbicide (Chin
et al. 2005). The UV spectra obtained for the influent, and An3 and A3 effluents, in the trial reported
here showed up to 78% removal of dicamba.
Figure 8 | Performance of aerobic reactor (An3-A3).
CONCLUSIONS

Laboratory-scale SAARs were set up in the study and used, separately, to treat the herbicides ametryn
and dicamba. The study was short-term, lasting 30 days after acclimation, to determine herbicide
removal efficiency at a combined three-day, anaerobic-aerobic HRT. The OLR of 0.2025 kg-COD/
m3/d, including either ametryn or dicamba, did not inhibit the anaerobic biomass. Higher total gas
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production from the herbicide-treating reactors than the control indicates that anaerobic bacteria
were able to use herbicides as their carbon source. The influent and effluent HPLC chromatographs
indicated the formation of BTPs, which was confirmed by GC-HRMS. Ametryn formed complex BTPs
during the process, some of which might be toxic to the biomass. The chosen influent herbicide con-
centration caused slight inhibition and it was recovered gradually over continued operation.
Herbicide removal efficiency increased generally due to formation of BTPs in the anaerobic reactors
and subsequent mineralization in the aerobic reactors.
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