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Abstract: Compared to the Conventional Activated Sludge Fre@SP, Membrane BioreactordABR9 have
proven their superior performance in wastewatesttnent and reuse during the past two decades. dfurth
MBRs have wide array of applications such as tineokal of nutrients, toxic and persistent organitiytants
(POP9, which are impossible or difficult to remove upiASP. However, fouling of membrane is one of the
main drawbacks to the widespread application of MBBhnology and Extra-cellular Polymeric Substances
(EPS secreted by microbes are considered as one ah#jer foulants, which will reduce the flux/(/h)
through the membrane. Critical flux is defined las flux above which membrane cake or gel layer &tiom
due to deposition of EPS and other colloids on riiembrane surface occurs. Thus, one of the operating
strategies to control the fouling of MBRs is to mgie those systems below the critical flux Satb-Critical
flux). This paper discusses the critical flux resulibjch were obtained from short-term common fluxpste
method, for a lab-scale MBR system treating Ametilinis study compares the critical flux values thvate
obtained by operating the MBR systeooffsisting of a submerged Hollow-Fibre membranéa witre size of
0.4pum and effective area of 0)nat different operating conditions and mixed ligusoperties. This study
revealed that the critical flux values found aftez introduction of Ametryn were significantly lom#han those

of obtained before adding Ametryn to the synthetastewater. It was also revealed that the produatio
carbohydratesirf SMP is greater than proteins, subsequent to thedaotition of Ametryn and this may have
influenced the membrane to foul more. It was albseoved that a significant removdlo(60%9 of Ametryn
from this MBR during the critical flux determinati@xperiments with 40 minutes flux-step duration.

Key Works: Membrane Bioreactors (MBRs), Critical Flux, Mixé@juor Suspended solids (MLSS), Extra-
cellular Polymeric Substances (EPS), Ametryn

1 Introduction

Membrane Bioreactor (MBR) process, which is a coration of biological treatment and membrane
filtration for separation of biomass, is one of thest novel wastewater treatment processes awailabl
at present. Bioreactor and membrane filtration oame considered as individual unit operations in
MBRs, as these processes interact in many diffenenys. For the past two decades, many MBR
plants have been installed in the treatment of dbimand industrial wastewater in the world. MBR
technology is now becoming very popular at an axprate market value of US$217 million and a
growth rate of 10.9% in 2005 (Simon Judd, 2007) doeits wide array of advantages over
conventional treatment technologies, such as tbdyation of superior quality of treated effluent,
confining to smaller footprints, higher efficienityremoval of micro-pollutants and persistent oigan
pollutants and its ability to produce higher quakiffluent even when the sludge is bulked. The
demand for MBR systems increases steadily becheyeare now becoming more cost-effective, due
to continuous fall in the costs of membrane moduid related accessories that could be associated
with high competition and advances in technologywadl as the imposition of more stringent
environmental laws and regulations in every statd eegion in the world. Due to fast-growing
industry applications of MBR technology in wastesvatreatment, the number of related research
studies continued to increase for finding solutit@sthe presently identified drawbacks of MBR
systems (mainly fouling of membrane) and for opemion of their performance (especially in
nutrient removal, the treatment of micropollutastech as pesticides, herbicides, pharmaceuticals,
etc.), to use them as a reliable treatment process.

MBRs mainly comprises of either microfiltration oltrafiltration and as shown in Figure 1; in the
submerged MBR systems the membranes are placet i(lSiat-Sheet or Hollow Fibre membranes)
bioreactors and in the side-stream MBR systemsnieenbranes (multi-tube/ tubular) are placed
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outside the bioreactor (Simon Judd, 2007 and LelCé al., 2006). Presently, most of the MBRs are
operated aerobically (98%) and the rest are anaalbb(Mulligan and Gibbs, 2003). In submerged
MBRs, air is supplied for biodegradation and membraleaning (coarse bubbling).
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Figure 1 -Configurations of MBR Systems: (a) Submerged MBRSide-Stream MBR

Membrane fouling, which is caused due to the ret#bn, occlusion or blocking of membrane pores
(Simon Judd, 2007) at the surface of the membrnaakices the permeate flux (volumetric flow rate
per unit membrane area) through the membrane. Toukng is considered as the main obstacle to
the widespread application of MBR. Fouling of mear® is mainly caused due to physical (nominal
particle size of microbial flocs), chemical (hydhmbicity) and biological (extra-cellular polymeric
substances (EPS) and viscosity) factors relatddaimass. According to Meng et al. (2009), fouling
mechanisms in a MBR are: (a) adsorption of solatesk colloids within or on membrane surface; (b)
deposition of sludge flocs onto the membrane serfé&x) formation of cake layer on the membrane
surface; (d) detachment of foulants attributed iyaio shear forces; (e) the spatial and temporal
changes of the foulant composition such as the gghaf microbial community and biopolymer
components in the cake layer during the long teparation. Most of the previous research work
(Laspidou and Rittmann, 2002; Jang et al., 2006Clexh et al., 2006; and Rosenberger et al., 2006)
confirmed that Soluble Microbial Products (SMP whis referred to as free EPS) and bound EPS
(eEPS), which are secreted by microorganisms ha&renain organic compounds that cause fouling of
membrane. Free and bound EPS mainly consist osaotharides (carbohydrates) and protein, and
they play a major role in the formation of cake getllayers on the membrane.

Operating MBRs at subcritical flux (below the “crélcflux”, where the flux starts to form
the cake or gel layer on the membrane surfacednsidered as one of the most practical
strategies to control the fouling of membranes IBRV In addition to this, ucritical flux
operation reduces the consumption of energy andehemnimizes the operational cost of MBR.
Field, et al. (1995) originally introduced the cept of the critical flux in microfiltration usingna
empirical approach and they defined the “critidakf as “a flux below which a decline of flux with

time does not occur (that is at subcritical quxheme%D:TMP':O) and above which

(supercritical flux) fouling is observed”. Howevsubsequent to that, Le-Clech et al. (2003) showed
that a zero rate of TMP increase may never be medaT MP'# O) during their short-term (common
flux step method) critical flux determination testarried out for synthetic and real sewa§eace
then, different types of short-term critical fluxetdrmination and long-term sub-critical flux
operational studies have been carried out undeferdift feed-wastewater characteristics,
biomass/sludge conditions and operating operafidaachot et al., 2006; Defrance and Jaffrin, 1999;
Fan et al., 2006; Fane et al., 2002; Ndinisa eR8D6; Torre et al., 2009; Van der Marel et 2002
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Le-Clech et al., 2003; Ognier et al., 2004; Sat@jle 2008; Guglielmi et at., 2007a and b; Jinsenhg
al., 2006).

Feed-wastewater characteristics influence the mikgdor/ sludge conditions (mixed liquor
suspended solids (MLSS), SMP and eEPS) of MBRsreftie, mixing micropollutants such as
herbicides to the feed wastewater would have araétnpn the production of SMP and eEPS, and
hence to the membrane filterability and foulingnedmbrane. The value of critical flux is a measure
of fouling of membrane and the critical flux values the laboratory-scale MBR system is evaluated
and compared in this study to identify the influerd herbicides in fouling of membrane. This paper
discusses the results obtained during the critiiced tests, which were carried before and after
introduction of Ametryn to the MBR system.

Ametryn, which is a herbicide, is commonly useddontrolling weeds (Table 1) in farmlands located
in the Great Barrier Reef (GBR) Catchments in N@teensland (Australia). Ametryn falls to the
category of second generation herbicides (Photesyd) and it is fairly persistent and bio-
accumulated in the environment. Therefore, Amethatt is found in very low concentrations (a
micropollutant having a concentration of pg/L orljgis also considered as a Persistent Organic
Pollutant (POP). Acomprehensive review on impacts, existence, trahspw treatment of these
herbicides found in GBR catchments has been caaigctlsewhere (Navaratna et al., 2010). As a
broad objective of this overall research study,l#®ratory-scale MBR is researched to optimise the
removal of Ametryn from wastewater, while studyingtical flux determination and subcritical
operations of this MBR system. This paper also iiess the early performance of Ametryn removal
from this MBR system during the critical flux detgnation studies.

2 Material and Methods
2.1 Experimental setup

Figure 2 shows the laboratory-scale MBR systenuallest at the hydraulics laboratory at School of
Engineering, James Cook University, Townsville, #ailga. The reactors are made out of Perspex and
the maximum hydraulic capacities of the feed tankl the MBR are 50 and 15L respectively. A
hollow fibre polyethylene (PE) membrane module épamize 0.4um, effective area 0Znis
submerged in the MBR reactor. Air to the MBR is @igdl from the central compressed air system
via air regulators and valves, an air flow meted perforated PVC manifold approximately with 20
holes (diameter around 1.5mm for providing coandebling aeration) and installed at the base of the
MBR. As a backup air supply, a portable compressaiso used. Peristaltic pumps are used to feed
the MBR tank at a uniform feed rate and to pump mermeate (treated effluent) from the MBR
through the membrane. A vacuum pressure gaugedtesl fio measure TMP. Peristaltic pumps are
connected to an electronically controlled timeopzrate them intermittently (12 minutes “on” and 3
minutes “off”). One of these pumps is used whenuiregl for backwashing the membrane with
treated water, which has very low turbidity.

The recipe of synthetic wastewater fed to the MBRtem during this study consists of Glucose
(CsH1206 — 710mg/L), Ammonium Acetate (GHOONH, — 200mg/L), Sodium Hydrogen Carbonate
(NaHCG; — 750mg/L), Ammonium Chloride (Ny€l — 30mg/L), Potassium Di-Hydrogen Phosphate
(KH.PO; — 30mg/L), Potassium Hydrogen PhosphateHfRO, — 60mg/L), Magnesium Sulphate
(MgS0,.7H,0O — 50mg/L), Calcium Chloride (Caf2H,O — 30mg/L) and Sodium Chloride (NaCl —
30mg/L). In addition to these chemical compoundsje&yn was added 1 mg/L approximately. In
order to prepare the stock solution, a preciselyasued quantity of Ametryn was dissolved in
methanol, mixed with distilled water and then metilavas evaporated. The COD concentration of
synthetic feed wastewater was maintained around5@ag/L.

Activated sludge (approximately 8,000 mg/L) was ugtat from the Cleveland Bay Wastewater
Purification Plant in Townsville (QLD, Australiapnd acclimatized in the bioreactor. The laboratory-
scale MBR system has been operated for over 408 caytinuously adjusting influent, sludge and
operating parameters.
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Figure 2:Schematic of the Experimental Setup

Table 1:Characteristics of Ametryn

Molecular Weight (g/mol) | 227.33
Molecular Formula CoH1-NsS H
Melting Point (°C) 84-85 |

Hsc—SYN | N—CH,—CH,

Appearance White Powder e N
Solubility 185 mg/L (water 2fC) and readily, Y
dissolves in solvents (acetone) P
Purpose methyl-thio-triazine herbicide to control H ?H_C“
grass CH,
IUPAC Name N2-ethyl-N4-isopropyl-6-methylthio-

1,3,5-triazine-2,4-diamine

2.2 Laboratory analysis

During these studies, dissolved oxygen (DO), pH ambidity were measured using YSI DO 200
dissolve oxygen meter, WP-80 TPS pH and temperatueter and HACH 2100P turbidimeter
respectively. Mixed liquor suspended solids (ML$8Bhcentration was analysed using the standard
methods (1985). COD measurements were carried doptiag Photometric method using
Spectroquant COD cell test kits and Thermo-realbR»®320. EPS extraction was carried out using the
method stated by Bin et al. (2008) with a slightdifioation. Initially, a 100ml of mixed liquor
sample was allowed to settle for 45 minutes to drland the supernatant was removed. The settled
sediment/sludge was then diluted with 40ml of Hextiwater and mixed in a mechanical shaker for 5
minutes at 150 rpm. Then the diluted sludge mixtas centrifuged at 8000 rpm for 10 minutes and
the supernatant was collected, which is considasesioluble microbial products (SMP) or free EPS.
Subsequent to that the remaining sludge was resadsgl with 40 mL of 0.1N NaOH solution
allowing it to mix thoroughly in the same mechahglaaker at 150 rpm for 120 minutes before it was
centrifuged again at 13,000 rpm for 15 minutes’&t &inally, the supernatant (eEPS or bound EPS)
was extracted. Both SMP and eEPS samples wereahset separately with diluted HCI. SMP and
eEPS Protein and Carbohydrate concentrations weterrdined by using Lowry method (Lowry et
al., 1951) with bovine serum albumin as referenug Rubois et al. (1956) method with glucose as
standards respectively. Diluted Sludge Volume In@$VI) was estimated by diluting the mixed
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liquor by four folds, allowing solids to settle f@ minutes in a 1L measuring cylinder. High
performance liquid chromatography (HPLC) method wasd to analyse the feed and permeate
Ametryn concentrations.

2.3 Critical flux determination methods

The critical flux was determined in different ocicass in MBR operation by changing the controlling
parameters of MBR. Several short term critical ftletermination experiments were carried out using
the common flux step method, which was describetdeébZlech et al. (2003). The flux step durations
were chosen as 20 and 40 minutes for the experintistussed in this paper. Flux step height was
kept as a constant throughout these studies am3H./ The tests were carried out with and without
intermittent permeate suction for above flux stepations. Experiments were conducted before and
after introduction of Ametryn to the MBR systemhelmembrane module was cleaned chemically
using 3g/L NaOCI solution as per the procedure rilesd by the manufacturer before every
experiment.

3 Theory/ Calculations

The flux through the membrand (m®m?s?) can be related to the applied trans-membranespres
ATMP (Pa), viscosity of the fluigu (Pa s) and the membrane resistaRogn™) according to Darcy’s
Law:

J:M (l)
(R

R=R,+R +R +R, @

R=R, +R; 3)

Where R, is the hydraulic resistance of the clean membrdRgs the irreversible resistance due to
fouling, R_is the membrane resistance due to cake or gel fayeed by concentration polarization
(mainly in ultrafiltration), deposition of suspemtlesolids, colloids and solutes, anRis the

membrane resistance due to pore blocking occuryatkposition of soluble and colloidal substances.
Ry is the sum ofR |, R, and R, and depends on applied trans-membrane pressurtharsystem

mass transfer properties. For microfiltration, tloeiling by concentration polarization could be
ignored due to the large size of particles retaindtie reactor (Lim and Bai, 2003).

During these short-term critical flux determinatierperiments, pressure of the mixed liquor in the
reactor has to be kept constant and the TMP asstonaaty only with changes in permeate pressure

due to fouling. For each flux step, three TMP valuere recorded (initial TMPEMP, intermediate
TMP=TMR,_ and final TMP=TMP, ). Then the following parameters were estimated;

Initial TMP increase ATMR, = TMP" —TMPf”'l )
TMP! =TMP"
Rate of increase of TMP‘?TNIP = tfn o ' (5)
£
TMP + TMP"
Average TMP,TMP, ., = (6)

ave
2
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In the above expressionsn”, “i” and “f " are denoted the flux step number, initial andafin
observations made for each run, respectively.

4 Results and Discussion

Table 2 shows the results obtained for the eigbttgierm (common flux step method) critical flux
determination tests (Test 1 through 8) for befonel after the introduction of Ametryn. When
comparing the critical flux values obtained fromstsecarried out before and after the introductibn o
Ametryn, it can be seen that there is a significadtiction of Ametryn in MBR permeate (40-60%) in
the tests carried out after introducing Ametryn. tbe other hand, by observing the critical flux
values obtained for Tests 5 through 8, the testsechout with intermittent permeate suction (12
minutes “on” and 3 minutes “off”) show higher vatuef critical flux, compared to that of the tests
carried out with continuous permeate suction mottavever, this pattern was not observed for Tests
1 through 4, probably due to the differences inwlag the cake layer formed during the two different
wastewater and MBR mixed liquor conditions befand after the addition of Ametryn.

Table 2:Operating conditions and results during criticall determination tests

- Before Ametryr————» <+—  After Ametryn ——»

Parameter

Test 1 Test 2 Test 3 Test 4 Test5 Test 6 Tés Test 8

Suction Mode INT CTS INT CTS INT CTS INT CTS
Flux step duration (minutes) 20 20 40 40 20 20 40 40
Average MLSS (mg/L) 7478 7478 10383 10383 7962 7962 9195 9195
DSVI (mL/g-MLSS) 123 123 150 150 156 156 126 126
Average SMP (Soluble EPS)/ Protein 138.53 138.53 146.70 146.70 76.87 76.87 2812 112.24
(mglL)

Carbohydrates 39.43 39.43 50.99 50.99 64.59 64.59 7.667 77.66
Average eEPS (Bound EPS)/Protein 913.09 913.09 959.64 959.64 815.76 815.76 12.9B 712.99
(mglL)

Carbohydrates 228.65 228.65 270.31 270.31 210.87 0.821  253.69 253.69

Estimated Critical Flux (L/fih) —
when dP/dt (TMP)>0.075kPa/min 15-18 18-21 15-18 15-18 9-12 6-9 9-12 6-9

INT — Intermittent Permeate flux (12 minutes "ONitled3 minutes "OFF)
CTS - Continuous Permeate Flux

The components of EPS (protein and carbohydratesloble EPS-SMP and bound EPS-eEPS) in
mixed liquor of a MBR system is considered as trastmnfluential organic substances that cause
fouling of membrane. According to EPS results shownTable 2, it can be seen that the
concentrations of protein in SMP and bound EPSles® in Tests 5 through 8 compared to that of
Tests 1 through 4. This describes that this redoaif protein in SMP and bound EPS have not been
contributed significantly to increase the critiflalx values in this study. However, it can be st
more concentration of carbohydrates in SMP (52-6486)the tests, which were carried out after
introducing Ametryn. It was found that the critidlaix values are significantly smaller when Ametryn
was introduced, compared to that of tests carngdefore introducing Ametryn. Thus, concentration
of carbohydrates in SMP of mixed liquor is the maiganic foulant that could be causing the fouling
of membrane.
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Figure 3:Short-term flux-step test results: (a) Average Tami (b) TMP’ versus membrane flux

Figure 3(a) shows the average TMP variations widmiorane flux during the short-term flux step
tests that were carried out before and after inicidn of Ametryn to the MBR system. Field et al.
(1995) defined two distinct forms of critical flwalues namely strong and weak. The strong form is
the flux at which the TMP starts to deviate (exparaly) from the clear water flux curve, which is
linear as shown in Figure 3(a). On the other hémel weak form is the flux that shows a significant
fouling of membrane from the start-up of the filioa and therefore, the trend curves for TMP agains
flux of Tests 1 through 8 are above that of tharcieater flux curve.

Figure 3(b) shows the variation in the rate of fiaglof membrane TMP’ with membrane flux for
Tests 1 through 8. These trend curves are usestitnate the critical flux values (Table 2) of each
test. In this study, the critical flux values wedetermined for the flux value corresponding to
TMP'> 0075kPa/min and from Table 2 it can be seen that tialrflux decreased significantly
after the introduction of Ametryn irrespective béttype of test conducted.
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Figure 4:(a) MLSS and Total EPS variation during the firStdays after the introduction of Ametryn
(b) Ametryn removal by the MBR during short-teritical flux tests

Figure 4(a) shows the variation of the concentratiof MLSS and total EPS (soluble and bound EPS)
of mixed liquor of the MBR during the first 29 dagé operation after the introduction of Ametryn.
During this period, MBR was operated at a flux dfl3m/h with intermittent permeate suction (12
minutes “on” and 3 minutes “off”) and an infinitludge retention time (SRT) as there was no sludge
disposal carried out intentionally. From Figure)4{aican be seen that the concentrations of MLSS
and total EPS show opposite and different trenotal(EPS increases, when MLSS decreases). This
confirms that the concentration of EPS does natdlate always with MLSS positively or negatively
in MBR operation.
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Table 3:Variation of Protein and Carbohydrates in SMP areP& from the day that Ametryn was
introduced to the laboratory-scale MBR system

Days elapsed from the MLSS/ (mg/L) SMP eEPS

introduction of Ametryn Protein/ (%) Carbohydrates/ (%) | Protein/ (%) | Carbohydrates/ (%)
7 7962 -7.80 -11.46 26.66 -3.35

14 9195 34.63 6.46 10.70 16.27

29 9847 -18.29 -3.70 40.72 4.69

Negative values indicate “reduced % of concentréittmmpared to that of the day Ametryn was intraztlito the MBR system

By analysing the results illustrated in Table 3¢can be seen that protein in eEPS is the only EPS
component that has been increased after addingrjumtt the system. However, this production of
protein in eEPS is reduced after the day 7, butweldoan increase of protein in SMP and
carbohydrates of eEPS. However, this change ipthéuction of EPS components during the day 7
and 14 has resulted to maintain the total EPS stable level. Subsequent to this period, it again
shows a higher production of protein in eEPS ard tontributes the total EPS in MBR to depict
greater rate of increase as shown in Figure 4(&hoAgh, reason/s for these fluctuations of EPS
components are not confirmed in this paper, thdissuare being continued to analyse the impact of
herbicides and pesticides such as Ametryn on theéugtion of EPS in MBR systems.

Figure 4(b) shows the variation of Ametryn remo%aliwith membrane flux during the critical flux
determination experiments carried out after theothiction of Ametryn to the synthetic feed of the
laboratory-scale MBR system. The percentage of Ametemoval declines exponentially with the
increase in membrane flux. Tests 5 and 6, whictewarried out with shorter flux-step duration (20
minutes) and lower MLSS (7962mg/L), show a gred@mrease in Ametryn removal with membrane
flux compared to that of Tests 7 and 8, which tadyér flux step duration of 40 minutes and higher
MLSS (9195mg/L). Further, both Tests 7 and 8 shayhdr removal of Ametryn (about 50-60% for
the critical flux of those tests) compared to tamoval observed in Tests 5 and 6. When comparing
Tests 7 and 8, it can be observed that Test 7,halis operated under intermittent permeate suction
mode, gives a better removal of Ametryn compareddst 8, which was studied under continuous
permeate suction mode at similar MLSS. This stgdyeing continued to observe the improvement in
the removal of Ametryn the MBR system used in #hisly.

5 Conclusions

In this study, critical flux values for a laboragescale MBR (PE membrane - 0.4um and 0% wrere
obtained using short-term (common flux-step methed)s under different hydrodynamic and sludge
environments. Synthetic solutions with and withAotetryn were used as the feed for MBR. It could
be seen that carbohydrate in SMP was higher (52r6d%ests that were carried out after Ametryn
was added, and this could have probably causecehigluling propensity. However, on the other
hand, it was found that production of protein ilrP&Ehad been increased significantly after adding
Ametryn to the MBR feed. Further, at early stagesperation (within the first month), it was seen
that a removal of 50-60% of Ametryn by the MBR farfeed solution that contained 1mg/L of
Ametryn.
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