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Abstract

Treatment of rapidly varying wastewaters In @anaerobic/aerobic
aerobic granular sludge (AGS) systems remains problematic. This
study investigated AGS formation and the impact of varying COD
and phosphorus concentrations on an enhanced biological
phosphorus removal (EBPR) AGS SBR with a conductivity based
anaerobic and OUR based aerobic dynamically controlled step.
Phase 1 investigated the development of AGS. Phase 2 examined
the flexibility of the dynamic control strategy and AGS efficiency while
rapidly altering the influent composition. AGS was formed
successfully in phase 1: the DV50 increased to 285 um., and the
SVI5 and SVI30 decreased to 51 and 40 ml/g respectively. In phase
2 the effluent COD and PO4-P concentration remained low at
respectively 58 + 27 mg/L and 0.53 + 0.77 mg/L. With an anaerobic
DOC uptake efficiency of 98.4 £ 0.9 %.
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accumulating organisms (PAO)

1.0 Introduction

In the past 2 decades, the aerobic granular sludge (AGS) technology has
shown to have high potential in the treatment of wastewater. A total of 42 full-
scale sewage wastewater treatment plants and 6 full scale industrial wastewater
treatment plants have been reported worldwide (website Nereda). The large
difference between the number of domestic and industrial full-scale AGS
wastewater treatment plants can be explained by the difficulty of treating
complex and variable wastewater such as industrial wastewater. A possible
AGS operational method for the treatment of industrial wastewater is a
anaerobic/aerobic AGS sequencing batch reactor (SBR) with a low hydraulic
selection pressure. An anaerobic/aerobic operation stimulates the growth of
granules with slow growing polyphosphate accumulating and glycogen
accumulating organisms (PAO and GAO) (de Kreuk et al 2004). This kind of
AGS SBRs requires @ complete COD uptake during the anaerobic step by PAO
and GAOs. A weakness to this kind of systems is floccular sludge formation due
to “aerobic COD leakage” resulting from an incomplete COD uptake in the
anaerobic step. As such, aerobic COD leakage feeds the aerobic floccular
sludge (de Pronk et al. 2015). With a static anaerobic step in the treatment
process, the risk of aerobic COD leakage increases when using varying COD

concentrations due to a possible incomplete COD uptake in the anaerobic step.

An innovative solution is the use of sensor guided dynamically controlled

anaerobic/aerobic AGS systems. Such AGS systems would automatically
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elongate of shorten anaerobic and/or aerobic steps to ensure an optimal
anaerobic and aerobic efficiency, hereby reducing aerobic COD leakage and

improving the AGS formation.

Extensive research in static controlled anaerobic/aerobic AGS systems
has been carried out (e.9. De Kreuk et al. 2004). In contrast, only a few reports
on dynamically controlled anaerobic/aerobic AGS systems have been
published} In a simultaneous nitrification denitrification (SND) anaerobic/aerobic
AGS system treating potato industrial wastewater, the oxygen uptake rate
(OUR) and the pH profile have been used successfully to control the duration of
the aerobic step (Dobbeleers et al. 2017). Stes et al. (2018) have reported a
successful implementation of an OUR based strategy in an anaerobic/aerobic

AGS system treating brewery wastewater.

In an EBPR system the conductivity profile can be used to control the
anaerobic step. The change in conductivity is well correlated with the change in
the anaerobic PO4-P release rate because of the additional release of
potassium and magnesium ions during the anaerobic PO,-P release. (Maurer et
al. 1995). Kishida et al. (2008) have used the anaerobic conductivity profile and
aerobic pH profile to dynamically control the anaerobic and aerobic steps in an
EBPR AGS system, resulting in stable nitrogen and phosphorus removal even
during 8 days of influent variations. Long term studies on AGS systems with
changing influent compositions and a conductivity based anaerobic dynamically

controlled step have not yet been reported.

The current study investigates the performance of an EBPR AGS SBR

using a conductivity based anaerobic dynamic control strategy and an OUR
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based aerobic dynamic control strategy. The study was carried out in two
phases. Phase 1 focuses on the formation and performance of an EBPR AGS
SBR while applying an anaerobic and aerobic dynamic control strategy and
feeding the reactor with an influent with a constant composition. Phase 2
investigates the prolonged effect on the EBPR AGS system efficiency and the
impact on the anaerobic and aerobic dynamic control strategy while feeding the

reactor an influent with rapidly varying compositions.

2.0 Material and methods

2.1 Reactor set-up and operation

The study was carried out in two phases. Phase 1 (reactor A) investigated
AGS formation in an anaerobic/aerobic dynamically controlled EBPR AGS SBR.
Phase 2 (reactors B and C) examined the flexibility of the dynamic control
strategy and the AGS efficiency when feeding influent with rapidly varying
compositions. Reactor C was the control reactor which was fed a constant

influent composition.

In the first phase the reactor had @ working volume of 11.1L. For the
second phase both reactors had a working volume of 6L. The reactors were
equipped with @n influent peristaltic pump (Watson Marlow®), a mixer
(Heidolph® RZR2020), a discharge valve (Eriks RX ER10.X33.S00) and an
aeration system consisting of an aeration pump (koi flow 60, Aquadistri China®)
and a 13 cm aeration disc (Aquadistri China®). Furthermore the reactors were
equipped with a luminescent dissolved oxygen (LDO) sensor (Hang Lange®), a

pH sensor (JUMO® BlackLine) and a 3798-S digital inductive conductivity
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sensor (Hagch Lange®). All sensor values were logged. At the end of each

cycle the values were archived.

The SBRs were operated with a custom built National Instruments
LabVIEW® program, a Siemens PLC and a Phoenix 10. The reactof cycles had
9 steps; idle step (10 seconds); aerated pre-step (30 minutes); unaerated step
(10 minutes); anaerobic influent feeding step (flow dependent); anaerobic step
(dynamic); aerobic step (dynamic); sludge settling step (10 minutes); discharge
step (5 minutes); inactive step (1 minute). The duration of the feeding step

varied between 1 and 2 minutes.

Reactor A was seeded with 10.1L sludge from a local EBPR activated
sludge municipal wastewater treatment plant (Aquafin Antwerpen Zuid). The
seed sludge MLSS, MLVSS, SVI30 and DV50 values were respectively 3.712
+0.011 g/L; 2.682 +0.216 g/kL, 76 ml/g and 128 +2.16 um. Reactor B and C were

seeded with sludge from reactor A.

During phase 1 reactor A was fed 1L influent per cycle, had a working
volume of 11.1L and a volume exchange rate (VER) of about 9%. The VER of
reactor B and C in phase 2 was approximately 8% with a influent feed of 0.48 L
and a working volume of 6L. The sludge retention time (SRT) was kept at 30
days throughout the study. The hydraulic retention time (HRT) and organic
loading rate (OLR) varied due to the dynamic cycle durations and the varying

influent composition in phase 2.

2.2 Influent composition

The reactors were fed with synthetic wastewater. The influent composition

of reactor A and C was kept constant (Influent 1): 1250 mgCOD/L (Na-
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propionate), 25 MgPO4-P/E|(KZHPOZ), 25 mgNH,-N/EI(NHCI), 75 mgCOZE/L
(NaHCO5%);126 mgMg/IE(MgSOuX6H20), 56 mgKEV/E(KCI) and 1ml/Eitrace

solution (Vishniac and Santer 1957). To inhibit nitrification, N-allylthiourea (ATU)

was added to the influent at 10 mg/L.

The influent composition of reactor B was varied. The impact of three
influent variation strategies (IVS) was investigatedy 1)/ IVS] (day 8 to day 62):

The COD and PO,-P concentrations were varied step by step) first with small

COD and PO,-P variations (+ 15% compared to influent 1, COD concentration
between 1156 and 1437 mg/L) followed by increasing variations(up to + 40%
compared to influent 1;CODIConcentraion between 750 and 1750 ma/L)!
Meanwhilethe"COD/P ratio Waskeptconstant at'50:2) ISz (day 63 to day

99): the PO4-P concentration was varied step by step (£ 60% compared to

influent 1, PO4-P concentration between 10 and 40 mg/L) while the COD
concentration was kept constant at 1250 mg/L With Na-propionate. 8)IVS3 (day
100 to day 115): The influent composition strategies of IVS; and IVS; were
combined: The COD/P ratio was varied (bétween 21 and 116) by changing both

the COD and PO4-P concentrations step by step (x 40% compared to influent
1). The ATU and €032 concentrations and the COD/N/K/Mg ratios were kept

constant.

2.3 Dynamic control strategy

The anaerobic and aerobic dynamically controlled systems both Worked as
€losed-loop control system§. Sensor profile patterns determined the duration of

the anaerobic and aerobic step.
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The aerobic step was dynamically controlled by means of the oxygen
uptake rate (OUR). The OUR calculation and the aerobic dynamic control
strategy were used as described in Dobbeleers et al. (2017). The oxygen level
in the reactors were controlled with an on/off aeration control, keeping the
oxygen concentration between 1 and 2 mg/L. This resulted in an oxygen
profile with alternating positive and negative flanks. A custom built LabVIEW
program calculated the OUR (mgO2/L.h) during the negative flanks. The
aerobic dynamic control strategy used two set point, SPour1 and SPoyr2. When
a fixed number (SPour1) of consecutive OUR values dropped below a minimal
set point (SPourz), the aerobic step was terminated. The SPoyr1 and SPour2
were periodically adjusted to gnsure a complete PO,4-P uptake. SPourz Was
adjusted to ensure that the specific respiration speed (SOUR) decreased to 2.5
mg/gmvss-h. SPourz Was increased or decreased to guarantee that the effluent
PO,4-P was below 1 mg/L. To rule out premature or overdue terminations of the
aerobic step, the aerobic dynamic control strategy had a puiltzin minimal and
maximal duration of respectively dand 5 hours. The aeration step in reactor A, B

and C were operated with the same aerobic dynamic control strategy.

As described by Kishida et al. (2008), the duration of the anaerobic step in
an EBPR AGS SBR can be controlled by the conductivity slope (uS/m.d). The
change in conductivity is well correlated to the PO4-P concentration. The
additional release of magnesium and potassium ions during the phosphate
release contributes to the increase in the conductivity (Maurer et al. 1995).
When the anaerobic phosphate release terminates, the conductivity slope
becomes equal to zero, hereby giving a good indication of the PO,4-P

concentration profile.



O©CoO~NOOTA~AWNE

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

The anaerobic dynamic control system calculates the moving conductivity slope
(MCS) during the anaerobic step. The control strategy uses 4 calculation
variables (CV); the intervals of the sensor value (CV;) and the number of sensor
values per MCS calculation (CV,). The cut-off point is determined by a minimal
MCS (CV3) and the number of MCS’s (CV,) that meet the cut-off requirements.
In total the anaerobic dynamic control strategy ran through 3 loops to

dynamically control the duration of the anaerobic step (Figure 1).

To obtain an accurate and stable anaerobic step termination the optimal
CVs set points were tested by looking at the conductivity, pH, DOC uptake and
PO,-P release profiles of an AGS SBR. The use of higher CV; and CV, values
resulted in smooth MCS profiles (high stability) but caused a longer delay on the
cut-off point (low accuracy). A CV; value of 60 seconds and a CV; value of 10
resulted in the stable MCS profile with an acceptable delay (10 minute§ delay).
During phase 1 the CV3 value was adjusted depending on the evolution of the
DOC uptake and PO,-P release profiles. The CV, value was kept constant at
20. The CV3 and CV, values remained unchanged in phase 2. To rule out
premature or overdue terminations of the anaerobic step, the anaerobic
dynamic control strategy had a built-in minimal and maximal duration of
respectively 20 and 120 minutes. The calculated MCS values were logged and

archived at the end of each cycle.

2.4 Analytical Methodology
The chemical analyses (total and soluble chemical oxygen demand (COD,
sCOD), phosphorus-orthophosphate (PO4-P), and nitrogen-ammonium (NHz-N)

were analysed with test kits from Hanna Instruments Belgium respectively
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HI93754A-25, HI93754B-25, HI93706-01 and HI93715-01. The potassium (K1+)
and Magnesium (Mg®") concentrations were analysed with Hach Langé® test
Kits, respectively LCK 328 and LCK 326. The dissolved organic carbon (DOC)
was analysed with a Sievers InnovOx® laboratory total organic carbon
analyser. Alllparameters except the COD were measured on pre-filtered

samples (VWR® glass microfibers filter, 693, particle retention: 1.2um).

The sludge mixed liquor suspended (volatile) solids (ML(V)SS) and the
sludge volume index (SVI) were measured according to the standard methods
(APHA, 1998). Microscopic images were taken with a MOTIC BA310

microscope (Opti-service, Belgium).

The sludge particle size distribution (DV50) was measured with a Malvern
Mastersizer 3000 as described by Caluweé et al. (2017). To study the evolution
of the particle size classes (>200um), the volume fraction larger than 200 pm

(VF>200um) Was calculated.

Reactor C was operated as a control reactor, only the sludge particle size

distribution (DV50) was analysed.

2.5 In-situ cycle measurement

To test the effectiveness of the anaerobic dynamic control strategy, the
DOC uptake efficiency and the PO4-P release efficiency were measured at
different moments during the cycle. During the anaerobic step 3 grab samples
were taken (Figure 2): at sample point a (SPa) the start of the anaerobic step; at
sample point b (SPb), during the anaerobic step (conductivity profile dependent,
when the conductivity slope changed from positive to negative); at sample point
c (SPc), at the end of the anaerobic step. During the aerobic step in phase 1, a

9
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sample was taken every hour and at the end of the aerobic step. The aerobic
sample frequency was altered in phase 2 to study the relationship between the
conductivity profile and the phosphate concentration. Two samples were taken
during the aerobic step: one at sample point d (SPd) (conductivity profile
dependent, when the conductivity slope changed from negative to positive) and
one at sample point e (SPe) at the end of the aerobic step (Figure 2). The DOC
and PO4-P concentrations were measured. The anaerobic DOC uptake
efficiency and the anaerobic PO4-P release efficiency were calculated with

following formulas:

DOC(y — DOC
DOCq) — DOC,,

Anaerobic DOC uptake (%) at (b) = 100x

DOC gy — DOC,

. 0, =
Total anaerobic DOC uptake (%) at (c) 100xD0C(a) — DOCp

PO,(P)py — PO4(P) )
PO4(P) () — PO4(P) (g

Anaerobic PO,(P) release (%) at (b) = 100x

With (a) 30 seconds after influent feed, (b) at the sample points
(conductivity profile dependent), (c) at the end of the anaerobic step and (e) at
the end of the aerobic step (Figure 2). To take into account immediately
adsorbed DOC, the DOC concentration at SPa was theoretically calculated

using the influent DOC, the effluent DOC and VER.

2.6 DNA extraction

For molecular PAO and GAO community quantification and gene

sequencing analysis, 250 pl AGS samples were taken from the reactor

10
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periodically and preserved at -80°C. The DNA was extracted according to the

method described in Mcilroy et al. (2008) and stored at -80°C.

2.7 gPCR molecular guantification

A PAO541f/PAOC846r primer and a GAOQ989f/GAM1278r primer were
used to target respectively PAO (16S rRNA Candidatus Accumulibacter
phosphatis) and GAO (16S rRNA Candidatus Competibacter phosphatis)
organisms. Universal 1055f/Universal 1392r primers were used to measure the
total amount of pacterial DNA (16S rRNA Universal bacteria). The amount of
target cells per gMLVSS were calculated from de measured DNA
concentrations. The DNA concentrations were quantified according to the

method described in Caluwé et al. (2017).

2.8 Microbial community composition

The microbial community composition was obtained by 16S rRNA gene
amplification. Barcode primers (IDT) and Phusion High-Fidelity DNA
polymerase (Thermo Scientific) were used to generate amplicons targeting the
V 1-3 region of the 16S rRNA gene as described by Kozich et al. (2013). The
purification of the PCR products was carried out with the SequalPrep
Normalization plate kit (Invitrogen) before being pooled. Afterwards NucleoSpin
Gel and PCR Clean-up (Macherey Nagel) was used to obtain an enhanced
purified library. Before amplicon sequencing, the library was diluted resulting in
a 2 nM library. At last the amplicon sequencing was executed on an lllumina
Miseq system at the Centre for Medical Genetics (Edegem, Belgium) with the
MiSeq Reagent Kit v2 (lllumina). The UPARSE pipeline (Edgar et al. 2013) was

used to process the paired-end reads. The results were compared, for

11
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taxonomy predictions of the operational tax@flomic unit (OTU) sequences, to a
reference database; MIiDAS (version 2.1). A name is proposed for all the
abundant genus-level taxa present in activated sludge, anaerobic digesters and

influent wastewater. The reference database is a manually curated SILVA 16S

rRNA faxonomy library (release 1.23 Ref NR99) (Mcllroy et al. 2015).

3.0 Results and Discussion

3.1 Phasel

During phase 1 the formation of granules in an EBPR AGS SBR with
dynamically controlled anaerobic and aerobic steps was investigated for 105
days. The duration of the anaerobic step was controlled using the conductivity

MCS. The duration of the aerobic step was controlled using the OURFAGS was

3.1.1Reactor operation and removal efficiency

The first three days the anaerobic step was controlled statically with a
fixed duration of 2 hours. From the fourth day onward the anaerobic dynamic
control strategy was applied. The anaerobic dynamic set points CV1, CV; and
CV, were kept respectively at 60(sec), 10 (#) and 20 (#). To optimize the
anaerobic step, the cut-off point (CV3) was systematically increased depending

on the stabilization of the conductivity profile.

The feliability, or degree of Sticcess, of the'anaerobic and aerobic dynamic
control strategy was 82.4 %. [Fhie/control detected the'endpoint of the anaerobic

12



O©CoO~NOOTA~AWNE

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

step'and terminated the step'accordingly! Two factors had a negative effect on

the reliability. First, the sporadic activation of the minimal and maximal

anaerobic and aerobic step durations occurred due to ineffective filling steps

resulting from detached influent tubing. Secondly, a continuous aeration from
day'84't0 85 dueto'an aeration pump malfunction restlted in the loss of the
anaerobic PAO conductivity profilefIn=sittiPO.=P analysis showed no anaerobic

effluent. The anaerobic step was operated statically (1.25 h) from day 36-42. On
day 43 the anaerobic PAO conductivity profile was re-established and the

anaerobic dynamic control strategy was reactivated.

The anaerobic conductivity increase is strongly correlated to the PO4-P
release (Maurer et al. 1995). Therefore the evolution of the MCS profile is a
good representation of the evolution of the PAO activity. During the first 56
days, the maximal MCS values did not evolve, stabilizing at 1.55 + 0.14
uS/cm.d. Asitime progressed the maximal MCS values increased to 4.04 + 0.36
uS/cm.day (day 91-110). The increase in the conductivity MCS indicates an
increased phosphate release rate. Furthermore the anaerobic step duration is
by design strongly correlated to the conductivity MCS profile. While the
maximal MCS values remained stable during the first £ 56 days, the anaerobic
step duration continually décréased, starting at 1.680 + 0.23 hours (day 1-7)
and systematically decreasing over a period of 73 days to 0.790 + 0.076 hours
(day 68-73). The anaerobic step varied more during first 50 days, these
variations are possible caused by an increasing sludge activity as the sludge

13
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concentration increased and the sludge metabolism adapted to the influent

composition and reactor operation strategy.

From day 65 to 110 the reactor showed a stabilized operation, the duration
of the anaerobic step and the starting MCS value were respectively 0.737 +

0.069 hour and 3.42 + 0.59 uS/cm.day.

The sludge PAO activity during stable operation was confirmed through in-
situ measurements. The DOC uptake efficiency at SPc and SPd (Figure 2) were
respectively 96.9 £ 1.8 % and 97.8 £ 1.4 %. The anaerobic PO,-P release

efficiency at SPc was 94.4 + 0.3 %.

As reported by Sato et al. (1992), Pijuan et al. (2005) and Oehmen et al.
(2005) the anaerobic P release/COD uptake ratio (Pmol/Cmol) of an EBPR
system varies between 0.30 to 0.45 Pmol/Cmol. During phase 1 the anaerobic
P release/COD uptake ratio during the stable operation was 0.24 + 0.04
Pmol/Cmol. This is lower than reported values. Oehmen et al. (2006) suggested
that lower anaerobic P release/COD uptake ratios could indicate a possible

GAO competition for the available substrate during the anaerobic step.

From day 1 to day 110 the aerobic step was dynamically controlled by
means of the OUR. SPoygrz was set at 10 mgOa/L.h. This was reduced to 8
mgO_/L.h after the first 7 days to improve the PO,4-P uptake efficiently. SPouro
was kept at 3 for the entire phase 1. The aerobic step took on average 3.09
0.54 h. The OUR profile was strongly correlated to the PO4-P concentration with

R2 of 0.9992 and a p-value of < 0.0008 (Alfa = 0.05).

During the aeration, the aerobic conductivity profile initially decreased but

at a later stage increased again (Figure 3 (a)). In-situ measurements of

14
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magnesium (Mg®") and potassium (K**) show a decrease of Mg?* and K**
concentrations during the conductivity decrease. However the KX concentration
increased again at the end of the aerobic step. This indicates that the increase

in K* is potentially the reason for the aerobic conductivity increase.

The anaerobic OLR increased as the sludge PAO activity increased,
starting at 1.726 + 0.225 kgCOD/m3.d and from day 70 to 110 stabilizing at
3.839 + 0.148 (Figure 3 (d)). This had little effect on the total OLR, which

remained stable throughout phase 1 at 0.620 £0.077 kgCOD/m3.d.

The COD removal efficiency was 97.5 £ 1.1%. No change in the COD
efficiency was observed. The aeration pump malfunction between day 33-35
had no effect on the COD removal efficiency, while the impact on the PO4-P
removal efficiency was significant, decreasing from 90.6 + 5.9% to 81.2 +
2.9%. The removal efficiency increased again to 90.7 + 8.5% between day 65-

110.

3.1.2 Aerobic Granular Sludge formation and gPCR analysis

The application of an EBPR operation and an anaerobic and aerobic
dynamic control strategy resulted in the formation of AGS. On the basis of the
MLSS, MLVSS, the particle size distribution (Figure 3 (c)) and microscopic
Images the sludge morphology experienced three distinct stages (stage 1, 2
and 3): a start-up stage, an AGS germination stage and an AGS maturation

stage.

During the first 20 days (stage 1) the MLSS and MLVSS decreased due to
the adaptation of the sludge to an EBPR SBR operation and the implementation
of a sludge retention time of 30 days. The DV50 increased and the VFs200um

15
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increased from 20,0 % to 40,6 %. Microscopic images show a decrease of small

sludge particles.

Between day 20 and 57 (stage 2) the MLSS and MLVSS increased and
the DV50 stabilized. The VFso0um Stabilized at 37,7 +3,1%. Microscopic images
show the reappearance of small sludge agglomerates, indicating the potential

growth of small granule-like structures.

From day 57 until day 110 (stage 3) the MLSS and MLVSS stabilized. The
DV50 and the VFsx00um increased continually, from respectively 153 pm to 285
pm and 40.1 % to 60.2%. The granules increased in size during this stage

without an increase in MLSS indicating the development of AGS.

Additionally gPCR and microbial community composition analysis showed
an increase in Candidatus Accumulibacter phosphatis a PAO (Figure 4). The
abundance pf Candidatus Competibacter phosphatis (a GAO) remained low;
0.58 £1.06 %. This indicates that the combination of the applied influent COD/P
ratio (approximately 50) and an anaerobic/aerobic operational strategy was
successful in selecting PAOs over GAOs. Weissbrodt et al. (2013) reported a
similar OTU value of 25 % while feeding propionate based wastewater in an

anaerobic fed anaerobic/aerobic AGS SBR.

3.2 Phase Two

3.2.1Reactor operation and removal efficiency

During phase 2 the impact of rapidly varying influent concentrations on the
efficiency of the anaerobic and aerobic dynamic control strategy and ASG
efficiencies were investigated. The sludge fram reactor A was divided in reactor
B and C. Reactor C functioned as a control and sludge backup reactor and was

16



O©CoO~NOOTA~AWNE

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

fed the same influent composition as reactor A. In reactor B three influent

composition variations were tested; IVS, IVS; and IVS;.

The anaerobic dynamic control strategy was immediately implemented at
the start of phase 2. For the Entire phase 2, the aerobic and anaerobic control
strategy of reactor B and C were operated with the same set-points (CV,, CVy,

CVszand CV,) as reactor A at the end of phase 1.

In reactor B, the reliability of the anaerobic and aerobic dynamic control

strategy during phase 2 was 98.2 %. AUfomatic'activation of the'set minimal
and maximal anaerobic and aerobic step durations occurred sporadically due to
ineffective filling steps.

The anaerobic control strategy was able to adjust the anaerobic step
according to the influent COD. The anaerobic MCS profile increased and
decreased with an increasing and decreasing influent COD Goncentration, as
was previously reported by Kishida et al. (2008). During IVS; a linear correlation
between the influent COD and anaerobic step duration was observed with an'R2
of 0.702 and a p-value of < 01004 (a = 0.05), whereas no significant correlation
was present during IVS, and IVS3; when the COD/P ratio was varied. The

influent PO4-P and COD/P ratio had no impact on the anaerobic step duration

during IVS, and IVSs (Figure’5\(@)and (d)):

The anaerobic DOC uptake and PO4-P release efficiencies at grab sample
point§ SPb and SPc (Figure 2) during phase 2 did not change significantly
during IVSy, IVS; and [MS3(Figure 5(€)). While feeding rapidly varying influent
compositions, the anaerobic dynamic control strategy was able to ensure a

complete anaerobic DOC uptake.
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A significant linear felation between the anaerobic OLR and the influent
COD was observed during IVS; and IVSs, With respectively afl R? of 0.982 and
a p-value of < 0.004, and an R2 of 0.962 and a p-value of < 0.002 (Figure 5 (a)
and (b)). Yet the anaerobic control reduced the impact of the influent COD
variation on the anaerobic OLR (Efror!' Reference source not found.(d)).
Whereas the influent COD variation of 40% would cause a theoretical ORL
variation of around 31% in a static anaerobic step, the anaerobic ORL varied
around 20%. The influent PO4 P concentration and the COD/P ratio had no

impact on the anaerobic ORL. No linear felation was observed (Figure 5Figure

5(a) and (b)).

The anaerobic P release/COD uptake ratio remained high during phase 2,
averaging at 0.42 = 0.05 during IVS; and 0.35 £ 0.09 during IVS; and IVS3. The
high anaerobic P release/COD uptake ratio indicates a mature PAO sludge

(Oehmen et al. 2006).

The aerobic phase was dynamically controlled depending on the OUR.
The influent COD had an impact on the aerobic step duration and the ORL
(EFrorTReference’solirce not founa:), but this impact was not significant. The
influent PO4-P and COD/P ratio had no impact on the aerobic step duration or

the ORL. The main objective of the OUR control was to ensure a complete

PO4-P uptake during the aerobic step. As'shown'in Figure 5(d) the aerobic step
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The rapid influent composition variations had no observed effect on the
effluent quality. The control strategy was able to adjust the anaerobic and
aerobic step durations to ensure optimal COD and PO4-P removal. The COD
and PO4-P removal efficiency during the different influent variation strategies
remained stable at respectively 95.2 + 2.7% and 97.7 + 3.8%. The average
COD and POy-P effluent concentrations during phase 2 were respectively 58 +
27 mg/L and 0.53 £ 0.77 mg/L. This is close to the reported effluent PO,4-P
concentration by Kishida et al. (2008), lower than < 0.3 mg/L. The conductivity
based anaerobic and OUR based aerobic dynamic control strategy was highly
effective at achieving low COD and PO4-P concentrations even during a
prolonged period of rapidly varying influent concentrations. Additionally varying
COD/P ratios had little effect on the PO4-P removal efficiency. This increases
the potential applications of the control strategy in EBPR systems for the

treatment wastewater with a varying composition.

3.2.2Aerobic Granular Sludge morphology

During phase 2 the AGS in reactor B and C evolved into @ hybrid (granular
and floccular) sludge. In reactor B the particle distribution (DV50) decreased
from 238 um to 129 um indicating the formation of hybrid sludge. The same
evolution was observed in the control reactor C, the particle distribution (DV50)
decreased form 200um to 135um. The microscopic images confirmed the
evolution into hybrid sludge. Granules remained visible throughout phase 2.
The degradation of the AGS in reactor B was not due to applied feeding
strategy because a similar AGS degradation was observed in the control reactor

C. A possible factor that could have led to the AGS degradation is the reactor
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temperature, which was not controlled and thus varied depending on the room

4.0 Conclusion

The present study investigated a conductivity based anaerobic and OUR
based aerobic dynamic control strategy for the removal of PO,4-P in an EBPR
AGS SBR whichwas first fed a constant and then by a rapidly varying
wastewater. AGS was successfully formed. The effluent COD and PO4-P
concentrations remained low during the whole study. The anaerobic and
aerobic dynamic control strategy elongated and shortened the step durations in

line with the influent COD. No aerobic COD leakage was observed.

E-supplementary data of this work can be found if'the online version of

the paper.
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DESCRIPTION FIGURES

Figure 1: (a) Schematic overview of the anaerobic dynamic control strategy,
consisting of 3 loops; Loop 1, intermittent logging (every CV; seconds) of paired
conductivity and timestamp values and building conductivity and timestamp
arrays (until the number of pairs in the array reaches a set point value CV,);
Loop 2, intermittent calculation (every CV; seconds) of the MCS and comparing
the MCS to the maximal MCS set point (until the calculated MCS surpasses the
maximal MCS set point €Vg); Loop 3, intermittent calculation (every CV;
seconds) of the MCS, comparing the MCS to the maximal MCS set point (CV3)
and comparing the counted number of correct MCS to a set point amount to
determine anaerobic step termination (until the amount of correct MCS
surpasses the maximal amount of the correct MCS set point CV,). (b) The
anaerobic conductivity and MCS profile of the anaerobic dynamic control

strategy, (o) MCS, (m) conductivity.

Figure 2: Cycle conductivity profile and grab sample points (SP); SPa, SPb,

SPc, SPd and SPe. Highlighted area is the anaerobic step.

Figure 3: Data phase 1; (a) in-situ profiles of reactor A on day 86, (b) OUR and
anaerobic and aerobic conductivity MCS profiles on day 86, (c) MLSS, SVI5,
SVI30 and DV50 profile of reactor A, (d) Anaerobic time, total OLR and
anaerobic OLR profiles of reactor A. The highlighted area in figure (a) and (b)

are anaerobic.
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Supplementary Interactive Plot Data (CSV)
Click here to download Supplementary Interactive Plot Data (CSV): SUPPLEMENTARY DATA.docx
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