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Abstract of Dissertation

High-Rate Activated Sludge Systems: A Promising Technology to Harvest Organic
Carbon from Municipal Wastewater

The high-rate activated sludge (HRAS) systems are shifting the energy intensive processes
to low-energy and sustainable technologies for wastewater treatment. In order to recover
energy-rich organic carbon from wastewater, the HRAS system is a key technology for
moving towards energy neutral (or positive) treatment processes. This study investigates
the various HRAS technologies and their best selection, by understanding their operational
and kinetic parameters and mechanistic relationship with process performance, carbon
redirection and carbon harvesting for high and low-strength wastewater treatment.

A series of pilot-scale studies were performed to compare conventional high-rate activated
sludge systems (HRAS) (continuous stirred tank reactor (CSTR) and plug flow (PF) reactor
configurations) with high-rate contact-stabilization (CS) technology in terms of carbon
recovery potential from chemically enhanced primary effluent (low-strength) at a
municipal wastewater treatment plant (WWTP). This study showed that carbon redirection
and recovery could be achieved at short solids retention time (SRT). However,
bioflocculation became a limiting factor in the conventional HRAS configurations (total
SRT < 1.2 days). At a total SRT < 1.1 day, the high-rate CS configuration allowed better
carbon removal (52-59%), carbon redirection to sludge (0.46-0.55 g COD/g CODadged) and
carbon recovery potential (0.33-0.34 gCOD/gCODadded) than the CSTR and PF
configurations (28 - 37% carbon removal, carbon redirection of 0.32-0.45 g COD/g
CODadded and no carbon harvesting). The presence of aerobic stabilization phase (famine),

achieved by aerating the return activated sludge (RAS), followed by aerobic contact with
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the influent (feast) wastewater was identified as the main reason for improved biosorption

capacity, bioflocculation and settleabilty in the CS configuration.

The fundamental mechanisms behind feast-famine condition in CS were further studied to
understand the bioflocculation improvement. The pilot reactor operations at SRT range of
0.2-1.7 d SRT showed that the carbon harvesting efficiency in high-rate CS systems
increased with the increase of extracellular polymeric substance (EPS) production in the
aerobic contactor. In addition, the aerobic contactor had comparatively better carbon
removal, redirection, capture efficiency and most importantly better effluent quality
compared to anaerobic contactor. This was due to the increase of EPS in aerobic contactor
than stabilizer, whereas no increase of EPS was observed in the anaerobic contactor. This
confirmed that dissolved oxygen is necessary for fast EPS response to improve
bioflocculation and carbon capture in high-rate CS systems. This study also suggested that
food to microorganism (F/M) ratio can play a vital role for high-strength wastewater
systems for maximizing carbon recovery linked with EPS response, whereas optimum
stabilization time to induce starvation phase is necessary for low-strength wastewater
systems. A unique approach to determine stabilization time in CS was proposed in this
study using sludge oxygen uptake rate measurement. This followed the Monod kinetic
model in which half-saturation coefficient (Ks) indicated the optimum stabilization time
needed to induce starvation phase for microorganisms. The higher the SRT of a system,
the longer the stabilization time required for enough starvation, and vice-versa for shorter

SRT system.

The fundamental mechanism behind biosorption to recover carbon from wastewater

through HRAS system is insufficiently studied in the literature. The most accepted method
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of quantifying biosorption capacity (mixing wastewater to sludge and then settling) of
activated sludge in the batch system depends on good settleability (sludge retention time,
SRT > 3 d), which is difficult to apply on HRAS where settleability characteristics are
different. However, results showed that the interference of settleable particulate matter
(approximately 55%) of wastewater in conventional biosorption quantification approach
are among the key factors that invalidate its application on any SRT conditions and sludge
characteristics. A unique approach of quantifying biosorption called “biosorption yield” by
measuring ex-situ oxygen uptake rate (OUR) on different SRT sludge was proposed in this
study, which was able to predict biosorption. In addition, an in-situ based biosorption
quantification approach was established in this study which incorporated wastewater
characterization, operational parameters and EPS of a high-rate continuous system. Both
“biosorption yield” and “in-situ biosorption” approaches correlated well with SRT, carbon
redirection, oxidation and observed yield of the system, and had the potential to quantify

biosorption.

Besides low-strength wastewater systems study, the plug-flow type A-stage (adsorption)
and high-rate CS systems were investigated at very short SRT range of 0.15-0.3 d to
evaluate their carbon recovery potential from high-strength raw wastewater treatment. The
study observed that decreasing SRT from 0.3 d to 0.15 d in A-stage, the carbon oxidation
decreased and effluent quality deteriorated but carbon capture did not improve. In CS, the
carbon oxidation and carbon capture increased and effluent quality improved, which was
opposite to A-stage performance. This suggested that A-stage was limited by biomass and
thus flocculation at 0.15 d SRT, while CS improved its performance due to better

bioflocculation caused by the feast-famine condition and higher EPS productions. A-stage



and CS had similar carbon capture (42-43%) but A-stage had better effluent quality (67
mgVSS/L) and higher oxidation (22%) than CS (85 mgVSS/L and 18%). This suggested
that optimum carbon oxidation is necessary for achieving better effluent quality. In
addition, particulate and soluble carbon removal efficiency in both systems increased with
increased EPS production. Both A-stage and CS was able to capture significant fractions
of nitrogen (19-26%) and phosphorous (30-36%) through waste activated sludge. This
confirmed that HRAS systems not only redirect higher carbon, but also nitrogen which can
be treated through energy efficient sidestream treatment processes, and at the same time

move towards energy neutral treatment.



Table of Contents

DEAICALION ...t bbbt ii
ACKNOWIEAGEMENT ... e sre e enes iv
ADSEract Of DISSEITATION........ccoiiieiieiiice e vii
LEST OF FIQUIES. ...ttt bbb XiX
LISE OF TADIES ... XXVil
LEST OF ACTONYIMS ..ottt b ettt nb b b XXX
Chapter 1 — INTrodUCTION ......ccveoiiiccece et 1
L1 BaCKOIOUNG .....c.veeieiiecieee sttt et esae e re e e sre e re et 1
1.2 Objectives Of the reSEAICH .........ooi i 6
1.3 Outlines Of the DISSEITALION...........cceiiiiiiiieieie e 8
Chapter 2 - LIterature REVIEW .........ccoiiiiiiiieiiieeieeee et 10
2.1 INEFOAUCTION ...ttt 10
2.2 Wastewater CharaCteriZation ............ccoouiereiriieneese e 10
2.2.1 Biodegradable COD ........cccoiiieieec et 11
2.2.2 Nonbiodegradable COD .........cccoiiiiiiiicc s 12
2.2.3 Determination of COD fractions using biological approach.............c.ccccueveneen. 14
2.2.4 Measurements principle of the roCOD and sbCOD fractions............cc.cevene.. 14
2.2.5 Measurements of the active OHO fraction in influent wastewater ................... 16
2.2.6 Determination of COD fractions using physical (filtration) approach.............. 18

Xi



2.2.7 Influent Nitrogen COMPOSITION .......c.oieeiiiieiieiieie e 20

2.2.8 Influent PhoSphorous COMPOSITION .........cc.coviiiiriiiiinesieeeeee e 21
2.3 Energy potential in WaSIEWALET ...........ceccueiieiiiieiiese et 23
2.4 Carbon removal and capture technologies in activated sludge systems.................. 25

2.4.1 Primary trealment ........ccoeiieieiie et nne s 25

2.4.2 Chemically enhanced primary treatment (CEPT) .....cooveviiiniiiienieceeecee 26

2.4.3 High-rate ClarifiCation ...........ccccoiiiiiiiiiiic e 26

2.4.4 Continuously stirred tank reactor (CSTR).......cccovviiniiinieeiee e 27

2.4.5 PIUQ FIOW FEACTON .......eeiieiecie sttt te e sne s 28

2.4.6 Step feed Activated Sludge system (SFAS) .....cccovieiiciiie e 29

2.4.7 High-rate activated SIUdGe SYSTEMS .......ccoviiiiiiiieiereciee e 30

2.4.7.1 A-Stage OF A/B PIrOCESS .....cveviitirieiiieieeiieie ettt sttt bbb 32

2.4.8 Contact StabIlZATION ........coveiiiiiei s 33
2.5 Carbon removal mechanisms in high-rate activated sludge systems...................... 37

2.5.1 Extracellular adSorption...........ccccveiiiiiiicie e 37

2.5.2 INtracellular STOFAQE ........coveeiiiee et 39

2.5. 3 HYAIOIYSIS. ...t 41

2.5.4 Oxidation/Mineralization ..........c.ccoceiiiiiieiiie e 42

2.5.5 Settling/Sedimentation ............cccooiiiiiiiiieee e 42
2.6 Factors affecting carbon removal in high-rate activated sludge systems................ 44

Xii



2.6.1 Solids retention tiMe (SRT) ..o s 44

2.6.2 Hydraulic retention time (HRT) ....couiiieiiiiecie e 45
2.6.3 Dissolved OXYgeN (DO) .....cuiieeiieieiiesie ettt ae e nne s 46
2.6.4 Return activated sludge (RAS) ratio.........cccocveeiierieiiieieeie e 47
2.7 Yield in heterotrophic miCroorganiSmS..........cuccueiiveieeiesieeseese e se e sre e 48
2.7.1 Observed yield calculation based on carbon balance............cccocoiiiiiiienen, 48

2.7.2 Theoretical Yield (maximum yield) based on SRT, observed yield and

endogenous decay COBTFICIENT.......ccoiiiiiiiiieee e 52
2.7.3 Net DIOMASS YIeld ......cooiiiiii e 53
2.7.4 Heterotrophic cell yield based on bioenergetics (thermodynamics principle) ..54
2.8 Main-stream short-cut nitrogen removal (Nitritation/Denitritation)....................... 57
2.9 Deammonification as sidestream treatment ...........cccooeverinininieiee e 59

2.10 Bioflocculation in high-rate activated sludge systems treating low-strength

AOMESTIC WASTEWALET ... 61

2.11 Extracellular polymeric substance (EPS) in high-rate Contact Stabilization

V] (] 10 OO PR PP PP PPN 63
2.12 Quantification of biosorption in HRAS SYStEMS........c.ccevveviiieiecce e 66

2.13 High-rate Contact-Stabilization and plug-flow A-stage systems for carbon

=T 0 Y= o YRR 70

Chapter — 3 Evaluation of techniques for improving bioflocculation in high-

rate activated sludge systems treating low-strength domestic wastewater................ 75

Xiii



3L INrOAUCTION ... 75

3.2 Pilot P1ant DESCIIPLION ......c.eoiiiiieiieiiesiesie st 75
3.3 COD mass-balance: redirection and harvesting ...........cccoccevvveveiieieene e, 81
3.4 Carbon redirection through different pathways ...........ccccocvveieiieiiecve e 81
3.5 EPS Measurement and Settleability Parameters ...........cccccvvveveiiiieenc e, 83
3.6 BIOSOIPLION YIEIU ...t 84
3.7 Sampling and Chemical ANAlYSIS .........ccciiiiiiiiie e 85
Bi8L RESUITS ...t 86
3.8.1 Effluent QUAIILY .......cveivieieee e 86
3.8.2 COD MaSS DAIANCE .......c.civieeiiiiiiieesesee e 93
3.8.3 Process validation: contact-stabilization vs plug-flow.............ccccociviiiinennen, 98
3.9, DISCUSSION ...ttt ettt bbb bbbttt ne bbbt 101
3.9.1 Impact of SRT and process configuration on carbon redirection.................... 101
3.9.2 Impact of SRT and process configuration on carbon harvesting .................... 104
3.9.3 Carbon ManagEMENT...........ccueiiie it sr e ae e 108
3.10. CONCIUSION. ...ttt bbbt e 109

Chapter — 4 Role of extracellular polymeric substance (EPS) in high-rate

Contact Stabilization SYSTEIMS .......c.ciiiiiiiiree s 110

A1 INETOAUCTION et 110

Xiv



4.2 Bench-scale experiments for EPS production under anaerobic and aerobic

CONLACEON OF CS SYSLEMS ...ttt sttt sne e 110

4.3 Bench-scale experiments for EPS production under variable stabilization time

ON different SRT SIUAQGES.........oiiiieiie e 113
O e | [0 A =T Tod (0 ST (U] o OSSR 114
4.5 EPS and settleability parameters measurement...........cccvevvevveveeneeineseeseerieseenns 118
4.6 Sludge oxygen uptake rate (OUR) Measurement..........ccccvevveveervereeseesiesrnesneenes 119
4.7 Analytical MeasUIEMENT.........c.oiiiiieieie e 120
4.8. RESUILS aNd DISCUSSIONS ......cvveuieiieieieriesiesie sttt 120

4.8.1 Aerobic or anaerobiC CONACTON .........cceoviirieieiricree e 120

4.8.2 Mechanistic understanding of high-rate CS technology .........c.ccccoeveveiinennnn. 127

4.8.2.1 Hypothesis 1: F/M in contactor (feast) drives EPS formation and

CArDON NANVESTING ... e sre e 128

4.8.2.2 Hypothesis 2: A minimum starvation time is needed for improved

EPS formation and carbon harvesting ...........cccceceveiinineniniseece e 132

e O] o [1E] o] oSS T 141
Chapter 5 - Methods for quantification of bIOSOrption ...........cccccvevvviiiiveii e 142
5.1 INEOTUCTION ...ttt sttt st et sreenbe et 142
5.2 Source of sludge and wastewater 10CatioN ...........cccceevveeiieiiiciie e 142
5.3 Pilot-scale reactor OPEratioN..........ccccvveiiiiiiieiie i 144
5.4 Conventional approach to quantify biosorption Capacity...........cccoceeerencrenennnn 147

XV



5.5 Ex-situ aerobic yield coefficient approach ..........cccoceveiiiiiiieiiie e 148
5.6 Quantification of biosSOrption Yield ..........cccoovviieiiiec e 151

5.7 Biosorption quantification using influent COD mass-balance, EPS and

operational parameters of a pilot-scale SYStem ..........ccceveiievi i i 153
5.8 Analytical MeaSUrEMENLS .......cc.ciieiieieiiecie e ee s 156
5.9 ReSUILS aNd DISCUSSIONS .....c.veuveviriiieiisiinteieiisi et 156
5.9.1 Conventional biosorption capacity approach ...........ccccceevreninininiinieeieienns 156
5.9.2 Ex-situ aerobic yield approach ... 160
5.9.3 EX-Situ biosorption Yield...........ccoeiiiiiiie e 165
5.9.4 In-situ biosorption in a continUOUS SYSTEM ..........cccceveiieiieie s 170
5.9.5 Evaluation of ex-situ and in-situ biosorption capacity approaches.................. 173
5.10 CONCIUSTON.....utiitieiteitieie ettt bbb 177

Chapter 6 - High-rate Contact-Stabilization and plug-flow A-stage systems for

carbon recovery from raw WasteWALEN .............coviiriiiieieiese e 178
6.1, INEFOTUCTION ...t 178
6.2. The pilot plant OPEration ...........cc.cceiviiiieii e 178
6.3 Carbon, nitrogen and phosphorous balance .............ccccovevvieieciicc i 184
6.4 Settleability parameters and EPS eXtraction ...........cccoccveveeiiiieiie i 185

6.5 COD and nitrogen flux distribution and energy balance calculation for a

XVi



6.6 Sample measurement and ANAIYSIS........ccoiiiiiiieeriie e 188

8.7, RESUILS ... 189
6.7.1 COD removal efficiency and effluent characteristics .............ccccoveviiieieennnnn, 189
6.7.2 Carbon redirection and harvesting..........cccccveveieeieeie s 193
6.7.3 Nutrient removal efficiency and Capture ...........cccccveveiieveere s 198

6.7.4 Carbon and nitrogen flux distribution, energy consumption and production

INAVWWWTP et bbbttt b e e 200
5.8, DISCUSSION ...cvieeeetest etttk bbbttt ne bbb 203
6.8.1 Aerobic conditions maximized carbon and nutrient capture efficiency........... 203
6.8.2 Impact of SRT on carbon and nutrient redirection and capture ..................... 204

6.8.3 Potential HRAS technology application for various wastewater

characteristics and environmMeNtal FACLOIS .....veeeeeee e 211

6.8.4 Moving towards energy neutrality using HRAS systems at a full-scale

WV TP e e et st e e be e eesnneas 213

6.9 CONCIUSION. .....cuiiiiiiiteti et ne bbb 215
Chapter 7 - DISCUSSION ......cuiiuiiieiiieiieiesteste sttt bbbt 216
7.1 Selection of HRAS technology for high and low-strength wastewater ................ 216
7.2 Carbon harvesting depends on bioflocculation and carbon redirection ................ 218
7.3 Minimizing carbon oxidation cannot maximize carbon harvesting...................... 219

7.4 HRAS systems - a promising technology to harvest nitrogen and phosphorous .. 220

Xvii



7.5 Method development for biosorption quantification............cc.cceecvveiiiincniniienine 221
7.6 Role of EPS in high-rate CS and A-Stage SYStEMS.........ccccvririeieieienencse e 222
7.6.1 Is EPS production faster in contactor or stabilizer of High-rate CS systems? 222

7.6.2 Is dissolved oxygen (DO) necessary for fast EPS production in contactor?...224

7.6.3 Comparison of aerobic and anaerobic CONtactor ............cccceevevevveccciiesieennan, 226
7.6.4 ROIE OF F/M FALIO ....c.viiiiiiieieceeeee s 226
7.6.5 Effect of proper stabilization time or HRT ..o, 227
7.6.6 Influence of OUR in contactor and Stabilizer............ccoceeeviiiiiiniininieeen, 228
7.6.7 Role of aerobic HRT in A-Stage SYSeMS ........cocvevverieiieiece e 228
7.7 Better settleability can be achieved in HRAS SyStems .........cccccccvvveiveveiieieenne 230

7.8 OUR as a metabolic indicator and potential control parameter for carbon

redirection and NarveSTING .........ccooiiiiiieie s 231
Chapter 8 - CONCIUSIONS .........oiiiiiiieee s 239
8.1 Conclusion of specific objectives of this Study ..........cccceovvvieiieiiiie i 239
8.2 FULUIE RESEAICN ...t e 242
REFEIENCES ... 246
F AN o] o 1< Lo [ G RSSO P R OTP 265
APPENAIX B ..ot 273
APPeNdiX C- PUBHCATIONS ........cviiiiiieie i 282

XViii



List of Figures

Figure 1.1 Overview of the DISSErtation............cccccevveiieiieiieie e 9
Figure 2.1 Influent wastewater COD characterization..............cccccocvvveveeieiieesincce e, 13
Figure 2.2 Typical domestic wastewater COD compositions received by wastewater
treatment plant (data accessed from (Melcer, 2003)) .....ccoooveiieiriiieiiere e 13
Figure 2.3 An example of oxygen uptake rate (OUR) response profile observed in a
sequencing batch reactor fed by high concentration of readily biodegradable COD
(MEICEE, 2003)......ee ettt sttt e e st e e e ae e s be e te e se e s beesbeaseesseeseesaesreentesneenres 16
Figure 2.4 An example of OUR response profile observed in an aerobic batch test
(activated sludge mixed with primary effluent) fed by chemically enhanced primary
treatment effluent (total COD of 150 mg/L) (data provided by author)..............c.ccocu..e. 16
Figure 2.5 (a) An example of OUR response for an aerobic batch test on chemically
enhanced primary treatment effluent, (b) Plot of In(OUR) vs. Time (t) for initial

period of increasing OUR in Figure 2.5a where the active biomass fraction is 3% of
influent total COD (175 mgCOD/L) (data provided by author) ...........ccccccoevvievveiieciiennenn, 18
Figure 2.6 Schematic representation of wastewater COD fractionations typically
measured by physical (filtration) method (Rahman et al., 2016C)...........ccccceevveiveiriiiennn, 20
Figure 2.7 Typical domestic wastewater nitrogen compositions received by

wastewater treatment plant (data accessed from Melcer, 2003) .........ccccoevevieiiciccienenn, 21
Figure 2.8 Typical domestic wastewater phosphorous compositions received by

wastewater treatment plant (data accessed from (Melcer, 2003)) ......cccoeevvevieiiieciecnnnne, 23

XiX



Figure 2.9 The maximum energy potential from organic carbon oxidation in which
energy was calculated based on theoretical 3.86 kWh energy production/kg COD
oxidized to CO2 and H20 (WEF & WERF, 2015).........coouieeeeeeeeeeeeseeeeeeseeeseeeseseeeseeee. 25
Figure 2.10 Schematics of typical Continuously Stirred Tank Reactor (CSTR)

ProCeSS CONTIGUIALIONS .....oviiiiiiiieiieiee ettt bbbt 27
Figure 2.11 Schematics of typical Plug Flow (PF) reactor process configurations.......... 29
Figure 2.12 Schematics of typical Step Feed Activated Sludge (SFAS) system

ProCeSS CONTIGUIALTIONS .....cviviiiiiiieiieiei ettt bbbt 30
Figure 2.13 Schematics of typical Adsorption-Biooxidation (AB) process

CONTIGUIALIONS ...ttt bbbttt bbbttt 33
Figure 2.14 Schematics of typical Contact-Stabilization (CS) process configurations....35
Figure 2.15 Schematic of wastewater flow in Continuously stirred tank reactor

(CSTR), Contact stabilization (CS) and Plug flow (PF) configuration to calculate
observed yield (Rahman et al., 2016C).........ccceiiriiriiiieiereeeee s 52
Figure 2.16 Comparison between (a) conventional nitrification/denitrification process,
and (b) partial nitritation/denitritation process indicating the difference between

oxygen and carbon source addition (WEF & WERF, 2015; Yang et al., 2014)................ 59
Figure 2.17 Comparison between (a) conventional nitrification/denitrification process,
and (b) partial nitritation/anammox process indicating the difference between oxygen

and carbon source addition (Siegrist et al., 2008)..........ccccuririiriiniiiiie e 60
Figure 3.1 Schematic representation of (a) Continuous Stirred Tank Reactor (CSTR),

(b) Contact stabilization (CS), and (c) Plug Flow (PF) process configurations operated

IN the HRAS PHOE PIANT. ..o e 79

XX



Figure 3.2 Schematic representation of wastewater COD fractionations performed in

ENES STUY ..ttt et 86
Figure 3.3 (a) Effluent average COD fractionation (total COD, particulate COD,
colloidal COD and flocculated filtered COD) and solids concentration and (b) total
biomass inventory during the steady-state period for seven SRT conditions.................... 87
Figure 3.4 Influent and effluent COD fractionation: (a) total COD, (b) particulate

COD, (c) colloidal COD and (c) flocculated-filtered COD of the pilot installation for

the steady-state conditions (transition periods are shown as gray column bar) in (A)
CSTRof 2.2d, (B) CSTR 0of 0.8 d, (C) CSTR 0.2d, (D) CS0.8d, (E) CS 0.7 d, (F)
CS0.4d, N0 (G) PF 0.3 0 SRT...eoueeeeeeeeeeeeeeeeeeeeeeeeeeee e esee s es e sseeee s 88
Figure 3.5 (a) COD fractionation (total COD, particulate COD, colloidal COD and
flocculated-filtered COD) removal efficiency (as percentage) over the entire system
during the steady-state periods for the seven SRT conditions. Error bars showed

StANAArd AEVIALIONS. ..ottt bbbt 89
Figure 3.6 (a) Mass balance of COD fractions (%) of waste activated sludge COD

(COD WAYS), effluent biomass COD (pCOD), effluent non-biomass COD (cCOD,
ffCOD and inert COD) and COD oxidation to CO> production, expressed as

percentage of total influent COD. (b) Metabolic pathway of redirected influent total

COD fractions (%) to biomass synthesis, EPS production and sorption including

storage based on all oxidized COD redirected to the sludge for the seven SRT

CONAITIONS. e 94

XXi



Figure 3.7 (a) Relationship between observed yield and carbon redirection for

different process configurations, (b) and (c) relationship between observed yield and

total SRT and aerobic SRT in CSTR, CS and PF configurations............cc.ccocveninninennn, 95
Figure 3.8 Validation experiment showing performance differentiation between the
contact-stabilization and plug-flow system in terms of (a) total biomass inventory, (b)
total SRT and (c) effluent solids concentration. Operational periods: A. CS of 0.8 d at
steady state conditions, B. switch to PF mode, C. solids settled at influent line due to

rain events (day 36-40: not considered as performance) D. continuation of PF mode
where * indicates solids washout to the reactor due to cleaning of influent line at day

48 and E. SWItCh 10 CS MOUE ......c.viiiiiiiiiesiieieee s 100
Figure 4.1 Influent COD mass-balance redirection pathways from CS 0.3 d, CSa
0.3d,CS0.52d,CS0.69d,CS0.75d and CS1.73 d systems, where influent COD

was categorized into five different pathways: waste activated sludge (WAS) or carbon
capture, effluent pCOD, effluent cCOD, effluent ffCOD and carbon oxidation............. 124
Figure 4.2 (a) Specific extracellular polymeric substances (EPS), (b) specific protein

and (c) specific polysaccharide concentration measured in contactor (C) and stabilizer

(S) sludge of pilot reactor CS 0.3 d and CSa 0.3 d. ....cccoviieivericieceee e 125
Figure 4.3 Impact of relative EPS increase in contactor (%) on carbon harvesting
efficiency (the data obtained from the steady-state conditions of influent COD mass-
balance) in CS 0.3 d (m), CSa0.3d (m), CS0.52d (g), CS 0.69 d (o), CS 0.75 d (o)

ANA CS 1.73 0 (0O) SYSEIMS .evveuveeiieitesie sttt eiee ettt sttt bbbt 128
Figure 4.4 Relationship between contactor F/M ratio and relative EPS increase in

contactor (%) from CS 0.3 d, CSa 0.3 d configurations, (b) relationship between ratio

xXxii



of specific OUR of contactor and stabilizer and relative EPS increase in contactor (%)
from CS 0.69d, CS0.75d and CS 1.73 d SYStEMS.......cevieruiiieiiieieiie e e 131
Figure 4.5 (a) Specific EPS concentration in stabilizer (stabilization time of 360 min)

and aerobic contactor (contact time of 5 min) of 0.69 d SRT sludge under acetate

addition (150 mgCOD/L) as a soluble carbon source, measured in a batch experiment

(b) influence of variable stabilization time on relative increase of EPS production in
contactor (%) for 2.5 d (full-scale step-feed) , 0.69 d (pilot-scale CS) and 0.24 d SRT
(PI0t-SCAIE CS) SIUAGE. ...ttt 135
Figure 4.6 (a) The change of oxygen uptake rate (OUR) with stabilization time of

0.69 d SRT sludge in a batch experiment, (b) an approach of minimum stabilization

time determination using change of OUR reduction (c) actual and minimum

stabilization time under different SRT sludge (d) relationship between maximum

OUR reduction, ratio of half of maximum OUR reduction and K;and different SRT

Figure 5.1 Conceptual diagram of biosorption yield determination, ex-situ aerobic

yield coefficient determination using aerobic pretreatment and no-pretreatment

approach in a batCh eXPEriMENT ..........ccviiieie et 153
Figure 5.2 Influence of COD loading on biosorption capacity for (a) biological

nutrient removal sludge (full-scale nitrification stage of SRT > 10 days) and (b)

high-rate activated sludge (full-scale system of SRT 2 days) under active and inactive

(070 1o 11 0] USSR 158
Figure 5.3 A conventional approach of ex-situ aerobic yield determination of

high-rate activated sludge (full-scale step-feed system of SRT 2 days) in a (a) high-

XXiii



quality experimental batch test in which R? > 0.89 and (b) poor quality experimental
batch test in WhICh RZ> 0.07 .......ccviuiiicieicecieicie et 161
Figure 5.4 Quantification of ex-situ aerobic yield coefficient with and without

aerobic pretreatment approach for non-filtered, filtered (1.5 um) wastewater

(chemically enhanced primary treatment effluent) and acetate (soluble compound)

as a carbon source in batCh eXPEriMENTES.........cceiviiiiiieie e 162
Figure 5.5 Ex-situ aerobic yield coefficient (in a batch test) and observed yield
(continuous system) determination on reactor sludge from high-rate pilot-scale CSTR

and CS systems under variable SRT cONditionS ...........cccvevviiiiiiiiciieseee e 164
Figure 5.6 The measurement of ex-situ oxygen uptake rate (OUR) of high-rate sludge

(full-scale step feed system of 2 d SRT) in a batch experiment to quantify biosorption

Figure 5.7 (a) Relationship between carbon redirection, carbon oxidation, and total

SRT of pilot-scale CS systems,(b) impact of total SRT on biosorption yield for

pilot-scale CS systems, (c) relationship between observed yield and biosorption yield

of contactor sludge from pilot-scale CS systems, and (d) relationship between carbon
redirection, oxidation and biosorption yield of contactor sludge from pilot-scale CS
V] L] 10RO 169
Figure 5.8 Influent COD redirection pathways of five different high-rate pilot-scale
contact-stabilization (CS) systems under variable SRT conditions.............cccccceevveenene, 171
Figure 5.9 (a) Impact of total SRT on in-situ biosorption determined from pilot-scale

CS systems, (b) relationship between observed yield and in-situ biosorption of

XXiV



pilot-scale CS systems, (c) relationship between carbon redirection, carbon oxidation

and in-situ biosorption of pilot-scale CS SYStEMS.........ccceviiiiiiiiniie e 172
Figure 6.1 Pilot-scale reactor setup of high-rate (a) contact-stabilization (CS) and (b)
plug-flow type A-stage configurations operated in this Study ..........ccccovveiieniniiiienenn, 181
Figure 6.2 (a) Influent COD fractions removal efficiency (%), and (b) effluent

quality (COD fractions and total suspended solids concentration) of different

high-rate CS and A-Stage SYSIEMS ......cceeuiiieiieie ettt ee e 190
Figure 6.3 (a) Influent COD mass-balance of different high-rate CS and A-stage
configurations where redirection pathways are divided into five different fractions as
waste activated sludge (WAS), effluent pCOD, effluent cCOD, effluent ffCOD and
oxidation; (b) influent redirected COD mass-balance of different high-rate CS and A-
stage configurations which was categorized into three different metabolic pathways

as biomass formation, EPS production and SOrption ...........ccoceevverenencneneniseeeeeees 194
Figure 6.4 Carbon and nitrogen flux distribution for a full-scale conventional WWTP
and advanced WWTP with different treatment COMpPONENtS .........cccceveviiereninienieienns 201
Figure 6.5 Influence of carbon oxidation on (a) carbon redirection (%) and (b)

carbon capture (% WAS) of high-rate CS and A-stage configurations performed in

this study, (c) impact of SRT on biomass inventory (mass of biomass in three reactors

of each system) during the operation of high-rate CS and A-stage configurations

OPErated iN thiS STUAY .......ooeiiiieieieie e 206
Figure 6.6 (a) Impact of influent F/M ratio on EPS productions (average of R1, R2

and R3) in A-stage systems, (b) influence of contactor F/M ratio on ratio of EPS in

contactor (EPSc) and stabilizer (EPSs) in high-rate CS systems, (c) and (d)

XXV



relationship between EPS productions (R3 in A-stage and Contactor in CS) and

pPCOD and ffCOD removal effiCIENCY ........coiiiiiiiee e 211
Figure 7.1 Relationship between carbon harvesting and total SRT in different

high-rate activated sludge systems retrieved from literature and this study.................... 220
Figure 7.2 (a) Impact of aerobic HRT on EPS production, (b) influence of EPS
production on carbon harvesting efficiency (% influent COD) and carbon oxidation

(% influent COD), (c) impact of EPS production on COD removal efficiency (%) in
A-stage systems operating in this study at SRT 0f 0.3 d .....ccoovviveviiiieiiicee e 229
Figure 7.3 Relationship between (a) carbon redirection, observed yield and specific

OUR of contactor sludge, b) carbon harvesting and ratio of specific OUR of contactor
sludge and specific OUR of stabilizer sludge (Sp. OURc/Sp. OURs), ¢) carbon

oxidation and volumetric OUR of contactor sludge, and d) specific OUR of contactor
SIUAe AN TOTA] SRT ... 235
Figure 7.4 The influence of volumetric OUR of contactor (Vol. OURc) on (a) carbon
oxidation and (b) carbon redirection in high-rate CS (0.15-0.3 d SRT), (c)

relationship between the ratio of specific OUR of contactor and specific OUR of
stabilizer on carbon capture in high-rate CS systems, (d) influence of volumetric OUR

of reactor 1 (Vol. OURRy) on carbon redirection, and (e) carbon oxidation in A-stage
(0.15-0.3 d SRT) systems, (f) relationship between specific OUR of reactor 1 on

carbon capture in A-Stage SYSTEIMS. ........uiiiiiieieie ettt 237

XXVi



List of Tables

Table 3.1 Treatment plant influent (raw wastewater) and chemically enhanced

primary treatment (CEPT) effluent average wastewater characteristics based on the

24 hour composite sample analyses for high-rate process configurations......................... 78
Table 3.2 Operational conditions and measured parameters during high-rate activated
sludge pilot plant performance for the seven SRT conditions...........ccccceeveveeiescievvenene 80

Table 3.3 Settleability parameters measured for the CS 0.8 d, CS 0.7 d and PF 0.3 d

Table 3.4 Observed yield calculated from influent carbon mass-balance of the

system; biosorption yield obtained from sludge OUR batch experiment and total EPS
concentration of reactor sludge (reactor 1 and 2) for seven SRT conditions..................... 92
Table 4.1 Impact of anaerobic and aerobic conditions in contactor on EPS

Q100 101 o o SR RRPSS 112
Table 4.2 Influent wastewater composition measured based on 24 hour composite
sample analysis for two high-rate contact-stabilization (CS) pilot systems treating
high-strength raw wastewater and four high-rate CS pilot systems treating chemically
enhanced primary treatment effluent (low-strength wastewater) ...........c.ccccceveveiveenenn, 116
Table 4.3 Operational and measured parameters of six different pilot-scale high-rate
contact-stabilization systems determined under steady-state conditions......................... 117
Table 4.4 Carbon diversion, COD fractionation removal efficiency, relative EPS

increase in contactor, flocculation ability and settleability parameters measured from

CS0.3d,CSa0.3d,CS0.52d,CS0.69d,CS0.75dand CS 1.73 d systems............... 122

XXVil



Table 5.1 Characteristics of full-scale plant influent raw wastewater and chemically
enhanced primary treatment effluent measured based on 24-hour composite sample
ANAIYSIS ...ttt bbbt 143
Table 5.2 Operational parameters, COD fractions removal efficiency and effluent

solids concentration in high-rate contact stabilization (CS) systems..........c.cccocvvvviiiennenn 146
Table 5.3 Comparison of different approaches evaluated in this study to quantify
biosorption capacity/yield on high-rate activated sludge SyStems.........c.cceevervrririeenenn, 176
Table 6.1 Influent compositions on high-rate Contact-stabilization (CS) and

PlUG-TIOW type A-StAgE SYSTEIMS ...ttt e 182
Table 6.2 Operational and measured parameters of high-rate contact-stabilization

(CS) and plug-flow type A-Stage SYSTEMS .......ccccueiieiiereiie e 183
Table 6.3 Settleability parameters measured in different high-rate

Contact-stabilization (CS) and A-stage cONfIQUIatioNns ............cccevererencreneniseseeeees 192
Table 6.4 Extracellular polymeric substance (EPS) and the composition of EPS as
protein and polysaccharide measured in each reactor sludge of different high-rate CS

and A-Stage CONTIGUIALIONS ........coueiuiitiiiiiiieieie e 197
Table 6.5 Total volatile fatty acids (VFA), nutrient (TKN, sTKN, NHs3-N, TP, sTP,

OP) removal efficiency, and nitrogen and phosphorous capture efficiency through

waste activated sludge stream (WAS) from different high-rate CS and A-stage
configurations operated iN thiS STUAY ..........ccoiiiiiiiiie e 199
Table 6.6 Energy consumption and energy production calculated in Mega
Watt-hour/year (MWh/yr) and area footprint (m?) calculation for different treatment

stages in a full-scale WWTP with advanced technology addition..............c.ccocevovivenne. 202

XXViii



Table 7.1 Volumetric and specific oxygen uptake rate (OUR) measurements with

and without acetate addition on contactor and stabilizer sludge as a grab sample

from pilot scale reactor in four different CS configurations

XXiX



Aas
A-stage
AB
AD
AOB
ASBR
ASM1
ASM3
AWTP
BNR
BOD
BSA
CAS
cCOD
CEPT
CHP
CMAS
CO2
COD
COD/N
CS
CSa or CSac
CSTR
DEMON
DNA
DO
EBPR
EC
ENR
EP

EPS
EPSc

EPSs
ffCOD
FIM
HRAS
HRT

List of Acronyms

A-stage with anaerobic selector
Adsorption stage
Adsorption-Biooxidation

Anaerobic Digestion

Ammonia Oxidizing Bacteria
Anaerobic Sequencing Batch Reactor
Activated Sludge Model 1

Activated Sludge Model 3

Advanced Wastewater Treatment Plant
Biological Nutrient Removal
Biochemical Oxygen Demand

Bovine Serum Albumin

Conventional Activated Sludge
Colloidal COD

Chemically Enhanced Primary Treatment
Combined Heat and Power
Completely Mixed Activated Sludge
Carbon Dioxide

Chemical Oxygen Demand

COD to Nitrogen ratio
Contact-Stabilization
Contact-Stabilization (anaerobic contactor)
Continuously Stirred Tank Reactor
Deammonification

Deoxyribonucleic Acid

Dissolved Oxygen

Enhanced Biological Phosphorous Removal
Energy Consumption

Enhanced Nutrient Removal

Energy Production

Extracellular Polymeric Substance

EPS in Contactor

EPS in Stabilizer

Flocculated-Filtered COD

Food to Microorganism ratio

High-Rate Activated Sludge

Hydraulic Retention Time

XXX



H>SOq4
ISC
KCI

Kt
KH2PO4
LB-EPS
MGD
MLSS
MLVSS
N2
NaOH
NasPO4
NH3s-N
NaCl
NaN3
NO
NOB
N20
NO2-N
NO3-N
NP
NPDES
O2

oC
OHO
OoP
OUR

OUR:
OUR max

PBS
pCOD
PF

pH
PHA
PHB
PLC

PO4-P

Sulfuric Acid

Intrinsic Settling Classes
Potassium Chloride
Stabilization time at half of maximum OUR reduction

Monopotassium Phosphate

Loosely Bounded-EPS

Million Gallons per Day

Mixed Liquor Suspended Solids

Mixed Liquor Volatile Suspended Solids

Di-Nitrogen gas

Sodium Hydroxide
Sodium Phosphate
Ammonia Nitrogen
Sodium Chloride

Sodium Azide

Nitric Oxide

Nitrite Oxidizing Bacteria
Nitrous Oxide

Nitrite Nitrogen

Nitrate Nitrogen
No-Pretreatment

National Pollutant Discharge Elimination System
Oxygen

Oxygen Consumption

Ordinary Heterotrophic Organism
Ortho-Phosphate

Oxygen Uptake Rate

OUR reduction

Maximum OUR reduction
Pretreatment

Phosphate Buffer Solution
Particulate COD

Plug-Flow

Potential for Hydrogen
Polyhydroxyalkanoates
Poly-3-hydroxybutyrate
Programmable Logic Controller
Phosphate

XXXi



RAS
rbCOD
sbCOD
SBR

SCN
sCOD
SFAS

Sp. OURc
Sp. OURcac)
Sp. OURs
Sp. OURs(ac)
SRT
STKN
sTP
SVlzo

T

tCOD
TB-EPS
TKN

TN

TOF

TP

TSS

US EPA
VFA
VSS
WAS
WRRF
WWTP

Return Activated Sludge

Readily Biodegradable COD
Slowly Biodegradable COD
Sequencing Batch Reactor
Short-Cut Nitrogen

Soluble COD

Step-Feed Activated Sludge
Specific OUR in Contactor
Specific OUR in Contactor (under acetate addition)
Specific OUR in Stabilizer

Specific OUR in Stabilizer (under acetate addition)
Solids Retention Time

Soluble Total Kjeldahl Nitrogen
Soluble Total Phosphorous

Sludge Volume Index at 30 minutes
Temperature

Total COD

Tightly Bounded-EPS

Total Kjeldahl Nitrogen

Total Nitrogen

Threshold of Flocculation

Total Phosphorous

Total Suspended Solids

United States Environmental Protection Agency
Volatile Fatty Acid

Volatile Suspended Solids

Waste Activated Sludge

Water Resource Recovery Facility
Wastewater Treatment Plant
Heterotrophic Yield Coefficient
Yield with Pretreatment

Yield with No-Pretreatment

Zinc Sulfate

XXXii



Chapter 1 — Introduction

1.1 Background

In recent times, wastewater treatment plants (WWTPs) are shifting away from energy-
intensive wastewater treatment processes to more sustainable processes that have a net low
energy demand and higher energy recovery. The potential of energy neutrality for
wastewater treatment plants (WWTP) in the United States (US) is significant, especially
considering that about 40% of the total population is served by carbon removal plants only
at the coastal areas. Among these WWTPs, around 47 full-scale plants with the capacity
higher than 100 MGD handle approximately one-third of the US wastewater flow. Several
of those WWTPs are located in coastal areas, such as Miami, Philadelphia, New York,
Boston, Los Angeles, San Francisco, and Seattle, and are currently removing organic
matter through carbon oxidation/mineralization mechanism (Rahman et al., 2016a; Rosso,
2017). The carbon oxidation from wastewater is a recognized energy-wasting process
compared to biological nutrient removal (BNR) system (Rosso & Stenstrom, 2005). This
is because, the municipal WWTPs need to meet the NPDES (National Pollutant Discharge
Elimination System) effluent permit limit of 30 mg/L BODs and 30 mg/L total suspended
solids (TSS) and aerobic oxidation is presently the only reliable technology to remove
soluble organic carbon that constitutes BOD (Biochemical Oxygen Demand) in domestic

wastewater.

None of those carbon removal WWTPs take any advantage of capturing organic carbon
from wastewater, but focus only on removal rather than recovery. Nowadays, it is proven

that the potential energy available in the raw wastewater or primary effluent overcomes



the electricity requirement of the treatment process significantly (Wett et al., 2007). As
organic carbon in raw wastewater (or primary effluent) is the energy-rich component of
wastewater composition, the key for energy self-sufficient wastewater treatment relies
mainly on the control and management of the carbon flows to minimize oxidation and
allow for maximum harvesting in the sludge. To meet future treatment permits it will be
important to understand how to manage carbon in a way that maximum recovery can be

accomplished while also meeting the carbon needs for subsequent nitrogen treatment.

Minimizing the organic carbon oxidation in secondary treatment processes can allow for
maximum energy recovery through anaerobic digestion processes. Organic carbon in
wastewater can be efficiently removed through biosorption (by adsorption and intracellular
storage mechanism) which bypasses oxidation and redirects carbon to the sludge. This
carbon rich sludge can be used in anaerobic digestion processes to produce biogas for
energy production. However, properly managing carbon oxidation in the biological
treatment process persists to be an issue. Process control strategies have been more
commonly utilized for nitrogen removal processes but not for secondary processes to
manage carbon from wastewater. Currently, there is no energy self-sufficient biological
nutrient removal (BNR) plants in the US, as the existing treatment facilities use significant
electricity to supply aeration for carbon removal processes. Moreover, aeration is directly
tied to energy consumption, which is the largest component of a treatment process’ energy
footprint (Reardon, 1995). By operating carbon oxidation instead of biosorbing carbon into
the sludge, implies a significant aeration cost (up to 60% of total WWTPs cost) (Rosso &
Stenstrom, 2005) and thus the valuable chemical energy contained in the wastewater is lost

through CO- production. Therefore, maximizing biosorption of carbon by minimizing
2



aeration (energy) demand, increases the methane potential of the waste sludge and thus,

decreases the overall energy footprint of a WWTP.

Besides carbon removal plants, about 50% of 16,500 municipal WWTPs in the US are
currently performing advanced treatment technologies in such a way that the plant meets
the better effluent quality below the limit (30 mg/L BOD and 30 mg/L TSS) set by EPA
(EPA, 2017a; Rosso, 2017). The technologies are advancing in a way to optimize the
aeration demand and divert more carbon to anaerobic digestion and remaining for nitrogen
removal. Full-scale energy efficient WWTP exists in Austria (Strass WWTP), which
currently performs to minimize the carbon oxidation while maximizing the carbon capture
through biosorption mechanisms at very short SRT (0.2-0.5 d). For next generation energy
efficient wastewater treatment processes, the separation of carbon removal from nitrogen
removal stage will help to increase energy production, by harvesting more carbon into
WAS while minimizing energy consumption for carbon oxidation. As such, maximizing
carbon recovery upfront in BNR systems will allow the energy efficient short-cut nitrogen
removal (nitritation/denitritation) process which has gained more widespread attention. In
addition, the diversion of more carbon for energy recovery and bypassing remaining carbon
for nitrogen removal stages, have shown recently the reduction of nitrous oxide gas, which
is a potent greenhouse gas (Ahn et al., 2010). Yet, there has been little or no effort to
understand or improve carbon management in aerobic biological treatment, a mainstay of

nearly all WWTPs in the US.

The high-rate activated sludge (HRAS) process which was first investigated by Chase and

Eddy (1944), can be a successful treatment technology to redirect and harvest carbon to
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biomass. By operating at lower SRTs, carbon oxidation should be minimized and carbon
biosorption is maximized. The biosorption (together with adsorption and intracellular
storage) which is a physical-chemical phenomena transforms the carbon into the
sludge/biomass instead of producing CO2 which is defined as carbon redirection. The
carbon redirection can only be achieved if the process configuration has waste activated
sludge (WAS) stream which requires better settleability. Better bioflocculation results in
good settleability, and can separate out the solid from liquid in the sedimentation tank. This
leads the system to capture carbon-rich sludge as WAS and send to the anaerobic digester,
and this mechanistic approach is called carbon harvesting. Currently, the majority of
WWTPs are conducting conventional activated sludge (CAS) process to remove carbon
and nutrients which allow the plants to meet the year-round minimum effluent quality.
HRAS plants in operation also operate at a safe solids retention time (SRT) to meet the
required effluent quality. Previous studies have shown that the potential of carbon
redirection in sludge mainly depends on wastewater characteristics and operational
conditions such as SRT, hydraulic retention time (HRT) and dissolved oxygen (DO)
concentration (Jimenez et al., 2015; Nogaj et al., 2015). The changes of SRT have a
significant influence on sludge physical-chemical properties (hydrophobicity and surface
charge), bioflocculation, EPS production as well as removing micropollutants (Clara et al.,
2005; Liao et al., 2001; Sesay et al., 2006; Sheng et al., 2010). Past research study showed
that bioflocculation capacity, settleability, and extracellular polymeric substances (EPS)
production increases from a very short SRT to a conservative or even higher SRT

conditions (Faust et al., 2014b; Li & Yang, 2007).



Within the wide spectrum of traditional activated sludge configurations, contact-
stabilization (CS) technology is a variation of the conventional activated sludge process
that attempts to speed up the carbon capture from wastewater. The CS was first examined
by Coombs (1922) in England and later by Ullrich and Smith (1951) in the US. This
technology was developed to reduce the plant footprint while concentrating the biomass in
a small reactor. The return activated sludge (RAS) aeration scheme has been successfully
used to minimize the shock loading and sludge bulking (foaming) problems (Khararjian &
Sherrard, 1978). Despite the CS systems benefits, in the past, during wet weather (or shock
loading) conditions, the effluent quality in CS process deteriorated due to the poor
treatment efficiency in small contactor tank. In addition, high food to microorganism (F/M)
ratio in small aeration tank induced poor solids separation in the sedimentation tank. This
decreased the carbon removal and nitrification efficiency and limited the bioflocculation
capability of colloids and particulate matter. Since small footprint in CS systems resulted
in substantial savings in cost which was the main focus (Khararjian & Sherrard, 1978;
Ullrich & Smith, 1951), later its application was abandoned due to poor removal efficiency.
Despite those limitations, the application of CS process and its design was mainly
developed from 1972 to 1980 (Alexander et al., 1980; Benefield & Randall, 1976; Gujer
& Jenkins, 1975; Khararjian & Sherrard, 1978; Orhon et al., 1977) after the fundamental
mechanism (Coombs, 1922; Ullrich & Smith, 1951) was established. Most of those
attempts were made to operate the CS as conventional system to understand the process
kinetics. However, till today this technology has not received much attention for the aim

of maximizing carbon redirection and recovery of organics. The WWTPs can maintain
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efficient carbon management and effluent quality through high-rate CS systems using their
existing footprint facilities. In the light of maximizing energy recovery and carbon capture,
this technology has, however, significant benefits and potential as it maximizes biosorption

capacity using RAS aeration scheme.

1.2 Objectives of the research

This study was aimed at developing a strategy for achieving enhanced bioflocculation and
carbon capture for the treatment of low-strength and high-strength wastewater through
comparison of different HRAS systems, such as continuously stirred tank reactor (CSTR),
plug-flow (PF) reactor, CS and plug-flow A-stage (Adsorption) of AB (Adsorption-
biooxidation) process. The impact of solids retention time (SRT) and hydraulic retention
time (HRT) within each HRAS system was also evaluated for carbon diversion and carbon
harvesting from wastewater. The mechanistic understanding of the HRAS system
technology was investigated to determine the operational conditions necessary to enhance
carbon recovery for different wastewater types and SRT conditions which will provide
global guidelines for high-rate systems application. In addition, quantifying biosorption in
HRAS systems is critical to evaluate the energy recovery potential of high-rate systems
and thus, a method was proposed in this study to quantify biosorption based on their
potential relationships with SRT, influent carbon redirection and carbon oxidation in high-
rate systems. This study will provide an insightful understanding of future design and
operation of high-rate processes for optimized carbon management and energy recovery
towards energy neutral (positive) wastewater treatment processes. The specific objectives

are listed as following:



Objective 1: Evaluate techniques for improving bioflocculation in high-rate activated

sludge systems, to recover organic carbon from low-strength domestic wastewater.

Objective 2: Investigate the role of extracellular polymeric substance (EPS) in maximizing

carbon capture in high-rate Contact Stabilization systems.

Objective 3: Develop methods for quantification of biosorption in high-rate activated

sludge systems.

Objective 4: Evaluate high-rate Contact Stabilization and plug flow A-stage systems for
recovering energy-rich carbon and capturing nutrients from high-strength domestic

wastewater.

The first objective evaluated the selection of HRAS systems at SRT range of 0.3-3.5 d to
recover organic carbon from chemically enhanced primary treatment (CEPT) effluent and
how bioflocculation ability of the system can be improved for maximum carbon harvesting
from low-strength wastewater systems. The second objective studied the role of
extracellular polymeric substances (EPS) behind fundamental mechanisms of high-rate CS
systems operated at SRT range of 0.3-1.7 d for maximizing carbon redirection and
harvesting. The third objective investigated the methods for biosorption quantification
approaches in HRAS systems at SRT less than 2.5 d, and the selection of method based on
the relationship with SRT and carbon balance. The fourth objective investigated the carbon
removal, redirection and harvesting, and nutrient (nitrogen and phosphorous) removal

efficiency in plug-flow A-stage and high-rate CS systems at SRT range of 0.15-0.3 d SRT.



1.3 Outlines of the Dissertation

The Dissertation is divided into eight chapters in which Chapter 1 describes the
significance of HRAS systems over conventional activated sludge systems and their
potential benefits for future generation energy neutral wastewater treatment processes.
Chapter 2 reviews the literature on wastewater characterization, carbon removal
technologies, carbon removal mechanisms, and mainstream and sidestream nitrogen
removal processes. Chapter 3 explains a novel study describing bioflocculation
management through high-rate CS to recover organic carbon from low-strength wastewater
systems. Chapter 4 presents the research describing the role of EPS behind feast-famine
conditions in high-rate CS systems for maximizing carbon redirection and harvesting from
domestic wastewater. Chapter 5 describes a novel study of four different biosorption
quantification approaches in HRAS systems and their best selection based on relationships
with SRT, carbon diversion, carbon oxidation and observed yield of the systems. Chapter
6 presents the evaluation of A-stage and high-rate CS systems for maximizing carbon
harvesting and capturing nitrogen and phosphorous from high-strength raw wastewater.
The energy neutrality calculations were also included in this chapter for evaluating the
potential implementation of HRAS systems with mainstream short-cut nitrogen removal
and sidestream deammonification processes. Chapter 7 presents the general discussion on
the selection of HRAS systems for various wastewater characteristics, the role of EPS on
HRAS, nutrient capture efficiency and settleability of HRAS systems. Chapter 8 provides
the overall conclusions of this research and recommendations for future research aspects

of HRAS systems. The overview of the Dissertation is illustrated in Figure 1.1.
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Chapter 2 - Literature Review

2.1 Introduction

This chapter discusses the review of literature which is related to this dissertation research.
The chapter enumerates the characterization of wastewater and their determination
approach by biological and physical methods. The potential energy content in raw
wastewater and their recovery potential are discussed. The various conventional activated
sludge systems including completely mixed activated sludge (CMAS) system, plug flow
(PF) reactor, step-feed activated sludge (SFAS) system, contact stabilization (CS) and
high-rate activated sludge (HRAS) systems of removing organic carbon from wastewater
are explained including operational parameters, advantages, and their limitations. The
organic carbon removal mechanisms and factors that play a role in the performance
efficiency of HRAS systems are illustrated. The yield of heterotrophic microorganisms for
a continuous system which indicates the carbon redirection are described. The main-stream
short-cut nitrogen removal and deammonification as the sidestream treatment process,
which are among the key energy efficient treatment processes coupled with HRAS systems

are explained.

2.2 Wastewater characterization

The influent wastewater characterization is significant for evaluating the performance of
the wastewater treatment process, both in carbon removal and biological nutrient removal
(BNR) systems. The wastewater organic matter is mainly composed of two fractions such
as biodegradable and nonbiodegradable or inert fractions, whereas the influent total

nitrogen is divided into ammonia and organic nitrogen (Melcer, 2003). The
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characterization and understanding the wastewater composition is vital for activated sludge

modeling to predict the treatment process behavior and effluent quality.

2.2.1 Biodegradable COD
The biodegradable organic matter in municipal raw wastewater is categorized into two
groups such as readily biodegradable COD (rbCOD) and slowly biodegradable COD

(sbCOD).

Definitions of roCOD and sbCOD

The rbCOD has a relatively smaller size of molecules and are mostly volatile fatty acids
(VFAs) and low molecular weight carbohydrates. Due to their smaller particle size, they
can easily transport through the cell membranes wall in activated sludge systems and
microorganisms show immediate response under the presence of electron acceptors such
as oxygen (carbon removal systems) or nitrate (denitrification). The roCOD is considered
as soluble organic matter and has a particle size less than 0.45 um (Grady Jr et al., 2011).
The rbCOD s further categorized intro two groups as complex rbCOD and short-chain
VFA. However, these fractions are only necessary for enhanced biological phosphorus

removal (EBPR) process design and modeling purposes.

The sbCOD is defined as the larger size complex materials in wastewater which requires
an extracellular breakdown of larger particles to the soluble organic matter before uptake
and utilization by microorganisms (Dold et al., 1980). The sbCOD consists of particulate

and colloidal organic matter in which particulate has size fraction greater than 1.5 um and

colloids size are in the range of 0.45-1.5 um (Jimenez et al., 2015; Rahman et al., 2016c¢).

11



Influent wastewater active biomass COD

The influent raw wastewater contains a significant amount of ordinary heterotrophic
organism (OHO) as active biomass COD. Literature suggested that the active biomass
COD may contain 7-25% of the influent total COD (Orhon & Cokgor, 1997). The active
biomass COD may influence the continuous activated sludge system due to the constant
addition of heterotrophic biomass and thus, may important for design, operation and

modeling purposes.

2.2.2 Nonbiodegradable COD

The nonbiodegradable organic matter in raw municipal wastewater is categorized into two
groups such as inert soluble COD and inert particulate COD. The influent inert COD is
described as soluble and particulate nonbiodegradable COD. The inert soluble COD cannot
be biodegraded by biological treatment processes and leaves through the effluent and waste
activated sludge (WAS) stream. The particulate inert COD is usually enmeshed into the
sludge matrix and accumulated in the reactor system. The inert COD computation is
essential because of understanding the effluent quality, volatile solids production and
oxygen demand in the systems (Melcer, 2003). The typical municipal wastewater
characteristics are illustrated in Fig. 2.1, in which organic matter is divided into
biodegradable and nonbiodegradable portions and their soluble and particulate fractions.
The typical municipal wastewater COD compositions value received by a wastewater

treatment plant is shown in Fig. 2.2.
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Figure 2.1 Influent wastewater COD characterization
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Figure 2.2 Typical domestic wastewater COD compositions received by

wastewater treatment plant (data accessed from (Melcer, 2003))
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2.2.3 Determination of COD fractions using biological approach

The respirometry, an oxygen uptake rate (OUR) measurement tool has been successfully
used for wastewater characterization, especially to quantify the amount and type of
biodegradable COD fractions (Kappeler & Gujer, 1992; Wentzel et al., 1995). The
advantage of respirometry is that it can directly measure the impact of operational
conditions on sludge characteristics and process efficiency (Melcer, 2003). It is also the
most convenient tool for investigating wastewater treatment which is easy to operate and
does not require labor-intensive measurements during the experiment. Comparing to COD
based methods which are known to have larger COD measurement error, OUR
measurement accurately characterizes and distinguishes the biodegradable and

nonbiodegradable COD fractions contained in the wastewater.

2.2.4 Measurements principle of the rbCOD and sbCOD fractions

The rbCOD and sbCOD in influent wastewater can be determined using the popular aerobic
batch method (respirometry) developed by Ekama et al. (1986). The OUR-based
respirometry setup is simple and easy to measure. A volume of wastewater of known total
COD is combined with a volume of activated sludge in the batch reactor to start at such a
food to microorganism (F/M) ratio (for example, volumetric ratio of wastewater to
activated sludge is 19:1) in which biomass cannot grow at their maximum growth rate.
This provides the microbial population to consume rbCOD in a faster way and can be
detected in the OUR measurement. An ideal OUR response in a batch experiment for
rbCOD and sbhCOD determination is shown in Fig. 2.3, where the area 1 and 2 represents

the oxygen consumption due to rbCOD and sbCOD oxidation, respectively. The area 3
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describes the oxygen consumption due to the endogenous respiration during the
experiment. An example of OUR profile in a batch test fed by chemically enhanced primary
treatment effluent is shown in Fig. 2.4 which illustrates areas under rboCOD, sbhCOD and

endogenous respiration.

The rbCOD and sbCOD concentration (mgCOD/L) in wastewater can be calculated based

on Fig. 2.4 as follows:

rbCOD(or,stOD):lMYO Vs Vo

H VWW

(2.1)

Where, Mo = mass of oxygen consumed per liter (mgO2/L) in batch test for roCOD (Area
1) or sbhCOD (Area 2) oxidation; Y = heterotrophic yield coefficient = 0.67 gCOD/gCOD
(Henze, 2000; Melcer, 2003); Vs. = volume of activated sludge mixed liquor used in test

(L); Vww = volume of wastewater used in test (L)
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Figure 2.3 An example of oxygen uptake rate (OUR) response profile observed in
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a sequencing batch reactor fed by high concentration of readily biodegradable

COD (Melcer, 2003).

Area 1: rbCOD respiration

Area 2: shCOD respiration

Area 3: endogenous respiration

Time (Hours)

Figure 2.4 An example of OUR response profile observed in an aerobic batch test

(activated sludge mixed with primary effluent) fed by chemically enhanced

primary treatment effluent (total COD of 150 mg/L) (data provided by author)

2.2.5 Measurements of the active OHO fraction in influent wastewater

The active biomass fractions in influent wastewater are determined using a procedure
similar to rboCOD and sbhCOD measurement. The only exception is that the batch reactor
only contains wastewater without any addition of activated sludge. This allows a high F/M
ratio for the ordinary heterotrophic organisms (OHO) contained in the influent wastewater
and grows at a maximum rate. A volume (typically 2 L) of influent wastewater of known
COD concentration is mixed and aerated for approximately 5 to 20 hours as appropriate
(depends on rbCOD content in influent wastewater). The basis of the test is that the influent

wastewater sample will contain at least a small (seed) concentration of heterotrophic
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bacteria, the characteristic to be determined. At the start of the test, there should be an
appreciable rbCOD concentration (well excess of the half-saturation coefficient for
growth), and therefore, the first part of the test should reflect a logarithmic growth phase.
That is, the OUR should increase exponentially from an initial low value to a maximum
OUR (Fig. 2.5a) until the rbCOD is completely consumed. Thereafter, there should be a
sudden drop of OUR due to the limitation of rbCOD in the experiment. From a plot of
In(OUR) versus time (Fig. 2.5b), the OHO fraction (ZsH) can be estimated as follows

(Wentzel et al., 1995):

e( y—intercept) % 24
Ly = (2.2)

1=, x(slope x 24+b,, )

H

Where, Zgn = heterotroph active biomass concentration (mgCOD/L); Yn = yield coefficient
= 0.67 mgCOD/mgCOD; by = decay rate (1/d) = 0.62(1.029)™% where T indicates

temperature in degree Celsius.

Hence, active biomass fractions (%) = ——————x100 (2.3)
Influent tCOD
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Figure 2.5 (a) An example of OUR response for an aerobic batch test on

chemically enhanced primary treatment effluent, (b) Plot of In(OUR) vs. Time

(t) for initial period of increasing OUR in Figure 2.5a where the active biomass

fraction is 3% of influent total COD (175 mgCOD/L) (data provided by author)

2.2.6 Determination of COD fractions using physical (filtration) approach

The influent and effluent wastewater in activated sludge process is commonly

characterized by physical method of filtration approaches. This characterization is required
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to determine the COD fractions removal efficiency, COD balance on overall systems and
effluent quality. In this approach, the COD is generally characterized into four different
fractions such as total COD (tCOD), particulate COD (pCOD), colloidal COD (cCOD) and
flocculated filtered COD (ffCOD). The tCOD is determined by measuring the unfiltered
sample COD. The ffCOD fraction is mostly measured using the flocculation-filtration
(ZnSO4 as flocculant, 0.45 um) method of Mamais et al. (1993). The method is mainly
differentiated between the soluble organic matter passed through the 0.45 um and colloidal
matter passed through 0.45 um. Thus the flocculation-filtration method allows to avoid the
colloidal organic matter (<0.45 um) in the measurement of soluble COD (sCOD) and
hence, ffCOD is considered as the true soluble COD fraction. The ffCOD is determined by
adding 1 mL of ZnSO4 (100 g/L) as flocculent in 100 m L of sample and then the pH is
raised to 10.5 by adding NaOH (6 M). This allows the colloids to flocculate during the
mixing period. The settling of the sample is then precipitated the colloidal matter and
supernatant of the sample is then filtered through 0.45 um for COD measurement and
referred as ffCOD. The cCOD is usually measured as the COD fraction that passed through
a 1.5 um (CODz4s um) glass-fiber filter (grade 934-AH, Whatman), from which the ffCOD
fraction was subtracted (Jimenez et al., 2015). The pCOD is calculated by subtracting COD
filtered through 1.5 um (CODis ym) from tCOD (unfiltered sample). A schematic
representation of wastewater COD fractionations using physical approach is illustrated in

Fig. 2.6.

The colloidal COD and particulate COD is calculated by the following equations:

cCOD = COD (<1.5 um) — sCOD (or, ffCOD) (2.4)
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pCOD = tCOD — COD (1.5 um) (2.5)

The rbCOD and sbhCOD measured by biological approach can often be checked with the

physical/chemical approaches for carbon removal systems only and the equations are as

follows:
rbCOD = Influent ffCOD - effluent ffCOD - effluent inert soluble COD (2.6)
sbCOD = (Influent pCOD + cCOD) — (effluent pCOD + effluent cCOD) 2.7)
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Figure 2.6 Schematic representation of wastewater COD fractionations typically

measured by physical (filtration) method (Rahman et al., 2016c)

2.2.7 Influent Nitrogen composition

The influent nitrogen is mostly characterized as total Kjeldahl nitrogen (TKN). The 60-
70% of the TKN is in ammonia form and the remaining portions of nitrogen are organic
nitrogen which is bounded to organic matter of particulate or soluble COD. The organically
bound TKN is categorized into biodegradable and unbiodegradable fractions in which both

has particulate and soluble forms. Since the dominant form of influent nitrogen is ammonia,
20



the measurement of ammonia is more significant than organic nitrogen for nutrient removal
system design and modeling purposes. The influent TKN and ammonia can be quantified
by following the methods described in Association et al. (2005) and using available
commercial test kits (for example, HACH, Loveland, CO). The typical influent wastewater

nitrogen compositions value received by wastewater treatment plant is shown in Fig 2.7.

TKN = Influent Total Kjeldahl Nitrogen
SNH - Free and saline ammonia

S, - Soluble unbiodegradable TKN
N, - Biodegradable organically bound TKN

70 -

60 X, - Particulate unbiodegradable TKN
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20 4

10 -

TKN S S N X

NH NI OB NI

Typical domestic wastwater nitrogen
compsotion value (mgN/L)

Figure 2.7 Typical domestic wastewater nitrogen compositions received by
wastewater treatment plant (data accessed from Melcer, 2003)
2.2.8 Influent Phosphorous composition
The phosphorous content in influent wastewater is characterized as total phosphorous (TP).

Approximately 85-90% of the TP is considered as orthophosphate (OP) and the remaining
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portions of TP are assumed to be unbiodegradable organic phosphorous which is bounded
to organic matter of particulate or soluble COD. The organically bound TP is categorized
into biodegradable and nonbiodegradable fractions in which both has particulate and
soluble forms. Since the dominant form of influent phosphorus is OP, the measurement of
OP is more significant than organic phosphorous for activated sludge modeling purposes.
The influent TP and OP can be quantified by following the methods described in
Association et al. (2005) and using available commercial test kits (for example, HACH,
Loveland, CO). The typical influent wastewater phosphorous compositions value received

by wastewater treatment plant is shown in Fig 2.8.
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Figure 2.8 Typical domestic wastewater phosphorous compositions received by

wastewater treatment plant (data accessed from (Melcer, 2003))

2.3 Energy potential in wastewater

Nowadays, it is proven that the energy available in the raw wastewater influent overcomes
the electricity requirement of the treatment process significantly (Wett et al., 2007). As
organic carbon in raw wastewater (or primary effluent) is the energy-rich component of
wastewater composition, the key for energy self-sufficient wastewater treatment relies
mainly on the control and management of the carbon flows to minimize oxidation and
allow for maximum carbon harvesting in the sludge. The energy in wastewater is available
in four different forms such as chemical, thermal, kinetic and potential energy. Among
these four different forms of energy, chemical energy is the most useful energy of organic
matter in wastewater that can easily be extracted for energy recovery. The energy needed
for oxidizing the organic matter is measured through COD which indicates the amount of
oxygen required for mineralizing/oxidizing the organic matter to CO> gas and water. The
maximum energy potential from organic matter oxidation for biodegradable and
nonbiodegradable portions are shown in Fig. 2.9 and this energy can be harvested for
energy gain by avoiding oxidation. The raw wastewater has energy potential of
approximately 1.93 kWh/m?® and 65% of this energy is available from biodegradable
organic matter. The remaining 35% energy content in raw wastewater comes from

nonbiodegradable organic matter which can only be extracted through chemical, thermal
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or electrical processes. However, the energy extraction cost is generally higher than the

energy gain from nonbiodegradable organic matter.

The energy requirement for a typical WWTP to treat wastewater using aerobic biological
treatment and anaerobic digestion is approximately 0.6 kWh/m?3. About 50% of this energy
is needed for providing the air into biological treatment processes. However, the total
energy content in raw wastewater is estimated to be approximately 1.93 kwWh/m? which is

69% higher than the required energy for wastewater treatment (based on chemical energy

only).
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Figure 2.9 The maximum energy potential from organic carbon oxidation in which
energy was calculated based on theoretical 3.86 kWh energy production/kg
COD oxidized to COz and H20 (WEF & WERF, 2015)
2.4 Carbon removal and capture technologies in activated sludge systems
The primary treatment, chemically enhanced primary treatment (CEPT) and high-rate
clarification as physical/chemical treatment process are discussed here as carbon
harvesting technologies. The biological treatment process of removing and harvesting
carbon from wastewater are illustrated here which are studied in this study. The
Continuously Stirred Tank Reactor (CSTR), plug-flow (PF) reactor, step-feed activated
sludge (SFAS), high-rate activated sludge (HRAS) systems, Adsorption-Biooxidation
(AB) process and Contact-Stabilization (CS) configurations are briefly discussed with

typical operational parameters, advantages, and their limitations.

2.4.1 Primary treatment

The most popular physical process of removing suspended solids from wastewater is
primary sedimentation or often referred as primary treatment. It is the process by which
settleable solids are removed from the screened wastewater using gravity separation (Gray,
2004). The settled solids at bottom of primary clarifier are called primary sludge which
sends to anaerobic digestion for biogas productions and energy generation. The primary
treatment is far cheaper technology in terms of unit removal of organic matter. The process
is most widely used in wastewater treatment because of its simple operation and low energy
demand. The typical ranges of total suspended solids, BOD and COD removal in primary

clarifiers are 50-70%, 25-40% and 20-35%, respectively (Gray, 2004; Metcalf & Eddy,
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2003; WEF & WERF, 2015). The overflow of primary settling tank is known as settled
wastewater and contains large fraction of soluble and colloidal COD which cannot be

removed through this physical process.

2.4.2 Chemically enhanced primary treatment (CEPT)

The primary treatment carbon capture efficiency is often increased by adding chemicals to
improve the coagulation and flocculation process between colloidal matters. The primary
treatment process with chemical addition is commonly referred as chemically enhanced
primary treatment (CEPT) process. Ferric chloride, aluminum compounds such as
aluminum sulfate and lime are among the popular inorganic coagulants used for CEPT
application. Besides coagulant addition, polymers (organic polyelectrolytes) as flocculent
are also used to enhance the flocculation of particulate and colloidal matter. Typically,
CEPT is able to remove 80-90% TSS, 50-80% BOD and 45-80% COD (Melcer, 2003).
The limitation of CEPT application is that it contains higher percentage of additional solids
which contain high amount of metal salts (inert compounds) which reduced the

dewaterability of the primary sludge (WEF & WERF, 2015).

2.4.3 High-rate clarification

The high-rate clarification is a physical-chemical based treatment process to enhance the
TSS and COD removal from wastewater (Metcalf & Eddy, 2003). The process involves
enhanced particle flocculation and settling systems to achieve rapid settling of the
suspended solids. The process has the ability to remove TSS and COD by 70-95% and 50-
80%, respectively (WEF & WERF, 2015). The benefit of high-rate clarification process is

that it reduces the footprint area and produce high-quality effluent.
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2.4.4 Continuously stirred tank reactor (CSTR)

The continuously stirred tank reactor is the application of completely mixed activated
sludge (CMAS) process which receives primary effluent and RAS at several locations of
the aeration tank (Grady Jr et al., 2011; Metcalf & Eddy, 2003). This allows a uniform
distribution of organic load, substrate concentration, aeration demand, MLSS
concentration, and thorough mixing within the reactor. The F/M ratio is relatively low (0.2-
0.6 kgBOD/kg MLVSS/d) in CSTR reactor (Metcalf & Eddy, 2003) and mixing is uniform
in all zones of the reactor. The low substrate concentration promotes the growth of
filamentous bacteria and causes sludge bulking in CMAS systems. A wide range of SRT
of 3-15 d is applied in CMAS system with HRT range of 3-5 h and recycle ratio of 25-
100% of influent flow (Metcalf & Eddy, 2003). The volumetric loading rate in CMAS
system is usually 0.3-1.6 kgBOD/m®/d (Metcalf & Eddy, 2003). The advantage of CMAS
is that it has simple operation and can treat different type of wastewater. In addition, the
process has the ability to resist the shock loading and toxic loads. A schematic diagram of

CSTR systems is shown in Fig 2.10.

Efftuent

Neun scevaies teape
P@mary alugge
A t.u Bt e ahadge
v

Figure 2.10 Typical Continuously Stirred Tank Reactor (CSTR) process

configuration
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2.4.5 Plug flow reactor

The conventional plug flow (PF) system designed for removing COD receives RAS and
primary effluent at the beginning of the reactor and then hydraulically flows through 3 to
5 reactors (or channels or pass) (Grady Jr et al., 2011; Metcalf & Eddy, 2003). Each of the
reactors is mixed by mechanical aeration. In early design of the PF reactor, the aeration
was supplied uniformly in each reactor or tank length which induced low DO concentration
at the beginning of the reactor. Later, the higher rate of aeration supply is provided at the
influent feeding zone and lower rate of aeration supply provided at the end of reactor due
to decreased substrate gradient. This allows the system to reduce the energy consumption
for oxygen demand. However, the system can be limited by meeting the oxygen demand
at the feed location due to high F/M ratio. In plug flow reactor, the assumption is that no
mixing occurs in the direction of water flow, and it only exists within a cross-sectional area
of the reactor (Wiesmann et al., 2007). In addition, the substrate concentration decreases
along the length of the reactor. The mechanism of removing COD in PF system is
adsorption, flocculation, and oxidation. The PF systems are usually operated at 3 to 15 d
SRT conditions with low volumetric BOD loading rate of 0.3-0.7 kgBOD/m?d and F/M
ratio is 0.2-0.4 kgBOD/kg MLVS/d. The systems generally perform at MLSS
concentration of 1000 to 3000 mg/L and return activated sludge ratio of 25-75 % of influent
flow (Metcalf & Eddy, 2003). The benefit of PF reactor is that it can apply for other process
conditions such as step-feed, selector design, and anoxic/aerobic processes. A schematic

diagram of PF reactor systems is illustrated in Fig 2.11.
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Figure 2.11 Typical Plug Flow (PF) reactor process configuration

2.4.6 Step feed Activated Sludge system (SFAS)

The step feed activated sludge (SFAS) system is the modification of conventional activated
sludge systems in which influent feed is introduced in several locations of the reactor (or
channels or pass) and RAS is only received by the beginning of the reactor (Grady Jr et al.,
2011; Metcalf & Eddy, 2003). In earlier design, this system was implemented for uniform
aeration supply in each channel of the reactor to maintain the same F/M ratio. Now it is
used for the influence of MLSS concentration entering the sedimentation tank (Grady Jr et
al., 2011). The SFAS is also operated at similar SRT range (3-15 d) of PF and CMAS
systems (Metcalf & Eddy, 2003). The HRT of SFAS is 3 to 5 hours and RAS ratio is 25-
75% of influent flow (Metcalf & Eddy, 2003). The F/M ratio in SFAS is similar to CMAS
(0.2-0.4 kgBOD/kg MLVS/d) but it has higher volumetric BOD loading rate of 0.7-1.0
kgBOD/m®/d than PF system (Metcalf & Eddy, 2003). The SFAS has the capacity of
retaining higher biomass inventory and thus it can operate at higher SRT conditions as a
conventional PF systems. The advantage of SFAS is that it can avoid the washout of
biomass by transferring the peak wet-weather flow at the end zone of the channel of reactor
and thus decreases the loading to clarifier (Metcalf & Eddy, 2003). Due to its flexible

operation, SFAS is adaptable to contact-stabilization process by feeding influent at the end
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of channel of reactor (Metcalf & Eddy, 2003). A schematic diagram of SFAS system is

illustrated in Fig 2.12.

Figure 2.12 Typical Step Feed Activated Sludge (SFAS) system process
configuration

2.4.7 High-rate activated sludge systems

High-rate activated sludge (HRAS) system is the primary treatment process that can
maximize carbon redirection and harvesting from wastewater. It may be one of the few
technologies that can be successfully implemented with minimal capital investments in the
existing wastewater treatment infrastructure in temperate and colder climates. Few
installations intended to minimize carbon oxidation and perform carbon biosorption at very
low sludge retention time (SRT) are currently in existence (e.g. Strass Wastewater
Treatment Plant, Austria) and these systems display a high degree of energy efficiency

towards neutrality.

The first definition of HRAS was given by Greeley and Dixon (1943) based on BOD
volumetric loading rate for trickling filter processes. Greeley and Dixon (1943) defined
that the high-rate process is a treatment of sewage under high loading rate in the range of
15,000 — 20,000 Ibs of BOD/acre-ft/d and for shot aeration periods (2-3 hours). However,

Greeley and Dixon (1943) generalized the high-rate process as applied load greater than
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3000 Ibs of BOD/acre-ft/d is considered as HRAS. In the following year, Chase and Eddy
(1944) stated the HRAS as a feature that applied to a plant based on short aeration period
and the relatively low proportion of suspended solids in the mixed liquor. Despite the use
of term high-rate, Setter and Edwards (1944) named the process as “modified sewage
acration”. However, the definition was similar what Greeley and Dixon (1943) and Chase
and Eddy (1944) defined earlier. In this case, they defined the process as a sewage
treatment consisting of short aeration time and low recycle ratio. The basis of HRAS was
also mentioned by Pasveer (1954) who described the process for increasing the organic

loading rate for short aeration periods (1 to 3 h), high MLSS and high recycle ratio.

Although HRAS development was continuing, it was recognized in 1965 as valid process
alternative. Due to high-intensity aeration devices, the short aeration period and high
MLSS concentration were main process characteristics for HRAS systems (Goodman,
1972). Later, the terminology of HRAS was defined mainly based on SRT, HRT and F/M
ratio. Boehnke et al. (1997) and Boehnke et al. (1998) stated two-stage activated sludge
process (Adsorption Bio-oxidation, AB) for removing industrial and municipal wastewater
in Europe. The first stage of AB process was defined as HRAS based on short HRT (30
minutes or less), SRT (0.125 -0.5 d) and high F/M ratio (2-10 kgBOD/kgVSS/d) operated
at approximately zero dissolved oxygen (DO) concentrations. The operational parameters
for HRAS systems are reported in wide range of values in literature which makes the
definition of HRAS systems confusing. Metcalf and Eddy (2003) reported the HRAS
systems operational SRT and HRT are 0.5-2 d and 1.5-3 h, respectively. However, Orhon

(2015) explained the HRAS systems SRT range are to be 2-4 d and HRT of 1 to 3 h. Gray
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(2004) proposed the range of SRT for HRAS system should be 0.2-0.5 d which is based on
A-stage systems and HRT of 1-2 h. The volumetric BOD loading rate is also reported in

wide spectrum of 1.2-6 kgBOD/m?/d.

The benefit of HRAS system is that it requires smaller footprint for aeration tank than
conventional plug-flow system. It is susceptible to changes in quality of sewage but can
adapt itself to these changes more readily than standard/conventional treatment. It offers a
substantial economics in construction and operating costs as compared with standard
activated sludge (Chase & Eddy, 1944; Ullrich & Smith, 1951). The energy savings by
minimizing carbon oxidation and carbon recovery from wastewater is the main benefit of

HRAS systems in modern activated sludge design.

2.4.7.1 A-stage of A/B process

A-stage of an AB process is a well-known HRAS systems which intends to minimize
carbon oxidation and maximize carbon harvesting through biosorption at a very low sludge
retention time (SRT) (0.1-0.6 d) conditions (Boehnke et al., 1998; de Graaff et al., 2016;
deGraaff & Roest, 2012; Gonzalez-Martinez et al., 2016; Haider et al., 2003; Kinyua et al.,
2017a; Kinyua et al., 2017b; Miller et al., 2017; Smitshuijzen et al., 2016). A schematic
diagram of AB process is illustrated in Fig 2.13. Although this technology has existed for
a long time (40 years) (Boehnke et al., 1998) but the current efforts toward low energy
operations drives the wastewater treatment plant (WWTP) to reassess the carbon
management even more. In addition, this technology is able to maintain the minimum year-
round effluent quality (total suspended solids (TSS) and chemical oxygen demand (COD))

at a constant and safe solids retention time (SRT) (de Graaff et al., 2016; deGraaff & Roest,
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2012). Although its full-scale application in WWTPs were applied for both municipal and
industrial wastewater (Schulze-Rettmer et al., 1992; Schulze-Rettmer & Zuckut, 1998)
treatment processes but the popularity of this technology started to decline as effluent
requirements for nitrogen and phosphorus became more stringent (Boehnke et al., 1998;
de Graaff et al., 2016). The separation of the carbon removal process by HRAS from
nitrogen removal process is thus a key factor to harvest the carbon for energy recovery
while minimizing energy consumption. The remaining small amount of carbon leaving
from HRAS at upfront of B-stages allows applying anammox (anaerobic ammonium
oxidation) based deammonification or short-cut nitrogen (nitritation/denitritation) removal
processes which increase the implementation of HRAS systems (WEF & WERF, 2015).
Furthermore, this separation of the carbon and nitrogen removal steps have been recently
shown to produce the lowest emission of nitrous oxide, a potent greenhouse gas (Ahn et
al., 2010), strengthening the case for the separation of carbon and nitrogen management at

WWTPs.

Figure 2.13 Typical Adsorption-Biooxidation (AB) process configuration

2.4.8 Contact Stabilization
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Within the wide spectrum of activated sludge processes, high-rate contact stabilization
(CS) is a variation of the conventional activated sludge process that aims to select for a
strong biosorption response of the sludge and, thus, further improve the overall carbon
harvesting (capture) from wastewater (Rahman et al., 2015). This technology was
developed to reduce the footprints while concentrating the biomass in a small reactor. The
contact-stabilization system involves one stabilizer reactor and one contactor reactor where
the contactor receives influent feed and aerated RAS from stabilizer under anaerobic or
low dissolved oxygen (DO) conditions. The microorganisms leaving the contactor to
clarifier is partly harvested as waste activated sludge (WAS) and send to anaerobic digester
for biogas production. The remaining fraction of settled biomass is sent back as RAS to the
stabilizer. The RAS is aerated in stabilizer under high DO conditions. The stabilizer
oxidizes adsorbed or enmeshed particulate and colloidal chemical oxygen demand (COD)
and intracellular soluble COD from carbon-rich RAS. Thus allowing for increased
adsorption surface area with storage capacity when recycled back to the contactor
(Meerburg et al., 2015; Rahman et al., 2015; Vasquez Sarria et al., 2011). The
establishment of famine/starvation regimes in stabilizer promotes the adsorption/storage
phenomena in contactor under feast conditions. A major fraction of the adsorbed organic
material is unmetabolized in contactor and can thus be captured through WAS as an energy
recovery (Alexander et al., 1980; Meerburg et al., 2015; Rahman et al., 2015). A schematic

diagram of CS system is illustrated in Fig 2.14.
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Prireary clarfia

Figure 2.14 Typical Contact Stabilization (CS) process configuration

Ullrich and Smith (1951) first examined the CS process in 1951 and they defined this
process as a biosorption process. Later the development of CS configuration was moved
forward through several studies between 1975 and 1980. The design and mechanism of the
process to remove BOD and suspended solids was investigated by Jenkins and Orhon
(1973). Gujer and Jenkins (1975) developed a kinetic model for CS processes to measure
oxygen utilization, sludge production and efficiency of the system. Benefield and Randall
(1976) studied the design procedure of CS activated sludge process (SRT 2.5 — 12 d) to
remove soluble and non-settleable particulate organics from wastewater. Khararjian and
Sherrard (1978) also studied the system for treating colloidal organic wastewater
(synthetic) for very short SRT (0.1 d) to high SRT (22 d). Further studies (Alexander et al.,
1980) were also performed to further modify the CS process (SRT of 6 and 10 d) based on
the general kinetic activated sludge model proposed by Dold et al. (1980). Zhao et al.
(2000) investigated high-rate bio-flocculation adsorption, sedimentation and stabilization
(BSS) process (SRT of 1.1 — 2 d) for treating raw wastewater. Meerburg et al. (2014)
studied the high-rate CS system for synthetic wastewater in a bench scale system for SRT

of 1-1.2 d. Rahman et al. (2015) studied CS process for SRT of 1 d for CEPT effluent.
35



The CS process has been demonstrated to be a decisive treatment process for organic
carbon removal in small towns and industrial settings in the early twentieth century (Full-
scale WWTPs in 1917, Houston, TX) in the USA for minimizing shock loading problems
(Khararjian & Sherrard, 1978). The RAS aeration scheme has been successfully used to
overcome that problem which significantly reduces the aeration tank volume requirements
resulted in substantial savings in cost (Ullrich & Smith, 1951). Due to its beneficial
consequences, several conventional activated Sludge (CAS) plants started to modify the
existing treatment process as CS systems in an economical way to avoid expansion of
treatment facilities to achieve better effluent quality and resist sludge bulking problems
(foaming) while maintaining sufficient biomass inventory in the systems (Kraus, 1955).
However, the application of CS process for wastewater treatment gradually decreased in
the USA due to its unstable process conditions based on its applied design considerations
in that time period (1917 — 1972). Especially, prefabricated package plants from
manufactures were installed as CS configurations in many small communities and
industrial facilities in which the operational and organic loading conditions were totally
opposite of what it was necessary, resulted in plant upsets (Bruce & Perry, 2001). During
wet weather conditions, the effluent quality deteriorates due to the poor treatment
efficiency in contactor tank which decreases the carbon removal and nitrification
efficiency. The peak flow periods also decreases the actual hydraulic retention time (HRT)
and biomass inventory which eventually reduces the removal efficiency (Alexander et al.,
1980). Moreover, a high food-to-microorganism (F/M) ratio in the contactor tank induces
poor solids separation in the sedimentation tank. Consequently, the microbial population

also decreases in return sludge because of poor settling which limited the bioflocculation
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capability (Dague et al., 1972). At the end, operators and engineers started abandoning the
CS process from full-scale plants because it requires more operational skills and attention
as subjected to cyclic loading conditions (Bruce & Perry, 2001). Despite of those
limitations, the application of CS process and its design was mainly developed from 1972
to 1980 (Alexander et al., 1980; Benefield & Randall, 1976; Gujer & Jenkins, 1975;
Jenkins & Orhon, 1973; Khararjian & Sherrard, 1978; Orhon et al., 1977) after the
fundamental mechanism (Coombs, 1922; Ullrich & Smith, 1951) was theorized. Most of
those attempts were made to operate the CS as conventional system to understand the
process kinetics more. Since 1980 till today this technology has not received much
attention to utilize its promising potential as high-rate activated sludge (HRAS) system to
recover energy from wastewater. Very few CS systems have been implemented as HRAS
systems to take advantage of the fundamental mechanism (RAS aeration) to maximize the
carbon redirection and harvesting from wastewater with balanced carbon management and
inventory level (Dolejs et al., 2016; Khararjian & Sherrard, 1978; Meerburg et al., 2016;

Meerburg et al., 2015).

2.5 Carbon removal mechanisms in high-rate activated sludge systems

2.5.1 Extracellular adsorption

The adsorption mechanism includes “outer cell surface adsorption of particulate and
colloidal organic matters” which is a physical-chemical based phenomenon between
activated sludge flocs and organic matter in wastewater (Guellil et al., 2001; Majone et al.,
1999; Modin et al., 2015). In literature, adsorption is characterized by either sorption,
surface sorption, biosorption, entrapment within the flocs enmeshment. agglomeration,

entanglement or bioflocculation mechanisms (Guellil et al., 2001; Lim et al., 2016; Lim et
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al., 2015; Riffat & Dague, 1995). In this study, the biosorption is referred as extracellular
adsorption (or sorption) and intracellular storage. Adsorption and entrapment or
enmeshment are not distinct mechanisms because these depend on extracellular polymeric
substances (EPS) and thus they are same phenomena. The adsorption mechanism is
assumed to entrap both biodegradable and unbiodegradable (inert) organic compounds
from wastewater using EPS excretion at outside of cell surface. However, in activated
sludge design and modeling, the mechanism only considers adsorbing slowly
biodegradable COD such as particulate and colloids. Although past studies have shown
that adsorption mechanism cannot remove all the particulates COD from wastewater and
rather it is an instantaneous or fast response and follows the first order kinetic equations
(Bunch & Griffin Jr, 1987; Jimenez et al., 2005; Modin et al., 2015; Modin et al., 2016).
The adsorption process was first named by Ullrich and Smith (1951) as “biosorption”
which removed significant amount of organic pollutants in HRAS tank fed by raw
wastewater. The adsorption is thus considered as the dominant mechanisms to remove
COD in HRAS processes. This is because the mechanism removes organic matter by a
rapid response and can reach the equilibrium within a minute (Guellil et al., 2001).

Previous literature also examined that the adsorption is primarily influenced the
particulates and colloidal COD removal efficiency (Bunch & Griffin Jr, 1987; Jimenez et
al., 2005). In terms of COD removal efficiency, Ullrich and Smith (1951) found 90-95%
biochemical oxygen demand (BOD) and suspended solids removal in a pilot-scale plant.
Bunch and Griffin Jr (1987) found that the adsorption process can remove almost 100%
colloidal matter within a 5 min of contact time in a batch experiment. Guellil et al. (2001)

observed that the adsorption mechanism can remove 45% of non-settleable fractions of
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wastewater. Zhao et al. (2000) exhibited 18% COD removal through adsorption process in

a lab-scale contact-stabilization process operated at SRT between 1-2 d.

2.5.2 Intracellular storage

The intracellular storage is defined as intrinsic part of the microbial metabolism processes
and considered as COD removal mechanism among other mechanisms such as adsorption.
The storage is happened in inside of the microorganism cell by storing the soluble organic
matter as insoluble polymers. The process converts the soluble organic compound to
insoluble polymers to avoid the high osmotic pressure across the cell membrane and can
utilize the stored compounds for external substrate limitations conditions (Majone et al.,
1999; Modin et al., 2016; Van Loosdrecht et al., 1997). Storage has significant importance
on biological EBPR processes, anoxic conditions and sludge bulking problems (Majone et
al., 1996) but here the focus of this mechanism is only for carbon removal systems under
aerobic conditions, thus for other process conditions, storage is not discussed here. The
importance of storage as carbon removal mechanism is mostly examined in SBR systems
and batch reactor conditions where feast-famine conditions are expected to induce. The
aerobic yield of heterotrophic organisms in batch systems is usually higher than the
theoretical yield of 0.67 gCOD/gCOD. The high yield can only be caused by changing the
environmental condition from continuous feeding style to a sudden rise (pulse feed) of
feed. The substrate uptake rate may increase significantly with a higher rate under pulse
feed compared to growth limiting conditions (continuous feed). The rapid uptake of the
substrate can only be converted to storage polymer rather than growth processes. The

microorganisms cannot use excess substrate for their growth because of having a risk of
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metabolism imbalance (Van Loosdrecht et al., 1997). Therefore, storage played a dominant
role in ex-situ conditions which contributed to high yield coefficient. The storage
compounds investigated in many kinds of literature are PHA, glycogen, TAG, glyceride

and lipids (Modin et al., 2016).

Aerobic storage as carbon removal systems has been investigated for synthetic wastewater
and few studies in real wastewater conditions (Beccari et al., 2002; Carucci et al., 2001;
Kinyua et al., 2017b) and mostly performed in batch or SBR systems. Carucci et al. (2001)
reported that 18-22% of rbCOD removal from real wastewater in batch respirometry
experiments were formed as poly-3-hydroxybutyrate (PHB). However, they also explained
that in batch experiment, it is not possible to distinguish between PHB and slowly
biodegradable COD hydrolysable product (soluble COD) for real wastewater systems. This
is because the utilization of PHB and hydrolysis products occur simultaneously. In
addition, the storage products are not only PHB, other compounds are also involved which
were not identified in the study. Although PHB formation is depended on the acetate
concentration in wastewater, later Beccari et al. (2002) concluded that storage does not
play any role in carbon removal systems due to the low production of PHB associated with
low influent acetate concentration in wastewater. Meerburg et al. (2016) recently observed
that storage as PHB compound has minimal role (2% contribution to carbon capture) on
carbon recovery in a high-rate CS systems operated in SBR systems. Kinyua et al. (2017b)
studied A-stage systems operated at SRT range of 0.28-0.56 d and found that soluble COD
can be captured as polyhydroxyalkanoates (PHA). It is still controversial that whether

storage plays any role/contribution in continuous systems or not for COD removal.
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2.5.3 Hydrolysis

Hydrolysis is one of the metabolic processes which breakdown the larger size organic
matter into smaller size organics that can be biodegraded by microorganisms. The most
common definition is that it breaks particulate material into soluble material by releasing
extracellular enzymes to allow microorganisms for degradation (Eliosov & Argaman,
1995; Goel et al., 1998; Morgenroth et al., 2002). One of the reasons for microorganisms
requiring hydrolysis process, is that particulates and colloidal matters have larger diameter
particle size and thus it cannot easily transport through the cell membrane (Confer &
Logan, 1997). Thus microorganisms needs to breakup those particles to soluble material
for easy degradation. However, the hydrolysis rate is comparatively slower than the

hydrolysis products of soluble COD removal rate (Eliosov & Argaman, 1995).

Hydrolysis is divided into two types based on source of substrate. The first one is
hydrolysis of primary substrate where organic carbon of wastewater is broken down. The
second one is hydrolysis of secondary substrates which induced either from internal storage
products or such substances that may release from microorganisms during the metabolic
processes. However, hydrolysis is described differently both in ASM1 (Henze, 2000) and
ASM3 (Gujer et al., 1999). ASM1 defines the hydrolysis of primary and secondary

substrates whereas ASM3 is distinguished the primary and secondary substrates.

Hydrolysis is considered as one of the integral parts of the activated sludge models to
introduce the kinetics of slowly biodegradable substrate utilization. By nature, it is slower

process than heterotrophic growth and thus, it becomes the rate limiting step for organic
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carbon biodegradation (Orhon et al., 1998). In activated sludge models, the hydrolysis
mechanism is described by the surface-saturation-type of reaction (Dimock & Morgenroth,
2006; Gujer et al., 1999; Henze, 2000; Henze et al., 1999; Orhon et al., 1998) and is

expressed as follows:

dXs _, X! X,

_ 2.8
dt "K,+X /X, " 28)

Where, ki denotes the maximum hydrolysis rate (1/d); Kx denotes half saturation constant
for hydrolysis (mgCOD/mgCOD); Xs denotes slowly biodegradable COD (mgCODI/L);

Xn denotes the heterotrophic active biomass concentration (mgCODI/L).

2.5.4 Oxidation/Mineralization

The carbon oxidation from wastewater is a recognized energy-wasting process compared
to biological nutrient removal (BNR) system (Rosso & Stenstrom, 2005). This is because,
the municipal WWTPs need to meet the NPDES (National Pollutant Discharge Elimination
System) effluent permit limit of 30 mg/L BODs and 30 mg/L total suspended solids (TSS)
and aerobic oxidation is presently the only reliable mechanism to remove soluble organic
carbon that constitutes a BOD in domestic wastewater. The oxidation of organic matter
redirects carbon for biomass growth, CO., and water production, and the remaining goes

for energy production which is used for cell synthesis.

2.5.5 Settling/sedimentation
The sedimentation has significant impact on removing COD from wastewater both in
primary treatment and secondary treatment processes. The sedimentation is a process of

removing suspended solids (commonly referred as settleable fractions) from wastewater
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by gravitational force which allows the particles to settle at the bottom of the settling tank.
This physical process is used to remove organic material and inorganic nitrogen from
primary treatment to reduce the organic loading to secondary treatment processes. The
mechanism is also used in secondary treatment processes to remove settleable solids and
to recover carbon as WAS during the biological treatment processes. The settling of
activated sludge is divided into four classes: a) discrete settling, b) flocculent settling, c)

hindered (zone) settling and d) compression settling.

The discrete settling is defined as particles settle out of a dilute suspension as individual
entities (Gray, 2004). Each particle retains its individual characteristics and has minimal
chance of flocculating to other particles. This allows the particles to depend on only fluid
properties and particle characteristics (Gray, 2004). The flocculate settling in dilute
suspensions referred as flocculation between particles during gravitational settling and do
not act as discrete settling characteristics. The lower velocity particles coalesce with other
particles help to form larger/heavier particles which settle faster than the individual
particles. The flocculent settling usually happens at upper zone of the primary and
secondary settling tank. The flocculation in activated sludge treatment process is
significant because of faster settling is required to return back the sludge to the reactor for

adsorption and bioflocculation processes.

The hindered settling generally occurs at concentrated suspensions (> 2000 mg/L of
MLSS). At high concentrations of MLSS, a significant displacement of liquid happens
because the concentrated particles move through interstices between them which reduce

the particle settling velocity. This forms a highly concentrated suspension due to particle
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interparticulate forces which hold the particles in a fixed position relative to each other and
settles as a unit or blanket. The hindered settling can visually identify as a solid-liquid
interface form at top of the blanket in which upper liquid zone is relatively clear and free
from solids. After hindered settling, the settling decreases with time and formed a
compressed layer of particles. At this conditions, particles are in physical contact and
produce a thick sludge layer. The further settling is only happened by physical compression

of new particles weight. This settling is called compression settling.

2.6 Factors affecting carbon removal in high-rate activated sludge systems

The SRT, HRT, DO recycle ratio, organic loading rate and temperature have significant
influence on the biochemical transformation processes, which relates to the
microorganisms growth rate in HRAS systems. The description of several factors is

discussed below.

2.6.1 Solids retention time (SRT)

The solids retention time (SRT) is one of the most vital design and operational parameters
in activated sludge processes. It is the average time that a particle of activated sludge
resides in the system. The SRT is defined as the total mass of solids in the system divided
by the mass of solids lost per day through effluent and intentional wasting for process
control. Previous studies on HRAS systems have shown effects of operational conditions
such as SRT, hydraulic retention time (HRT) and dissolved oxygen (DO) concentration on
the carbon harvesting efficiency with SRT as the most crucial factor (Jimenez et al., 2015).
By changing the SRT, one can have a significant influence on bioflocculation capacity,

sludge physiochemical properties (hydrophobicity and surface charge) which controls the
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flocculation capacity, extracellular polymeric substance (EPS) production and even for
removing micropollutants (Clara et al., 2005; Liao et al., 2001; Sesay et al., 2006). Several
studies also confirmed that bioflocculation and sedimentation capability and EPS
production has strong correlation with SRT (Faust, 2014; Faust et al., 2014b; Jimenez et
al., 2015; Li & Yang, 2007). Saunders and Dick (1981) reported that SRT has a negative
correlation with effluent soluble COD concentration and indicating that at very low SRT
conditions < 0.5 d, the A-stage discharges significant fraction of biodegradable COD
through effluent (Haider et al., 2003; Haider et al., 2000). SRT has also significant impact
on carbon oxidation. The higher the SRT in a system, the higher the carbon oxidation, and

vice versa for short SRT systems (Ge et al., 2013; Jimenez et al., 2015).

2.6.2 Hydraulic retention time (HRT)

The hydraulic retention time is another important design and operating parameter in
activated sludge process, because this defines the time required for wastewater treatment
in aeration tank. In addition, the HRT is also the time needed for biomass to flocculate and
adsorb organic matter from wastewater in high-rate systems. Hydraulic retention time
(HRT) has been investigated in many kinds of literature mostly in batch studies, however,
few studies reported influence of HRT on HRAS systems. Jimenez et al. (2005) studied
HRAS systems at SRT of 2 to 3 d treating municipal raw wastewater and found that effluent
suspended solids and colloidal COD concentration increased significantly below HRT of
30 min. Jimenez et al. also examined that HRT of 30 min is a threshold of flocculation time
in HRAS systems to achieve better bioflocculation, and particulate and colloidal matter

removal from domestic wastewater. In addition, low EPS productions were observed below
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HRT of 30 min in their studies. The flocculation time needed for activated sludge is studied
in literature in bench-scale studies to understand the HRT needed for a continuous system.
Guellil et al. (2001) found in batch study that colloidal COD removal reached steady state
conditions after 20 min of contact time. However, sorption of organics in 1 min was also
reported in batch experiments indicating that the flocculation or sorption of particulates
and colloidal matters is instantaneous process and can be modeled using kinetic equations

(Modin et al., 2015).

2.6.3 Dissolved Oxygen (DO)

Dissolved oxygen (DO) concentration is one of the important parameters for organic
removal, bacterial metabolism, and settleability. At low DO concentrations, it may have a
negative impact on the sludge settleability and the metabolic activity of microorganisms
which may eventually generate an incomplete COD removal in the systems (Faust et al.,
2014a; Jimenez et al., 2015; Kinyua et al., 2017a; Kinyua et al., 2017b; Zhang & Allen,
2003; Zhang & Allen, 2008). For energy savings perspective, the goal is to find the
optimum DO level for the systems that can be implemented by balancing metabolic
activity, carbon removals, and settleability. Jimenez et al. (2015) observed that DO has
significant role on particulate, colloidal and soluble COD removal efficiency. In their
study, at DO < 0.5 mgO2/L and HRAS system operated at 1 d SRT and 30 min of HRT,
the removal efficiency dramatically dropped and thus effluent solids concentration
deteriorated (Zhang & Allen, 2008). The influence of DO on EPS production was also
reported in that study and found that EPS decreased with decreasing DO concentration.

The critical DO was 0.5 mgO2/L below which EPS production dropped significantly. Faust
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et al. (2014a) also observed the impact of DO on EPS production in high-rate membrane
biological reactor (MBR) systems operated at 0.5 d SRT in which the bound EPS was
higher at DO of 4 mgO>/L than DO of 1 mgO-/L condition. In addition, the flocculation of
colloidal COD and settleability was better at higher DO conditions compared to low DO
concentration. Similar observations were also examined by Zhang and Allen (2008) on
activated sludge systems. At low DO concentration (<1 mgO2/L), the DO had negative
effect on sludge settleability concentrations and promotes filamentous growth (Zhang &

Allen, 2003).

2.6.4 Return activated sludge (RAS) ratio

The return activated sludge (RAS) ratio is the percentage of influent wastewater flow at
which settled solids at the secondary clarifier are returned back to the aeration tank or
reactor. The RAS ratio is important in two aspects: a) to remove settled solids from the
clarifier to enhance the settleability, and b) to return back the settled activated sludge from
clarifier to reactor for wastewater treatment required to balance the systems. The return
activated sludge (RAS) ratio or recycle ratio may impact the performance of the activated
sludge systems, however, the study on RAS ratio on activated sludge systems are rarely
studied. The recycle ratio is depended on the clarifier performance especially for high-rate
CSTR systems where settling is unstable. Although the RAS ratio for HRAS systems is
commonly used 100% of influent flow and even higher (up to 150%) (Metcalf & Eddy,
2003). This is because due to short SRT and HRT in HRAS systems, the faster settling is
expected and higher biomass inventory is necessary for adsorption and flocculation in the

reactor. Zhao et al. (2000) examined in high-rate CS systems treating municipal wastewater
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that after certain recycle ratio, the removal efficiency did not improve. However, the full-
scale plants usually operate the system at a fixed recycle ratio and any operational changes

are more focused on SRT, HRT, DO and loading rate rather than the recycle ratio.

2.7 Yield in heterotrophic microorganisms

Yield is a stoichiometric coefficient which is considered an indirect parameter to predict
sorption (Rahman et al., 2016c) in continuous systems. Higher the observed yield of a
system, higher the carbon redirection via biosorption is considered (Rahman et al., 2016c).
In HRAS systems, heterotrophic true yield (biomass synthesis yield) cannot be considered
as the conventional theoretical yield of 0.67 gCOD/gCOD, because cell growth (Y) and
oxidation (1-Y) are not the only two components for yield prediction. Adsorption,
intracellular storage, oxidation, growth, and decay lead variable yield coefficient compared
to most accepted value of 0.67 gCOD/gCOD (used in ASM1) and expressed as observed
yield. Moreover, the observed yield in HRAS system increases with decreased SRT
(Jimenez et al., 2015; Meerburg et al., 2015; Rahman et al., 2016c). Therefore, the
theoretical yield (maximum yield) of HRAS system depends on operational conditions
(SRT, decay, and temperature). It is also influenced by growth limiting soluble substrate
COD concentration in the reactor which affects the active biomass production, referred as
net biomass yield. Yield calculation from bioenergetics using thermodynamics principle is
also different than ASM1 reported value of 0.67 gCOD/gCOD. Therefore, a proper use of
yield value in HRAS system is essential due to its linkage with EPS production which

eventually enhances biosorption through better bioflocculation.

2.7.1 Observed yield calculation based on carbon balance

48



The concept of using COD mass balance and operational parameters of a continuous
system for biosorption calculation is reported in literature in different ways. The yield
coefficient in a continuous system has always been determined as observed yield, and the
reason was explained in the previous section. However, the proper calculation procedure
has rarely been described in works of literature and thus the confusion of yield prediction
is always taken place in literature. In our best of knowledge, the observed yield calculation
from a continuous system based on COD mass balance was first reported by Khararjian
and Sherrard (1978). They proposed a mathematical equation to calculate observed yield
for conventional contact-stabilization systems (> 3 d SRT) using influent and effluent total
COD and operational parameters. The observed yield was defined as sludge production
leaving through WAS and effluent (as gVSS) divided by total COD (gCOD) removed in
the system. The mass of WAS sludge was calculated based on contactor VSS concentration
while wasting were done from stabilization reactor, given 100% recycle ratio from the
clarifier. The WAS leaving from the stabilizer would have high fractions of biomass rather
than biosorbed COD which is oxidized in stabilization reactor. Thus, wasting from
stabilization reactor was not energy efficient strategy for biogas productions through
anaerobic digestion.

The process configuration operated by Khararjian and Sherrard (1978) was conventional
low rate CS systems, and biosorption was not significant compared to high-rate systems.
The second limitation of Khararjian and Sherrard (1978) equation was that any solids
leaving through the effluent were biomass, not the substrate. However, in their equation

(Eq. 2.9), the COD removal was calculated by subtracting influent total COD from effluent
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total COD (contains pCOD, cCOD, and sCOD) which overestimated the observed yield

calculation unless effluent colloids are also assumed as biomass.

): (Qin _QWAS) X Xeff + QWAS x Xcontactor
removed Q,, X tCOD, —tCOD; |

Y, evss (QVSS / gCOD x100  (2.9)

Where, Yobsvss denotes the observed yield calculated in gVSS/gCODremoved UNit, Qin
denotes influent flow rate, Qwas denotes wasting flow rate, Xess effluent volatile suspended
solids (VSS) concentration, Xcontactor denotes VSS concentration of activated sludge in
contactor, tCODin denotes influent total COD concentration, tCODesr denotes effluent total
COD concentrations, respectively.

Later, Meerburg et al. (2016 and 2015) adopted a similar equation to calculate observed
yield for conventional and high-rate CSTR and CS systems, respectively. The assumption
was also that effluent pCOD is biomass rather than the substrate. The COD removal was
calculated as influent total COD subtracted from effluent soluble COD. In this case, the
observed yield was overestimated due to not considering the effluent colloidal COD for
removal calculation, which conflicted their assumption. Jimenez et al. (2015) reported a
similar way to calculate observed yield for high-rate CSTR systems without considering
the sludge production is leaving through the effluent which also underestimated the yield.
Rahman et al. (2016c¢) followed same assumption of Khararjian and Sherrard (1978) and
Meerburg et al. (2015) and Meerburg et al. (2016) and corrected the COD removal for yield
calculation. The COD removal was calculated by subtracting effluent colloidal and soluble
COD from influent total COD; this is because any colloids leaving from the system was

not considered as biomass for low strength wastewater systems.
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The following equations (Eq. 2.10-2.12) were used to calculate observed yield as gCOD
produced per gCOD removed, and g VSS produced per gCOD removed for this study as
described in Rahman et al. (2016¢) based on the COD mass balance. A typical wastewater
flow diagram in CSTR, CS and PF configurations are illustrated in Fig. 2.15 to calculate
the observed vyield based on COD ass-balance. To convert the yield of gvVSS/gCOD to
gCOD/gCOD, the pCOD/VSS ratio of the reactor was used as a conversion factor to check
the integrity of the data.

Yobs,COD (gCOD/ gCODremoved)

_ (Qin = Quas ) X PCOD; + Qyps X COD, 6
Q,, x {tCOD,, —(cCOD + SCOD) ; |

(2.10)

x100

Where, Yons,cop denotes the observed yield calculated in gCOD/gCODremoved UnNit, Qin
denotes influent flow rate, Qwas denotes wasting flow rate, pCODess particulate COD
concentration in effluent, tCODwas denotes total COD concentration of waste activated
sludge, tCODin denotes influent total COD concentration, cCODett denotes effluent
colloidal COD concentrations and sCODess (filtered through 0.45 um) denotes effluent

soluble COD concentration, respectively.

(Qin —Quas )% Xegr + Quas X Xiyas

Y VSS/ gCOD =
obsVsS ( g g removed ) Qin X {tCODm —( cCOD +sCOD )eff }

x100 (2.11)

Yobs,VSS—>COD :Yobs,VSS X ( pCOD /VSS) reactor (2- 12)

Where, Yobsvss denotes the observed vyield calculated in gVSS/gCODremoved UNit and
Y obs,vss—cop denotes the observed yield calculated in gCOD/CODyemoved Unit, pPCOD/VSS

denotes the ratio of particulate COD and VSS concentration of reactor sludge, respectively.
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Figure 2.15 Schematic of wastewater flow in Continuously stirred tank reactor

(CSTR), Contact stabilization (CS) and Plug flow (PF) configuration to

calculate observed yield (Rahman et al., 2016c)

2.7.2 Theoretical Yield (maximum yield) based on SRT, observed yield and

endogenous decay coefficient

As discussed earlier, observed yield cannot be considered as maximum theoretical yield or

biomass synthesis yield (or true yield) for high-rate processes. The maximum yield can be
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calculated using the equation formulated by Metcalf and Eddy (2003). The yield
calculation is based on endogenous decay coefficient, observed yield, SRT, and the fraction
of cell debris end up as inert COD.

_ Yobs,COD (1 + kd SRT)

Ymax
1+ f,k,SRT

(2.13)

Where, Ymax denotes maximum theoretical yield or synthesis yield coefficient, Yobs,cop
observed yield calculated from equation 2.10, k¢ denotes endogenous decay coefficient and
fq denotes the fraction of biomass that remains as cell debris (assuming 15% of the original

cell weight ends up as non-biodegradable material).

The endogenous decay coefficient needs to be corrected for temperature variation and

adopted from Metcalf and Eddy (2003).
Ky =Ky 5,1.0477%0 (2.14)

Where, kq,r symbolizes endogenous decay coefficient at T temperature, K420 Symbolizes
endogenous decay coefficient at 20 °C, T denotes temperature, and the temperature

coefficient is 1.04 (Metcalf & Eddy, 2003).

2.7.3 Net biomass Yield
Although the maximum theoretical yield or true yield is mainly used for modeling and
evaluation of biological treatment processes, the net biomass yield like observed yield is

mostly employed for design and analysis purposes. The net biomass is defined as active

53



biomass produced in the system and determined by adopting the equation of Metcalf and

Eddy (2003).
I
Vo=t (2.15)
kXS
w=- (2.16)
Kg+S
r-g _Ymax s _kd X (2-17)

Where, rsy = rate of substrate concentration change due to utilization, ry = net biomass
production rate, k = maximum specific substrate utilization rate, X = biomass concentration
in the reactor, S = growth-limiting substrate concentration in solution (reactor soluble COD

concentration), Ks = half-saturation coefficient, Ymax calculated from equation 2.13.
kT =k201.07(-29) (assumed, ko = 5) (2.18)

where, kg1 symbolizes maximum specific substrate utilization rate at T temperature, koo
symbolizes maximum specific substrate utilization rate at 20 °C, T denotes temperature,

and the temperature coefficient is 1.07 (Metcalf & Eddy, 2003).

2.7.4 Heterotrophic cell yield based on bioenergetics (thermodynamics principle)

The heterotrophic biomass cell yield can also be calculated using the law of
thermodynamics by balancing energy production and the requirement for biomass
synthesis during biological oxidation-reduction reaction (Metcalf & Eddy, 2003). The
electron donor and acceptor for high-rate process biological reactions are domestic

wastewater and oxygen where ammonia is the nitrogen source for cell synthesis
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(assumption). The detailed calculation procedure of thermodynamics principle is

described below.

Half-reaction for electron donor (domestic wastewater, assuming ammonia is the nitrogen

source):
iClOngOsN +i H,O
509 , 25 , (2.19)
=—CO0,+—NH, +—HCO, +H" +e ;AG=-31.80kJ /molee”
50 50 50
Half-reaction for electron acceptor (oxygen):
%02+H++e‘ =%HZO;AG:—78.14kJ/moIe‘ (2.20)
Energy production from bacteria oxidation-reduction reaction,
AGr = Equation (2.19) + Equation (2.20) =
%C10H1903N +102
S 4 2.21)
9 1 16

=—CO,+—NH, +i HCO, +—H,0;AG; =—-109.94 kJ /molee”
50 50 50 50

Where, AGr denotes energy released from oxidation reduction reactions, kJ/mol e

Energy captured by bacteria (assuming 60% energy capture efficiency)

KAG, =0.60x(-109.94)=-65.964 kJ/molee”

Where, K denotes fraction of energy transfer captured.
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Half-reaction for pyruvate as intermediate organic compound in cell synthesis:

1CO2 +iHCOS‘ +H" +e”
5 10

. , (2.22)
=5 CH;COCO0" + = H,0,AG =+35.78kJ /mole”

Free energy to convert 1 electron equivalent (e- eq) of the carbon source to the pyruvate
intermediate:

AGp = Equation (2.19) + Equation (2.22) = +3.98 kJ/mol e’

Energy needed for converting the growth carbon source into cell matter:

(2.23)

Where, AGs = free energy to convert 1 electron equivalent (e- eq) of the carbon source to

cell material

AGp = free energy to convert 1 electron equivalent (e- eq) of the carbon source to the

pyruvate intermediate

K = fraction of energy transfer captured = 60%

m = +1 (AGp is positive)

AGc = free energy to convert 1 electron equivalent (e- eq) of pyruvate intermediate to 1

electron equivalent (e- eq) of cells = +31.41 kJ/mol e’
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AGn = free energy per e- eq of cells of reduce nitrogen to ammonia = 0 (NH4" as nitrogen

source)

AGs = 38.04 kJ/mol e

KAGR(;EJz—AGS (2.24)

fe = e- mole of substrate oxidized per e- mole of substrate used

fs = e- mole of substrate used for cell synthesis per e- mole of substrate used

f;= 0.63 gCOD/gCOD

Y Bioenergetic = 0.63 gCOD/gCOD

Hence, the calculated cell yield based on bioenergetics is 0.63 gCOD/gCOD at 25 °C.

2.8 Main-stream short-cut nitrogen removal (Nitritation/Denitritation)

The short-cut nitrogen removal process has been one of the most recent innovative
developments in biological nutrient removal systems. The process takes the advantage of
washing out the nitrite oxidizing bacteria (NOB) for inhibiting the nitrite to nitrate in
nitrification processes. The removal of ammonia to nitrite by ammonia oxidizing bacteria
(AOB) is called partial nitritation by cutting the route of further conversion of nitrite to
nitrate (Lackner et al., 2014). The heterotrophic conversion of nitrite (produced from
nitritation) to nitrogen gas is commonly referred as partial denitritation (WEF & WERF,
2015; Yang et al., 2014). By avoiding the full nitrification and denitrification, short-cut

nitrogen removal can approximately save 25% of aeration and 40% of carbon source
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required for full denitrification (Fig. 2.16). In addition, the nitrite shunt in biological
nutrient removal system can improve the removal capacity. The process provides the
reduction of cost of adding carbon source in partial denitritation instead of going towards

full denitrification where internal carbon substrate is a limiting factor.

However, to implement short-cut nitrogen removal process in a WWTP, the carbon
diversion through HRAS system is the first step to achieve energy autarky in a WWTP.
This is because capturing more carbons by minimizing oxidation leaves less carbon in BNR

systems which favors the application of short-cut nitrogen removal systems.

(a) <Nitrification/denitrification) (b) < Nitritation/denitritation )

1 mol NH,4 1 mol NH,

75% 0 75% O,
- 100% Alkalinitﬂp‘o AOB
N

~ 100% Alkalinity
1 mol NO, 1 mol NO,

B
25% O,
OB
1 mol NO5’
40% Carbon
1 mol NO,
60% Carbon ﬂ 60% Carbon

0.5 mol N, 0.5 mol N,
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Figure 2.16 Comparison between (a) conventional nitrification/denitrification
process, and (b) partial nitritation/denitritation process indicating the difference
between oxygen and carbon source addition (WEF & WERF, 2015; Yang et al.,
2014)

2.9 Deammonification as sidestream treatment

Deammonification is a novel and promising biological treatment process to remove
ammonia from wastewater through two process stages: ammonia removal by partial
nitritation using ammonium oxidizing bacteria (AOB) and anaerobic oxidation of residual
ammonia to nitrogen gas by anaerobic autotrophic ammonia oxidizers (Anammox)
(Lackner et al., 2014). Anammox is utilized ammonium as electron donor and nitrite as
electron acceptor for its reduction and produces di-nitrogen (N2) gas. The stoichiometric
equations for anammox reaction process are described below (Siegrist et al., 2008; Yang

etal., 2011):

NH; +1.31NO; +0.066 HCO; +0.13H " —N, +0.26 NO; +0.066CH 0, N, s +2H,0
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Figure 2.17 Comparison between (a) conventional nitrification/denitrification
process, and (b) partial nitritation/anammox process indicating the difference

between oxygen and carbon source addition (Siegrist et al., 2008)

Due to its cost-effectiveness and economic efficiency of treating ammonia rich digester
liquid, the process is gaining great attention for removing ammonia due to 50% of aeration
energy savings and without carbon source for denitrification compared to conventional

nitrification-denitrification processes (Siegrist et al., 2008) (Fig. 2.17).

In anaerobic digestion, the biodegradation of organic nitrogen compounds converts
ammonia rich rejected liquid which is increased the recycle nitrogen loading by 15-20% in
main-stream nutrient removal systems (Siegrist et al., 2008). Thus, an addition of
sidestream treatment for highly nitrogen concentrated digested liquid allow reductions of

influent nitrogen loading to nitrification/denitrification process, allowing less efficiency
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needed in conventional denitrification processes. The introduction of HRAS systems to
capture more carbons for energy recovery allows implementing energy efficient sidestream
treatment process as anammox based deammonification which significantly decreases the

aeration energy required for main-stream nitrification.

2.10 Bioflocculation in high-rate activated sludge systems treating low-
strength domestic wastewater

The conundrum of aerobic wastewater treatment is that a considerable amount of electrical
energy is used for aeration, to remove and oxidize organic matter contained in the influent,
that could otherwise be harvested to produce energy (Reardon, 1995). It has been shown
that the chemical energy available in the raw municipal wastewater or primary effluent
exceeds the electrical energy requirement of the treatment process by a factor of 1.2 to 6.0
(Svardal & Kroiss, 2011). Energy-neutral wastewater treatment should therefore be
possible, especially when using technologies that minimize energy consumption and
maximize recovery, such as high-rate activated sludge (HRAS) treatment (Wett et al.,
2007). HRAS systems can be one of the most successful carbon redirection and carbon
harvesting technologies in temperate and colder climates and can be retrofitted into existing
infrastructure (Jimenez et al., 2015; Rahman et al., 2016b). Carbon redirection denotes the
transformation of organic carbon (particulates, colloids and soluble) from wastewater into
the sludge matrix through biosorption (i.e., extracellular adsorption or enmeshment and
intracellular storage) and microbial growth phenomena (Rahman et al., 2015).
Subsequently, carbon harvesting denotes the recovery of sludge carbon through settling

and wasting of the activated sludge, followed by energy recovery from the carbon-rich
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sludge in the form of biogas production in an anaerobic digester. Previous studies on HRAS
systems have shown effects of operational conditions such as solids retention time (SRT),
hydraulic retention time (HRT) and dissolved oxygen (DO) concentration on the carbon
redirection efficiency, with SRT as the most crucial factor (Jimenez et al., 2015; Meerburg

etal., 2015).

To increase hydraulic throughput rates and carbon removal efficiencies, chemically
enhanced primary treatment (CEPT) has been used for capturing carbon before aerobic
biological treatment processes. CEPT technology with efficiency of 45-80% total COD
removal, increases carbon harvesting by removing particulate and some colloidal organic
carbon fraction while leaving behind the soluble readily biodegradable fraction (Melcer,
2003). To recover the soluble fraction, storage is the only option (Daigger & Grady, 1982;
Majone et al., 1999), in contrast to particulate/colloidal material, which can be captured by
sorption phenomena (Bunch & Griffin Jr, 1987). The renewed interest in applying HRAS
processes for the primary treatment of wastewater has led to the determination of design
criteria for maximizing carbon capture (Jimenez et al., 2015). However, these criteria are
not optimized for secondary treatment systems for low-strength wastewaters, such as CEPT
effluent. Systems operating on low-strength wastewaters struggle to achieve sufficient
bioflocculation and maintain a satisfactory sludge inventory, compared to conventional

HRAS processes on medium and high-strength wastewater.
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2.11 Extracellular polymeric substance (EPS) in high-rate Contact
Stabilization systems

Contact Stabilization (CS) technology has been gaining renewed interest in the form of a
high-rate activated sludge (HRAS) process to maximize carbon harvesting from
wastewater for energy neutrality. Recent studies treating high-strength synthetic (Meerburg
et al., 2016; Meerburg et al., 2015) and low-strength domestic wastewater (Rahman et al.,
2016c¢) showed that high-rate CS achieved high carbon redirection and harvesting with
improved bioflocculation. Conventional low-rate CS technology (> 3 d SRT) was mainly
developed to reduce the footprint of the reactor (Alexander et al., 1980; Benefield &
Randall, 1976; Gujer & Jenkins, 1975; Jenkins & Orhon, 1973; Khararjian & Sherrard,
1978; Orhon et al., 1977). The return activated sludge (RAS) aeration (stabilization) and
anaerobic contact of stabilized sludge with wastewater in CS process were considered as
vital factors to enhance biosorption of organic carbon, minimize the shock loading and
sludge bulking (foaming) problems (Khararjian & Sherrard, 1978). Due to low quality
effluent during peak loading and the inability to couple CS with nutrient removal, the
popularity of low-rate CS technology declined. However, due to its enhanced potential to
improve biosorption, this process fits well within the goal of HRAS system and is therefore

studied within this new driver.

Besides low-rate CS applications, the high-rate CS process (0.24-3 d SRT) and its
optimization in bench scale system were studied by Zhao et al. (2000), Meerburg et al.
(2015), Meerburg et al. (2016) and Dolejs et al. (2016) treating high-strength domestic and

synthetic wastewater (COD > 400 mg/L). The several parameters such as mixed liquor
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suspended solids (MLSS), mixing intensity, contact time, stabilization time, recycle ratio,
sedimentation time and SRT were considered as key parameters for achieving higher
chemical oxygen demand (COD) removal efficiency. Rahman et al. (2016c) first
investigated a pilot-scale high-rate CS configurations on different SRT (0.69 d to 1.73 d
SRT) conditions and found this technology to be the most effective treatment process to
harvest organic carbon from chemically enhanced primary treatment (CEPT) effluent
compared to other conventional HRAS processes due to its ability to enhance
bioflocculation. Bioflocculation is essential for effective separation of microorganisms
from the treated effluent and is linked with extracellular polymeric substance (EPS) content
and composition (Kinyua et al., 2017a; Laspidou & Rittmann, 2002; Rahman et al., 2016a;
Sheng et al., 2010). In fact, EPS is the key for the microbial community to grow at high-
cell density by attaching their surfaces (Laspidou & Rittmann, 2002; Sheng et al., 2010;
Urbain et al., 1993). Dolejs et al. (2016) explained that an increase in EPS production in
stabilizer (famine conditions) improved the flocculation ability of the sludge. In addition,
Meerburg et al. (2016) observed higher total and soluble COD removal efficiency at
increased tightly-bounded EPS (TB-EPS) production (contactor sludge) in the CS system.
However, more detailed measurement in both contactor and stabilizer were lacking to allow
understanding of how and where EPS was produced and how it impacted carbon redirection
and harvesting. Rahman et al. (2016c¢) first reported EPS measurement in both contactor
and stabilizer, showing increased EPS levels in the contactor compared to the stabilizer. It
was suggested that the increased EPS content in the contactor might be the cause for the
improved bioflocculation in CS systems. It is, however, unclear which operational

conditions were essential to enhance this EPS production triggered in the contactor. Unlike
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Meerburg et al. (2015), Meerburg et al. (2016) and Dolejs et al. (2016), Rahman et al.
(2016) operated the CS system with an aerobic contactor instead of an anaerobic contactor.
A minimum dissolved oxygen (DO) level might be necessary for EPS production and thus
an aerobic contactor might be essential to create an EPS increase in contactor (Miqueleto
et al., 2010; Rahman et al., 2016c). This study will do a direct comparison of a CS system
with the aerobic and anaerobic contactor to evaluate which one gives the enhanced carbon

recovery.

Most CS studies have been performed on raw wastewater (Dolejs et al., 2016; Meerburg et
al., 2016; Meerburg et al., 2015), thus the EPS increase in contactor might be more related
to the food to microorganisms (F/M) ratio in the contactor. Increased EPS production was
shown at increased organic carbon removal rates (Jimenez et al 2015) indicating that
increased F/M ratio in contactor might be the key for increased EPS formation and thus
improved bioflocculation. On the other hand, to create the feast-famine conditions,
stabilization time may be another key parameter as it creates the necessary starvation
(famine) condition for microorganisms which may be essential to maximize the biosorption
of organics in the contactor. Currently, there is no basis or guidelines to determine the
minimum stabilization time needed for a specific SRT condition to allow for the necessary
starvation. The relationship between SRT and minimum stabilization time for CS
technology is thus inevitable for reducing the energy consumption as too long stabilization
time will increase carbon oxidation. Although previous high-rate CS studies were focused

on various stabilization times to achieve maximum carbon removal efficiency (Meerburg
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et al., 2016; Meerburg et al., 2015), the role of stabilization time in relation to EPS
production and bioflocculation efficiency has never been studied.

2.12 Quantification of biosorption in HRAS systems

Recently, wastewater treatment plants (\WWTPs) are shifting away from energy-intensive
wastewater treatment processes to more sustainable processes that have a net low energy
demand and higher energy recovery. In addition, to achieve energy efficient nitrogen
removal via anaerobic ammonium oxidation (anammox) or autotrophic short-cut
mechanisms have led to an increased interest in carbon removal technologies such as A-
stage of AB (adsorption bio-oxidation) process and contact-stabilization (CS) as a form of
high-rate activated sludge systems (HRAS) systems. A-stage intends to minimize carbon
oxidation and performs carbon biosorption at very low SRT (0.1-1 d) and HRT (0.5-1 h)
(de Graaff et al., 2016; deGraaff & Roest, 2012; Grady Jr et al., 2011; Miller et al., 2017).
Few full-scale installations of the full-scale A-stage plant have shown to display a high
degree of BOD removal (up to 82%) and energy-rich sludge production (0.8-1.4 kg
sludge/kg BOD removed) (Boehnke et al., 1997; deGraaff & Roest, 2012). In addition to
AB systems, high-rate Contact-Stabilization (CS) process, is a variation of high-rate
conventional activated sludge systems which significantly improve transformation of
organic carbon from wastewater to sludge matrix (Dolejs et al., 2016; Meerburg et al.,
2016; Meerburg et al., 2015; Rahman et al., 2016c). The design of the contact-stabilization
configuration induces a feast-famine establishment in contactor and stabilizer, respectively
selecting maximum biosorption response in the contactor. A major fraction of the adsorbed
organic material in contactor remains unmetabolized and can be harvested as waste

activated sludge (WAS) stream for energy recovery through anaerobic digestion
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(Alexander et al., 1980; Meerburg et al., 2016; Meerburg et al., 2015; Rahman et al.,
2016c¢). Thus, to achieve maximum organic carbon recovery through high-rate carbon
removal technologies, the quantification of biosorption in HRAS systems is crucial for
turning the WWTP into a water resource recovery facility.

The biosorption mechanism is a combination of physical-chemical and biological
phenomena in activated sludge, which include “outer cell surface adsorption of particulate
and colloidal organic matters” and “storage of soluble COD inside the cell” (Guellil et al.,
2001; Lim et al., 2016; Lim et al., 2015; Majone et al., 1999; Riffat & Dague, 1995).
Biosorption capacity of the sludge has been mostly quantified using bench scale tests to
understand the kinetics of organics transformation from wastewater to sludge matrix
(Guellil et al., 2001; Jimenez et al., 2005; Jimenez et al., 2007; Lim et al., 2016; Lim et al.,
2015; Modin et al., 2015; Riffat & Dague, 1995; Tan & Chua, 1997; Zhang et al., 2014)
Riffat and Dague (1995) first attempted to measure biosorption capacity of anaerobic
granular biomass originated from an anaerobic sequencing batch reactor (ASBR) treating
non-fat dry milk (soluble COD). They proposed a simple experimental procedure for
determining COD adsorption capacity in bench scale systems. The anaerobic granular
biomass was mixed with non-fat dry milk for 2-30 min contact time in absence of dissolved
oxygen (DO) conditions at a specific mixing speed and then allowed to settle. The
difference between the initial theoretical COD addition to the mixture and the supernatant
COD after settling determined the COD removal through adsorption (storage mainly). The
advantage of that test was that the granular sludge generally has higher settling velocity
than flocculent sludge and thus the supernatant was sufficiently clear to determine the

removal of COD. Tan and Chua (1997) and Zhang et al. (2014) adopted the similar
67



approach for measuring the biosorption capacity of high SRT activated sludge (5 days)
mixed with settled domestic wastewater in a batch system open to atmosphere. In their
study, the oxidation of COD from wastewater in a short contact time was neglected. In
addition, the non-settling fraction of biomass was also deemed negligible due to the better
settleability of high SRT sludge. Later, Guellil et al. (2001) and Lim et al. (2015) applied
a modified approach of Tan and Chua (1997) by centrifuging the supernatant after settling
to separate out non-settleable biomass from wastewater. In this case, the possible soluble
COD oxidation or biomass growths were also neglected. However, non-settleable
particulate matter from wastewater and the adsorption of particulate and colloidal matter
to the non-settling biomass cannot be separated out by centrifugation, thus overestimating
the biosorption capacity. Modin et al. (2015) further improved the method by separating
sCOD oxidation by active and inactive biomass (sodium azide addition) experiment for
biosorption of municipal wastewater. Lim et al. (2016) reported that inactive biomass
mixed with wastewater for a short contact time determines surface adsorption while active
biomass quantifies adsorption and storage. However, they did not measure
polyhydroxyalkanoates (PHA) as stored compound and neglected oxidation of soluble
COD. Since this conventional biosorption capacity approach is influenced by the possible
interference of oxidation, biomass growth, non-settleable particulate matter from
wastewater and non-settling biomass, an alternative approach is required for HRAS
systems to quantify actual biosorption of organic matter. In addition, the HRAS systems
have comparatively different settleability characteristics (lower effluent quality) compared
to low-rate systems (Mancell-Egala et al., 2017b; Metcalf & Eddy, 2003), thus a proper

method is required for biosorption quantification.
68



In HRAS systems, the influent carbon redirection is defined as entrapment, adsorption and
storage of COD from the wastewater to the sludge matrix, which depends on the SRT
(Jimenez et al., 2015; Rahman et al., 2016¢). The lower the SRT of HRAS system, the
higher was found the carbon redirection (Jimenez et al., 2015; Meerburg et al., 2015;
Rahman et al., 2016c). Moreover, observed yield increased with decreasing SRT and
increasing carbon redirection via biosorption (Rahman et al., 2016c). Thus, yield, a
stoichiometric coefficient was considered as an indirect parameter to predict biosorption in
continuous systems (Rahman et al., 2016¢). In high-rate systems, the adsorption,
intracellular storage, growth, and possibly decay contribute to the sludge production for
removal of COD from wastewater and varied the yield coefficient.

Since the conventional biosorption capacity approach possibly determines the maximum
or saturation carbon capture capacity of activated sludge, knowing the in-situ biosorption
contributions in HRAS systems is necessary to understand the carbon redirection. Rahman
et al. (2016c¢) first proposed a simple approach to quantify biosorption in a batch reactor
using the oxygen uptake rate (OUR) of the sludge which contained biodegradable organic
matters as a form of biosorption occurred in a continuous system, and the approach was
referred as biosorption yield.

Although, conventional biosorption capacity and biosorption yield was focused on ex-situ
measurement based approach, the biosorption has rarely been investigated on in-situ
continuous reactor systems to consider the impact of operational parameters (SRT, HRT),
influent, effluent, and WAS sludge characteristics and most importantly the extracellular
polymeric substances (EPS) in the reactor. In fact, EPS is the key for the microbial

community to grow at high-cell density by attaching their surfaces (Liu & Fang, 2003;
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Sheng et al., 2010; Urbain et al., 1993). Therefore, microorganisms are required to hold
together via EPS production for better bioflocculation which caused biosorption of organic
matters from wastewater (Laspidou & Rittmann, 2002).
2.13 High-rate Contact-Stabilization and plug-flow A-stage systems for carbon
recovery
The high-rate activated sludge system (HRAS) is becoming the backbone of the energy
efficient wastewater treatment processes. The carbon removal technologies such as A-stage
of AB (adsorption-biooxidation) systems, contact stabilization (CS) and conventional
systems (step-feed, plug flow, completely mixed reactor system) as a form of HRAS are
shifting the energy intensification process to low-energy and sustainable technologies. For
recovering energy rich organic carbon from wastewater, HRAS systems are the key process
technologies for energy neutral treatment processes (Modin et al., 2016).
A-stage of an AB process is a well-known HRAS system which intends to minimize carbon
oxidation and maximize carbon harvesting through biosorption at a very low sludge
retention time (SRT) (0.1-0.6 d) conditions (Boehnke et al., 1998; de Graaff et al., 2016;
deGraaff & Roest, 2012; Gonzalez-Martinez et al., 2016; Haider et al., 2003; Kinyua et al.,
2017a; Kinyua et al., 2017b; Miller et al., 2017; Smitshuijzen et al., 2016). Although this
technology has existed for a long time (40 years) (Boehnke et al., 1998) but the current
efforts toward low energy operations drives the wastewater treatment plant (WWTP) to
reassess the carbon management even more. In addition, this technology is able to maintain
the minimum year-round effluent quality (total suspended solids (TSS) and chemical
oxygen demand (COD)) at a constant and safe solids retention time (SRT) (de Graaff et

al., 2016; deGraaff & Roest, 2012). Although its full-scale application in WWTPs were
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applied for both municipal and industrial wastewater (Schulze-Rettmer et al., 1992,
Schulze-Rettmer & Zuckut, 1998) treatment processes but the popularity of this technology
started to decline as effluent requirements for nitrogen and phosphorus became more
stringent (Boehnke et al., 1998; de Graaff et al., 2016). The separation of the carbon
removal process by HRAS from nitrogen removal process is thus a key factor to harvest
the carbon for energy recovery while minimizing energy consumption. The remaining
small amount of carbon leaving from HRAS at upfront of B-stages allows to apply
anammox (anaerobic ammonium oxidation) based deammonification or short-cut nitrogen
(nitritation/denitritation) removal processes which increase the implementation of HRAS
systems. Furthermore, this separation of the carbon and nitrogen removal steps have been
recently shown to produce the lowest emission of nitrous oxide, a potent greenhouse gas
(Ahn et al., 2010), strengthening the case for the separation of carbon and nitrogen
management at WWTPs.

The literature on A-stage of AB process is still in scarce form due to the limited
accessibility of data to the researchers. The process was mainly focused on full-scale B-
stage (nitrogen and phosphorous removal) performance (Chan et al., 2017; Demoulin,
1998; Feyen, 1992; vd Emde et al., 1992; Winkler & Widmann, 1994) while very little
study were investigated for mechanistic understanding of A-stage performance and its
crucial design parameters. Recently, de Graaff et al. (2016) described four full-scale A-
stage plants (0.27-0.65 d SRT) carbon removal performance and sludge composition
operated at Netherlands. However, due to different operational parameters and influent
characteristics, it is hard to interpret the data for design purposes. Smitshuijzen et al. (2016)

proposed a simple model based on ASML1 to predict the performance of A-stage effluent
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characteristics on a full-scale WWTP. Later, Miller et al. (2016) studied pilot-scale A-stage
of AB process where most of the works were emphasized on settling, thickening, and
dewatering performance of the sludge characteristics. Miller et al. (2017) also reported the
automatic control and instrumentation for controlling carbon removal from a pilot-scale A-
stage system. Gonzalez-Martinez et al. (2016) investigated microbial community
evolution in A-stages of a full-scale plant. Recently, Kinyua et al. (2017a) and Kinyua et
al. (2017b) studied the A-stage systems in a pilot-scale system to evaluate the role of
extracellular polymeric substance (EPS) and storage under varying SRT, hydraulic
retention time (HRT) and dissolved oxygen (DO) concentrations. The major limitation of
that study was to consider soluble organic particle size less than 1.5 um which also
considers colloidal matters and did not report the flocculated filtered chemical oxygen
demand (COD) (< 0.45um) removal efficiency which reported to be correlated with EPS
(Jimenez et al., 2015). In addition, the other drawback of that study was to determine the
carbon capture by multiplying waste activated sludge (WAS) volatile suspended solids
(VSS) concentration by a constant factor of 1.5 (particulate COD over VSS ratio) under
varying operational conditions which should have been measured as total COD
concentration of WAS (Meerburg et al., 2016; Meerburg et al., 2015; Rahman et al.,
2016c). This certainly misbalance the influent carbon oxidation in the system which was
calculated from carbon balance and thus neglected the effect of operational parameters on
carbon redirection and capture. Moreover, they concluded that EPS had no role on HRAS
systems which is undoubtedly controversial to the results reported by Rahman et al.

(2016c¢), Jimenez et al. (2015) and Meerburg et al. (2016).
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Along with A-stage, high-rate CS technology gains renewed interest in the form of a HRAS
process to maximize carbon harvesting for energy neutrality. Recent studies also showed
that high-rate CS has promising outcomes of high carbon redirection and harvesting, with
improved bioflocculation and balanced biomass inventory (Dolejs et al., 2016; Meerburg
et al., 2016; Meerburg et al., 2015; Rahman et al., 2016¢). The detail investigations of a
high-rate CS systems (0.69-1.73 d SRT) including carbon redirection and harvesting,
effluent quality, settleability, and biosorption mechanism pathway were studied by
Rahman et al. (2016c¢) in a pilot-scale systems treating low-strength wastewater (tCOD <
200 mg/L) (chemically enhanced primary treatment (CEPT) effluent). Meerburg et al.
(2015) and Meerburg et al. (2016) examined a sequencing batch reactor (SBR) system to
investigate a high-rate CS systems (0.24-2.8 d SRT) feeding high-strength synthetic
wastewater (tCOD ~ 800 mg/L) to evaluate carbon redirection, harvesting efficiency,
biogas productions and energy neutrality. Later Dolejs et al. (2016) examined a high rate
CSinaSBR system (0.3-1.7 d SRT) treating high-strength domestic wastewater (tCOD of
400-800 mg/L) to observe removal efficiency and biogas productions without any
mechanistic understanding of carbon balance and its relation to biosorption pathways and
EPS. However, the benefit of feast-famine regimes in CS system in pilot-scale systems
(more practical to transfer the observations to full-scale plant) has never been studied for
understanding the carbon balance, biosorption mechanisms and its relation to EPS for
recovery of carbon from high-strength domestic wastewater at low SRT (0.1-0.6 d) ranges

similar to A-stage systems.
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There is no debate that the evolution and development of research on A-stage and high-
rate CS systems have recently been progressed on various aspects as control of the system,
existence of microbial consortium, the role of storage and EPS and modeling of the system
which certainly drives the positive pathway for optimizing and understanding these
technologies. By thinking HRAS systems benefit, the two most important factors are
reducing energy consumption by minimizing carbon oxidation and energy recovery by
harvesting carbon through biosorption mechanisms. None of the A-stage and CS literature
discussed the balance of carbon oxidation with carbon redirection, harvesting efficiency
and effluent quality in relation to SRT and EPS for raw wastewater treatment. In addition,
the role of EPS and biosorption mechanism on understanding the HRAS systems are still
needed more information for its design and application purposes. This study provides a full
overview of carbon balance and their relation with EPS, biomass growth and biosorption,
effluent quality, settleability characteristics and flocculation ability of the sludge in both
A-stage and CS systems.

Besides the advantage of carbon harvesting in HRAS systems, another benefit of this
technology is the ability to capture nutrients (nitrogen and phosphorous) through WAS.
This allows higher nitrogen loading to anaerobic digestion where the rejected liquid with
concentrated nitrogen can be treated in side-stream energy efficient deammonification
processes (Wett et al., 2007). Yet, there has been little or no effort to understand or improve
nitrogen and phosphorous management in HRAS systems. This study will provide a

nutrient balance and removal efficiency for both A-stage and high-rate CS configurations.
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Chapter — 3 Evaluation of techniques for improving bioflocculation in high-rate

activated sludge systems treating low-strength domestic wastewater

3.1 Introduction

This part of the research aims to investigate three major reactor configurations such as
continuous stirred-tank reactor (CSTR), contact stabilization (CS) and plug flow (PF)
reactor treating low-strength wastewater. The impact of SRT on different reactor
configurations was evaluated, and overall performance, COD balance as well as
bioflocculation limitation was quantified. It was hypothesized that the high-rate CS
configuration might overcome the bioflocculation limitation of existing HRAS approaches
through the feast-famine regime that selects for a maximum biosorption response
(Alexander et al., 1980; Vasquez Sarria et al., 2011). Potential impacts of a lower aeration
intensity on flocculation behavior in the contactor compared to conventional HRAS
configuration (CSTR and PF) was considered as a second hypothesis for improved
bioflocculation. Overall this study gives insight in the impact of reactor configuration and

SRT on potential carbon harvesting from low-strength wastewaters.

3.2 Pilot Plant Description
This study was performed at pilot-scale at the Blue Plains Advanced Wastewater Treatment
Plant (AWTP) (Washington, DC, USA). The plant has chemically enhanced primary

treatment process before biological secondary treatment process for carbon removal and
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then biological nutrient removal systems (nitrification and denitrification). It has a capacity
of about 1,745,698 m3/d (384 million gallons per day). The plant influent (raw wastewater)
wastewater compositions are described in Table 3.1. The total COD (tCOD), total
suspended solids (TSS), total nitrogen (TN), ammonia nitrogen (NHs-N) and total
phosphorous (TP) in plant final effluent on an annual average basis are about 12 - 20 mg
COD/L, <1 mg TSS/L, < 2 mg TN/L, < 0.20 mg NH3-N/L and < 0.15 mg TP/L,
respectively. In this study, the pilot-scale reactor system was operated as CSTR, CS and
PF configurations (Fig. 3.1). The system was continuously fed with fresh CEPT effluent
from the full-scale CEPT installation at the Blue Plains AWTP. The pilot system consisted
of cylindrical reactors (227 L), secondary clarifiers (306 L) and a return activated sludge
(RAS) buffer tank (50 L). Aeration and mixing were achieved with coarse bubble diffusers
and a blower. In the CSTR configurations (Fig. 3.1a), a single reactor was fed with the
influent and recycled sludge from two clarifiers, under high DO conditions (intermittent
coarse bubble (pulse per 1 min) for aeration and mixing). For the CS configurations (Fig.
3.1b), two reactors were operated in which one acted as stabilizer to aerate the RAS
(intermittent coarse bubble aeration (pulse per 30 sec) for aeration and mixing) from the
two clarifiers. The stabilized sludge was then fed to the contactor together with influent
under low DO conditions (intermittent coarse bubble (pulse per 4 min) aeration for
mixing). The PF configuration (Fig. 3.1c) was different from the CS configuration only in
the aspect that both the recycled sludge and influent were fed to reactor 1 (R1) and
hydraulically flowed to reactor 2 (R2). All other operational parameters were kept identical
in PF mode as the CS configuration. The CEPT effluent wastewater characteristics are

summarized in Table 3.1 and were based on 24 hour composite sample analyses. Table 3.2
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illustrates the system parameters for the three process configurations evaluated in this
study. The total SRT was maintained by adjusting the waste flow rate from the reactor. The
aerobic SRT was calculated based on the fraction of aerobic to total operation time of the
reactors, defining 0.5 mg O2/L as the threshold between high DO and low DO conditions.
Each process configuration was operated for at least 10 days to ensure that the operational
conditions were reaching steady-state conditions and subsequently maintained for at least
10 additional days. The seven SRT conditions are described based on their average aerobic
SRT in steady-state conditions and abbreviated as CSTR 2.2 d, CSTR 0.8 d, CSTR 0.2 d,

CS0.8d,CS0.7d,CS0.4dand PF0.3d.
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Table 3.1 Treatment plant influent (raw wastewater) and chemically enhanced primary treatment (CEPT) effluent average wastewater

characteristics based on the 24 hour composite sample analyses for high-rate process configurations.

Parameters Unit In:f:r:t* CSTR22d CSTR0.8d CSTRO0.2d CS0.8d CS0.7d CS04d PF0.3d
tCOD mg COD/L 42528 147+18 161+27 160+10 156+18 165+19 156+17 144+12
pCOD mg COD/L 325+28 59+8 83+21 74+12 67+28 91+27 89+25 81+22
cCOD mg COD/L 18+6 3149 16+10 2548 24+11 22+14 16+11 12+10
ffCOD mg COD/L 83+12 57+9 62+11 61+8 6549 53+12 5310 5645
TSS mg/L 243+38 277 34+14 29+5 267 35+6 32+10 21+4
VSS mg/L 209+33 26+8 2710 26+6 22+6 28+4 28+8 18+4
NH3z-N mg N/L 25.62+2.67 22.95+3.01  21.44+3.18 23.34+1.25 23.27+1.28 20.8+2.59 24.28+2.45  25.63+1.65
TP mg P/L 4.21+0.68 1.17+0.20 1.59+0.59 1.26+0.22 1.81+0.37  1.46+0.63  1.62+0.18 1.55+0.14
OP mg P/L N.A 0.68+0.21 0.87+23 1.01+0.29 0.94+0.19 0.81+0.29  0.89+0.34 0.50+0.08

Note: tCOD - total COD, pCOD - particulate COD, cCOD - colloidal COD, ffCOD - flocculated filtered COD, TSS - total suspended solids, VSS -
volatile suspended solids, NHs-N - ammonia nitrogen, TP - total phosphorous, OP - ortho-phosphorus, N.A - Not Available

*Plant influent Total Kjeldahl Nitrogen (TKN) = 39.95 mg N/L
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Figure 3.1 Schematic representation of (a) Continuous Stirred Tank Reactor (CSTR), (b) Contact stabilization (CS), and (c) Plug Flow

(PF) process configurations operated in the HRAS pilot plant
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Table 3.2 Operational conditions and measured parameters during high-rate activated sludge pilot plant performance for the seven SRT

conditions

CSTR22d CSTR0.8d CSTRO0.2d cso0.8d Cso0.7d CS0.4d PF0.3d
Parameters Unit

R2(CSTR) R2(CSTR) R2(CSTR) R1(S) R2 (C) R1(S) R2 (C) R1(S) R2(C) R1 R2
SRTt Day 3.5+0.9 1.2+0.8 0.3+0.1 1.7+0.5 1.1+0.1 0.7+0.2 0.5+0.1
SRTy Day 2.2+0.4 0.8+0.4 0.2+0.1 0.8+0.3 0.7£0.4 0.4+0.1 0.3+0.1
HRT Min 52 52 52 86 32 97 33 86 32 32 32
R % 57 60 65 60 53 60 60
OLR kg COD/m¥/d 3.36+£0.41 3.67+0.62 3.64+0.22 2.18+0.26 2.30+0.0.26 2.18+0.23 2.01+0.16
Wiasting 3
rate m®/d 0.030.01 0 0 0.250.09 0.43+0.0 0.72+0.16 0
DO mg/L 0.91+0.22 1.49+0.84 1.32+1.07 3.63+1.03  0.36+0.0.25 3.57+0.61 0.66+0.33 5.43+1.03 0.51+0.46 2.34+1.49 0.48+0.17
T °C 26.92+0.61  14.66+1.57 26.20+0.52 27.33+0.78 26.75+0.60 23.75+0.94 22.82+0.73 22.05+1.09 21.70+0.84  27.6£0.34  27.71+0.40
MLSS mg TSS/L 24884601 673+228 20571 1420+310 701+143 1269+145 519+38 591+209 284191 223+38 228+33
pCOD/VSS mg COD/mg VSS 1.8300.64 2.1+0.44 1.94+0.41 1.74+0.59 1.81+0.80 1.65+0.34 1.61+31 1.75+0.31 1.72+0.28 1.74+0.23 1.62+0.34

Note: SRTr-Total Solids Retention Time, SRTar - Aerobic SRT, HRT-Hydraulic Retention Time, R-Recycle Ratio, OLR-Organic Loading Rate, DO-Dissolved Oxygen, T-Temperature, MLSS-
Mixed Liquor Suspended Solids, R1-Reactor 1, R2- Reactor 2, C-Contactor, S-Stabilizer, R1-Reactor 1, R2- Reactor 2
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3.3 COD mass-balance: redirection and harvesting

Carbon redirection was determined by calculating a COD mass balance for the steady-state
period using daily performance data of the pilot plant. It was assumed that any particulate
COD leaving through the system was biomass rather than particulate substrate (Meerburg
etal., 2015). The influent total COD is transformed into four categories of output fractions:
waste activated sludge (WAS) COD, effluent biomass COD (particulate COD), effluent
non-biomass COD (soluble, colloidal and inert COD) and oxidized COD (mineralization),
which was calculated as the remainder of the in-out balance. The inert COD was estimated
as 17 mg CODI/L, based on the final effluent data at Blue Plains AWTP. The summation
of WAS COD and effluent biomass COD in the carbon mass-balance determines carbon
redirection for a process configuration. The WAS COD determines the carbon harvesting.
The observed yield was calculated as the biomass produced in the system divided by the

influent total COD which subtracted from effluent colloidal and flocculated filtered COD.

3.4 Carbon redirection through different pathways

The amount of carbon redirection was divided into three fractions, depending on their
metabolic fate of new biomass formation, EPS production and biosorption pathway.
Biosorption was quantified by balancing the biomass formation and EPS production from
redirected influent carbon. Based on the biomass content in each reactor, the total biomass
inventory of a process configuration was computed. It was assumed that all oxidized COD
was redirected to biomass synthesis and EPS production (Laspidou & Rittmann, 2002).
The daily biomass formation and EPS production were calculated using the daily oxidized

influent organic carbon and the theoretical ordinary heterotrophic yield value of 0.67 g
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COD produced per g COD removed. The theoretical yield value was used instead of
correcting maximum vyield for different SRT conditions to simplify the calculation.
Moreover, the decay rate and temperature coefficients were not considered in the
calculation, given the lack of information on these kinetic parameters for high-rate systems.
The EPS production (%) was estimated using the ratio of pCOD to VSS (volatile suspended
solids) ratio and measured total EPS concentration (mg COD/g VSS) of reactor sludge
(CSTR, contactor or R2). To close the mass balance, the sorption and storage was then
calculated as a remainder of the balance of new biomass formation (%) and EPS production
(%). The following equations were used to calculate the % biomass formation, % EPS

production and % sorption and storage.

Cell growth and EPS production (gCOD/d)

= Influent CODload x COD X Yoro (3.1)

oxidation
1- OHO

where influent COD load was calculated as g COD/d, CODoxidation denotes oxidized COD
as % of influent total COD calculated from COD mass-balance and Yono denotes the

theoretical yield value of 0.67 g COD/g COD of ordinary heterotrophic organisms.

EPS production (%)=T(MI—EPS (3.2)
pCOD/VSS

where total EPS measured as g COD/g VSS and pCOD to VSS ratio of reactor sludge
measured as g COD/g VSS.

Equation (3.1)

Biomass formation (%)=
Q,, xtCOD,,

x100 —Equation (3.2) (3.3)
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Where, Qin denoted influent flow rate (L/d), tCODin denoted influent total COD

concentration (gCODI/L),

Sorption and storage (%) = 100 - Equation (3.2) — Equation (3.3)

3.5 EPS Measurement and Settleability Parameters

EPS was extracted from the activated sludge using a modified protocol of base extraction
method (Brown & Lester, 1980; Park et al., 2008). The washing step for EPS measurement
was adopted from cation exchange resin method (CER) of Frglund et al. (1996). Sludge
samples (500 mL) were dewatered at 2000 g for 15 minutes at 4°C. The pellets were then
resuspended to their original volume using a 10 mM NaCl solution (pH 10.5). The 300 mL
of resuspended sludge was then transferred to a 1 L rectangular shape extraction beaker.
The samples were agitated for extraction at 600 rpm for 1 hour at 4 °C. The pH was
continuously kept at 10.5 during the extraction. After extraction, the samples were
centrifuged at 12000 g for 3 minutes at 4 °C. The supernatant was then centrifuged twice
at 12000 g for 15 minutes at 4 °C in order to remove any remaining floc components. After
centrifugation, the total COD of the supernatant was measured and divided by the sample
initial VSS concentration to quantify the total EPS concentration as mg COD/g VSS unit.
The measurement of deoxyribonucleic acid (DNA) content in the EPS due to possible cell
lysis was not considered for this study. It is well recognized that the estimation of cell lysis
during EPS extraction is difficult to assess (Sheng et al., 2010). In addition, EPS matrix
usually contains a little amount of nucleic acids and thus, it has no significant impact on
extraction efficiency (Frglund et al., 1996; Sheng et al., 2010). Moreover, some previous

studies on HRAS systems did not measure the DNA content of EPS (Jimenez et al., 2015;
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Meerburg et al., 2016). The protein from extracted EPS was measured using the modified
Lowry method (Lowry et al., 1951). Phenol-sulfuric method was used to determine the
polysaccharide from extracted EPS adopted from Dubois et al. (1956). The protein and
polysaccharide was expressed as Bovine Serum Albumin (BSA) and D-glucose,

respectively.

The settleability of the sludge was characterized using the parameters of effluent solids
concentration (mg VSS/L), threshold of flocculation (TOF) (mg TSS/L) and intrinsic
settling classes (ISC) (% of TSS for any m/h), as defined by Mancell-Egala et al. (2014);
(Mancell-Egala et al., 2015). TOF is the critical biomass concentration from discrete
settling to flocculent settling, directly related to flocculation capacity/ability. ISC
characterizes settling of activated sludge systems under purely discrete settling regime
which occurs at very low MLSS concentrations (< 400 mg TSS/L). In addition, solids are
limiting and macro flocs are not formed under these settling conditions. The sludge volume

index (SVI) was measured as per standard methods (AWWA et al., 2005).

3.6 Biosorption Yield

The method of calculating the biosorption yield was adopted from Rahman et al. (2014)
using oxygen uptake rate (OUR) measurements of the reactor system. OUR measurements
were performed for the sludge of each reactor without addition of external substrate in a 2
L batch reactor. The DO concentration was controlled between 4 and 5 mg O2/L and the
OUR was calculated from the slope of declining DO when aeration was off. The
endogenous respiration rate was determined as the stable OUR when the OUR curve had

leveled off after approximately 2 days. The area under the OUR curve, from which the
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endogenous respiration rate was subtracted, was interpreted as the oxygen demand (mg
O2/L) due to adsorbed and stored carbon degradation by the sludge matrix (Rahman et al.,

2014).

3.7 Sampling and Chemical Analysis

For pilot plant performance analysis, influent and effluent (24 hour composite samples
collected at 4 °C), reactor and RAS grab samples were collected five days per week. COD,
ammonia (NHs-N), total phosphorous (TP) and ortho-phosphorous (OP) concentrations
were analyzed using HACH test kits and a HACH DR 2800 spectrophotometer (HACH,
Loveland, CO, USA). Total and volatile suspended solids (TSS and VSS) were determined
as per the Standard Methods of 2540 D and 2540 E, respectively (AWWA et al., 2005).
The COD concentrations were divided into total, particulate, colloidal and flocculated-
filtered fractions (tCOD, pCOD, cCOD and ffCOD, respectively). The ffCOD fraction was
measured using the flocculation-filtration (ZnSO4 as flocculant, 0.45 um) method of
Mamais et al. (1993) and considered as the true soluble COD fraction. The cCOD was
measured as the COD fraction that passed through a 1.5 um (CODu5 um) glass-fiber filter
(grade 934-AH, Whatman), from which the ffCOD fraction was subtracted (Jimenez et al.,
2015). The pCOD was calculated by subtracting COD filtered through 1.5 um (COD1.5 um)
from tCOD (unfiltered sample). A schematic representation of wastewater COD

fractionations are illustrated in Fig. 3.2.
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Figure 3.2 Schematic representation of wastewater COD fractionations performed

in this study

3.8. Results

3.8.1 Effluent Quality

The average effluent COD fractions and solids concentrations for all tested configurations
and SRT are illustrated in Fig. 3.3a, while the raw data can be found in Fig. 3.4. As SRT
decreased, the effluent tCOD increased in each type of reactor configurations, which also
reflected higher pCOD leaving through the effluent. The cCOD did not play an important
role in the total COD removal in any of the reactor configurations because of the low
influent concentrations (8 to 21% of influent tCOD) (Table 3.1). In all cases, the effluent
ffCOD had similar concentrations between 34 and 43 mg ffCOD/L. The PF with aerobic
SRT of 0.30 d showed a lower carbon removal performance (28+9%, Fig. 3.5) and higher
effluent particulate COD (64416 mg COD/L) than any other configurations (Fig. 3.3). In
terms of effluent solids concentration, an increase in effluent TSS concentration was

observed with decreasing SRT for the CSTR systems whereas CS configuration achieved
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the best and more stable effluent quality (20 - 25 mg VSS/L) over the SRT range tested

(Fig. 3.3a).
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Figure 3.3 (a) Effluent average COD fractionation (total COD, particulate COD,
colloidal COD and flocculated filtered COD) and solids concentration and (b)

total biomass inventory during the steady-state period for seven SRT conditions

87



250
295 [ —&— Influent cCOD

Effluent cCOD
200
175
3150 ﬁ
125 T\ﬁ

[a)]
8 100
Q BF

0 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1

0 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225

200 —A— Influent ffCOD (b)

r Effluent ffCOD

15 30 45 60 75 90 105 120 135 150 165 180 195 210 225
Operational Day

—&— Influent cCOD (c)
Effluent cCOD
40 4
30
(=]
5 |
020
3 i
(&)
10
| f
0 WYL PN
105 120 135 150 165 180 195 210 225
0l —&— Influent ffCOD I
s b Effluenf ffCOD
70 [,
Jeo ﬁ [
E 50
a
) 40 [
3
20
00 A B c D E F G
0 1 1 1 1 1 1 1 1 1 . 1 1 ) 1 1

0 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225
Operational Day

Figure 3.4 Influent and effluent COD fractionation: (a) total COD, (b) particulate
COD, (c) colloidal COD and (c) flocculated-filtered COD of the pilot
installation for the steady-state conditions (transition periods are shown as gray
column bar) in (A) CSTR of 2.2 d, (B) CSTR 0f 0.8 d, (C) CSTR 0.2 d, (D) CS

0.8d, (E) CS 0.7 d, (F) CS 0.4 d, and (G) PF 0.3 d SRT.
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flocculated-filtered COD) removal efficiency (as percentage) over the entire
system during the steady-state periods for the seven SRT conditions. Error bars

showed standard deviations.
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For selected process configurations (CS 0.8 d, CS 0.7 d and PF 0.3 d), the settleability and
flocculation behavior was determined using SVI, TOF and ISC parameters (Table 3.3). A
lower SVI was observed at CS of 0.8 d and 0.7 d compared to PF of 0.3 d configurations
(Table 3.3). The CS configurations showed better flocculation ability (TOF of 156-218 mg
TSS/L) than the PF configuration (TOF of > 863 mg TSS/L). The distribution of intrinsic
settling classes confirmed better sludge characteristics through the presence of denser
aggregates as illustrated by higher settling velocities (Table 3.3). All three CS operations
confirmed improved settleability compared to PF configuration under similar shear
conditions. In contrast to the observation of decreased EPS concentration with decreasing
SRT under CSTR mode, EPS concentration in the contactor remained fairly constant

despite the drop in SRT, and was about twice the concentration under PF mode (Table 3.4).

In terms of nutrient removal in all process configurations, there was only a limited nitrogen
removal rate, which indicated assimilation but no nitrification. In CS configurations, OP

and TP removal seemed a bit higher than CSTR configurations.
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Table 3.3 Settleability parameters measured for the CS 0.8 d, CS 0.7 d and PF 0.3

d SRT

Parameters Unit Cs0.8d Cso.7d PF0.3d

SVis mL/g TSS 277174 838+215 1434+403

SVlzo mL/g TSS 16745 582+113 1051+395

TOF mgTSS/L 156+32 219458 > 863
>1.5m/h 29+7 4+8 0

ISC 0.6-1.5 m/h 38+10 1+2 13+11
< 0.6 m/h 3316 9518 87114

Note: SVIs - Settling Volume Index at 5 min, SVIz - Settling Volume Index at 30 min, TOF -

Threshold of Flocculation
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Table 3.4 Observed yield calculated from influent carbon mass-balance of the system; biosorption yield obtained from sludge OUR batch

experiment and total EPS concentration of reactor sludge (reactor 1 and 2) for seven SRT conditions

CSTR22d CSTRO0.8d CSTRO0.2d Cso0.8d CS0.7d CS0.4d PF0.3d
Parameters Unit
R2(CSTR) R2(CSTR) R2(CSTR) R1(S) R2(C) R1(S) R2(C) Ri(S) R2(C) R1 R2
Y obs g COD/g COD 0.45+0.13 0.47+0.08 0.54+0.06 0.57+0.19 0.65+0.13 0.71+0.09 0.65+0.0.18
Y viosorption mg Ozg VSS 50+17 244+7 226+60 46426  95+28 316495 220+54 297+67 17562 34 35
Total EPS mg COD/g VSS 367+80 308+25 230+23 54+9  294+81 255+2 277+12 2364107 258+32 106+11 111+14

Note: Yps - Observed yield, Y biosorption - Biosorption yield
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3.8.2 COD mass balance

An averaged COD mass balance over the entire pilot system for each process configuration
is illustrated in Fig. 3.6a. In the CSTR configurations, there was no carbon redirection
improvement observed from 2.2 d to 0.8 d SRT but it increased from 0.31+0.06 to
0.36+0.05 g COD/g CODagded When SRT further decreased to 0.2 d, respectively. In the
CS configuration, the carbon redirection increased as the SRT decreased from 0.8 d SRT
(0.42+0.18 g COD/g CODadged) to 0.4 d SRT (0.55+0.09 g COD/g CODagded). On the other
hand, the PF 0.30 d configuration showed relatively higher carbon redirection (0.44+0.12
g COD/g CODadded) Which was lost through the effluent. Irrespective of the reactor
configurations, a positive linear relationship was found between carbon redirection and
observed yield (Fig. 3.7a). In addition, the observed yield increased when total and aerobic
SRT decreased and showed linear relationship with SRT changes under respective reactor
configurations (CSTR and CS) (Fig. 3.7b, 3.7c). Each data point is an average of minimum

of 15 data points.
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Figure 3.6 (a) Mass balance of COD fractions (%) of waste activated sludge COD
(COD WAS), effluent biomass COD (pCOD), effluent non-biomass COD
(cCOD, ffCOD and inert COD) and COD oxidation to CO. production,
expressed as percentage of total influent COD. (b) Metabolic pathway of
redirected influent total COD fractions (%) to biomass synthesis, EPS
production and sorption including storage based on all oxidized COD redirected

to the sludge for the seven SRT conditions.
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Figure 3.7 (a) Relationship between observed yield and carbon redirection for
different process configurations, (b) and (c) relationship between observed

yield and total SRT and aerobic SRT in CSTR, CS and PF configurations

The changes of carbon redirection with aerobic SRT were more significant than total SRT.
The rate of changes of carbon redirection with aerobic SRT was 39% and 62% higher than
total SRT in CSTR and CS mode, respectively. In terms of carbon capture, CSTR of 2.2 d
configuration achieved carbon harvesting of 0.12 g CODypiomass/g CODadded. At shorter SRT,
no wasting could be established (Table 3.2), as the greater part of the biomass and non-
biomass fractions were lost through the effluent that controls the systems SRT. In CS

configurations, increased carbon harvesting was observed when SRT decreased from 0.8 d
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to 0.4 d, and the increased harvesting potential was observed from 0.29+0.13 g
CODviomass’g CODadded t0 0.34+0.06 g CODviomass/g CODadded, respectively. There was no
carbon harvesting achieved in PF configurations similar to short SRT of CSTR systems.
The fractions of effluent colloidal and soluble COD leaving through the effluent were lower
in the CS mode (22 to 26% of influent COD) than CSTR and PF configurations (30 to 36%
of influent COD). The influent COD oxidation fractions indicated that as SRT decreased,
the oxidation also decreased under each type of reactor configurations (Fig. 3.6a). In CSTR
systems, the oxidation decreased only slightly with SRT between 31 to 33%. In CS
systems, a decrease in SRT from 0.8 d to 0.4 d reduced the carbon oxidation from 33 to
23% (p value of 0.07). The PF of 0.3 d SRT had low carbon oxidation of 24% which was
similar to CS of 0.4 d configurations.

Fig. 3.6b illustrates the calculated contribution of biomass synthesis, EPS production and
the agglomerated fraction of sorbed and stored organics to the redirection of carbon. In the
CSTR configurations, a major fraction of carbon (46 to 51%) was redirected to biomass
growth which was independent of SRT. On the other hand, EPS production decreased from
20 to 12%, and biosorption increased from 34 to 37% with decreasing SRT (Fig. 3.6b).
The CS process configurations showed decreased biomass synthesis (50 to 32%), increased
biosorption (34 to 54%) and no change of EPS production with a decrease of aerobic SRT
from 0.8 d to 0.4 d. The PF 0.3 d configuration showed a higher carbon redirection through
biosorption (52%) compared to the other configurations, but the system had a very low
EPS production of 7% (Fig. 3.6b). To further understand the influence of SRT on the
biosorption phenomena in each process configuration, sludge OUR batch experiments

were conducted. The results indicated that, as the SRT decreased, the biosorption yield
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significantly improved in the CSTR (50 to 244 mg O>/g VSS) and CS (95 to 316 mg O2/g
VSS) configurations, and reached saturation capacity at 0.8 d of CSTR and 0.7 d of CS
configuration (Table 3.4). In the CS configurations, the contactor sludge displayed a higher
biosorption yield (31 to 51%) than stabilizer sludge. This was potentially due to oxidation
of the sorbed carbon during RAS aeration. The PF 0.3 d configuration showed a very low
biosorption yield (34-35 mg O2/g VSS) compared to the other process configurations.

The total EPS concentration significantly decreased from CSTR 2.2d to CSTR 0.2 d SRT.
The decreased concentration also observed in CS configurations when SRT reduced from
0.8 d to 0.4 d, however the drop down of EPS was not influential. It was clear that contactor
had higher EPS than stabilizer. The PF of 0.3 d had low EPS productions compared to other
configurations. The protein and polysaccharide concentration from extracted EPS were
measured in CS 0.8d, CS 0.4 d and PF 0.3 d configurations. The protein and polysaccharide
concentration in stabilizer of CS 0.8 d and CS 0.4 d was 101+32, 219+76 mg protein/g
VSS and 48415, 71+25 mg polysaccharides/g VSS, respectively. The reactor 1 (received
RAS and influent feed, Fig. 3.1¢) of PF 0.3 d SRT had 149+49 mg protein/g VSS and 39+8
mg polysaccharide/g VSS, respectively. The protein and polysaccharide concentration in
contactor of CS 0.8 d, CS 0.4 d and reactor 2 (Fig. 3.1c) of PF 0.3 d were 154485, 258474,
133+65 mg protein/g VSS and 62+40, 50+17, 35+12 mg polysaccharide/g VSS,

respectively.
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3.8.3 Process validation: contact-stabilization vs plug-flow

To investigate whether the improved bioflocculation and sludge harvesting of the CS
system was due to the effect of RAS aeration or reduced aeration intensity in the contactor
compared to the CSTR systems, the CS configuration was operated at an aerobic SRT of
0.8 d (Fig. 3.8: period A). Subsequently the CS system switched to PF configuration (Fig.
3.8: period B) by only changing the feeding point and keeping the aeration and shear
conditions constant. When the operation was switched from CS to PF mode, a rapid loss in
inventory from 665 to 126 g TSS and an increase in effluent concentration was observed
(Fig. 3.8). Due to the decreased effluent quality in the PF configuration over the first few
days after the switch, wasting was decreased from 0.35 to 0.22 m®/d during day 18 and 25,
respectively, and completely stopped at day 26. During this period, a high TOF above 863
mg TSS/L (Table 3.3) was measured in combination with a low EPS production (Table
3.4) confirming the lack in bioflocculation as the cause of inventory loss. Therefore, no
operational control of the SRT was possible by means of a sludge wasting, and no carbon
could be harvested (Fig. 3.6a). However, an improved carbon redirection and lower

percentage of carbon oxidation observed in the PF configuration (Fig. 3.6a).

The PF scenario was continued for another 11 days after cleaning the influent pipe line
thoroughly after a severe rain event (Fig. 3.8: period C), to confirm that the observed
results were independent of potential influent changes (Fig. 3.8: period D). However, a
similar SRT was achieved (period D) without wasting (total SRT of 0.43+0.08 d and
aerobic SRT of 0.27+0.05 d). The performance of the system was also similar in terms of

effluent quality (tCOD of 97 mg COD/L, TSS of 41 mg/L) and carbon redirection
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(0.44+0.12 g COD/g CODadded) as compared to the first PF phase (Fig. 3.8: period B). The
biomass inventory was recovered again by switching from PF (Fig. 3.8: period D: average
132438 g TSS) to CS mode (235+37 g TSS) (Fig. 3.8: period E). The overall effluent
quality and settleability also improved during this CS mode. This confirmed the

repeatability of the CS vs PF results
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Figure 3.8 Validation experiment showing performance differentiation between the contact-stabilization and plug-flow system in terms of
(a) total biomass inventory, (b) total SRT and (c) effluent solids concentration. Operational periods: A. CS of 0.8 d at steady state
conditions, B. switch to PF mode, C. solids settled at influent line due to rain events (day 36-40: not considered as performance) D.

continuation of PF mode where * indicates solids washout to the reactor due to cleaning of influent line at day 48 and E. switch to CS

mode
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3.9. Discussion

3.9.1 Impact of SRT and process configuration on carbon redirection

It was confirmed both in the CSTR configurations and the CS configuration that decreasing
the SRT resulted in increased carbon redirection and minimization of carbon oxidation.
This was in accordance with de Graaff et al. (2016) and Jimenez et al. (2015) who reported
this observation in pilot-scale and full-scale HRAS systems treating raw sewage. In our
study, no improvement of carbon redirection from a SRT of 2.2 to 0.8 days was observed
during the CSTR scenarios, and this could be related to either seasonal temperature
variation (Table 3.2) or the low loading compared to conventional A-stages. When the
aerobic SRT of 0.8 d at 15 °C (CSTR) was corrected at temperature of 27 °C, similar to
2.2 d SRT, and the corrected aerobic SRT was found to be 1.8 d, considering the
temperature coefficient of 1.07 (Metcalf & Eddy, 2003). This might indicate that the low
temperature at 0.8 d SRT decreased the biological activity, which reflected the higher
percentage of non-biomass COD leaving through the effluent. In addition, the influent
active biomass fractions might have also decreased due to the low temperature at 0.8 d SRT
operation and affected the biomass inventory. Besides temperature variation, low loading
impact might also be the reason for no improvement of carbon redirection. The availability
of low influent substrate concentration to biomass did not improve the carbon
transformation by changing SRT of 2.2 d to 0.8 d. However, high influent organic substrate
concentration showed increased carbon redirection from high to low SRT conditions
(Jimenez et al., 2015). This suggested that for CEPT effluent, the improvement of carbon
redirection can only be achieved at very short aerobic SRT (< 0.5 d) systems. In comparison

with the CSTR configurations, the CS systems achieved a higher carbon redirection due to
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enhanced sorption of organics (higher biosorption yield in CS mode) as opposed to

heterotrophic biomass growth (Fig. 3.6).

In terms of effluent quality, as the SRT decreased, the effluent pCOD increased,
irrespective of the reactor configurations. The removal of particulate COD decreased at
very short SRTs in the CSTR configuration because of the low biomass inventory (Fig.
3.3b), which indicated a limitation in the biosorption capacity. In the CS configuration at
the shortest SRT (0.4 d), flocculation of pCOD might not have been complete as was
reported by Alexander et al. (1980) and may have caused the higher effluent pCOD
concentrations. The CS configuration resulted in removal of particulate and colloidal
substrate mainly by enmeshment in the floc structure instead of hydrolysis to soluble
substrate, as was confirmed by the higher pCOD removal (Fig. 3.5), lower oxidation
percentages and higher observed yield compared to the CSTR configurations (Table 3.4).
The putative increase in free surface area after stabilization of the RAS might be the cause
of the increased biosorption capacity of the CS sludge, compared to the other
configurations. Another potential explanation could be the increased EPS production in the
contactor compared to the stabilizer (Table 3.4), resulting in fresh EPS surface area
available for more efficient sorption of influent organics. The steady effluent ffCOD
concentrations in all process configurations were independent of SRT and reactor types
due to the low incoming readily biodegradable soluble substrate (roCOD) concentrations.
Thus, oxidation might be the dominant mechanism to remove the rbCOD while allowing
the constant unbiodegradable soluble COD through the effluent in all process

configurations. Saunders and Dick (1981) performed laboratory scale CSTR experiments
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on screened domestic wastewater at SRTs between 0.8 d and 4.8 d, found there was no
significant change of soluble COD effluent concentration with either SRT or reactor
configuration was observed. This was probably related to the low rbCOD concentration in

the influent limiting the soluble COD even at very low SRT (Fig. 3.3).

In this study, the CS process configurations showed a higher total COD removal (53-61%)
than the CSTR systems (31-48%). The PF of 0.3 d configuration showed the highest
effluent solids concentration and lowest removal efficiency among all configurations,
which may have been caused by the low EPS production, poor sludge settling
characteristics and limited biosorption capacity. Literature data on the operation of HRAS
processes are relatively scarce. de Graaff et al. (2016) reported operational data and
performance of four full-scale Adsorption-Biooxidation (AB) process WWTPs in
Netherlands. Those WWTPs had total COD removal efficiency of 53-74% at SRT of 0.27
to 0.65 day whereas the carbon capture ranged between 24-48% of influent total COD.
Jimenez et al. (2015) found that carbon redirection and harvesting increased from 30 to
85% and 23 to 48%, respectively when SRT decreased from 2 day to 0.1 day in a CSTR
pilot-scale reactor operation (HRT of 30 min and DO of 1 mgO2/L) treating municipal
wastewater. Zhao et al. (2000) examined CS systems for treating high-strength wastewater
as primary treatment process and found about 70 to 80% COD removal at SRTs of 1.1 to
2 days. About 38% of the removed total COD was due to the adsorption of colloids and
soluble matter onto microorganisms, and the remaining 62% were removed through
gravitational sedimentation of particulate COD. Liu et al. (2009) investigated a CS systems

for treating medium strength municipal wastewater at SRT of 3 d, and found that around
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70% of the COD was removed due to biosorption mechanisms rather than biodegradation.
Meerburg et al. (2015) reported 48-55% and 40% COD removal from high-strength
synthetic wastewater for high-rate CSTR (SRT 0.41-1.31 d) and CS systems (SRT 1.1 d)
in a sequencing batch reactor, respectively. Their study found that carbon redirection
increased from 35% to 40% when SRT decreased from 1.31 d to 0.41 d in CSTR mode,
whereas 65% of carbon redirection was achieved at CS of 1.1 d SRT (contact time of 5 min

and stabilization time of 35 min) conditions.

3.9.2 Impact of SRT and process configuration on carbon harvesting

Although operation at shorter SRT resulted in improved carbon redirection in all
configurations, a trade-off existed between carbon redirection and carbon harvesting. To
obtain a good overall carbon recovery, a sufficient biomass inventory was necessary to
obtain efficient flocculation and settleability. At short SRT conditions, especially in the
CSTR and PF configuration, bioflocculation of pCOD became limited, decreasing the
biomass inventory significantly and leading to SRT control via effluent wasting (Table 3.2
and Fig. 3.3b). One of the key factors that controls sludge bioflocculation is EPS (Laspidou
& Rittmann, 2002; Urbain et al., 1993) and, thus, understanding the factor impacting EPS
production and composition might be crucial for increasing carbon harvesting potential in

high-rate systems.

The CS configuration obtained the best carbon harvesting performance, which also resulted
in the best effluent quality in terms of COD concentrations (Fig. 3.3a). The relative
efficiency of capturing the redirected carbon to sludge in clarifier depended on SRT and it

decreased with SRT reduction. A 68%, 74% and 60% efficiency was observed in 0.8 d, 0.7
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d and 0.4 d aerobic SRT, respectively in CS configurations. To achieve short SRTs, the
wasting rate had to be increased, but at the same time, more carbon redirected through
effluent as settleability deteriorated. This suggested that shortening the SRT does not
necessarily capture more carbon, rather it is more important to balance the carbon capture
and effluent quality to increase the harvesting efficiency. In terms of settleability
improvement, the CS system produced a significant amount of net EPS, which possibly
caused the improved bioflocculation, as evidenced by the improved flocculation affinity
(TOF), SVI, and the increased fraction of particles with a settling velocity above 1.5 m/h
compared to the other configurations (Table 3.3). The improved bioflocculation and sludge
separation of the CS system, compared to the CSTR configurations at similar SRT, was
therefore a combined effect of higher overall biomass levels and better intrinsic sludge
settling characteristics. Morgenroth et al. (2002) explained that bioflocculation was one of
the key properties of the sludge matrix to entrap the particulate and colloidal substrate from
wastewater. In this study, the increased potential for biosorption in the CS system may be
attributed to the stabilization of the RAS stream, allowing microbial growth on adsorbed
and stored substrate and opening free surface area on the flocs for subsequent biosorption.
The high observed vyield in the CS system cannot be explained by heterotrophic growth
alone, and must therefore be partially interpreted due to other mechanisms, such as

increased EPS production, storage and adsorption phenomena.

This study found that the extent of influent organic carbon assimilated into biomass through
bioflocculation or possible intracellular storage caused a higher observed yield in the CS

configurations, compared to the CSTR configurations. This contradicts with the
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observations of Jenkins and Orhon (1972), where a low-rate CS process and the
conventional activated sludge process produced approximately the same amount of sludge.
Possibly, differences between CS and conventional configurations become more

pronounced when they are operated as HRAS processes.

Specific reactor configuration can play an important role for managing carbon redirection
pathway and, thus, carbon harvesting. The redirected influent carbon in CSTR systems was
mainly balanced between biosorption and EPS production, where more carbon transformed
to biomass formation by sacrificing EPS production, resulting in bioflocculation limitation.
This was because flocculation ability is more correlated (positively) with EPS production
for carbon capture and settleability of sludge flocs (Jimenez et al., 2015; Wilén et al., 2003).
However, the CS systems balanced the redirected carbon between biomass formation and
sorption pathway while maintaining steady EPS production, and thus, maintained
bioflocculation even at shorter SRT. In addition, a 28% higher degree of oxidation took
place in the CS configurations as compared to the PF systems, which possibly resulted in
higher EPS production. Jimenez et al. (2015) observed that specific EPS production in
CSTR systems started to decrease from 125 to < 100 mg COD/gVSS at SRTs below 1 day.
In this study, the EPS production also decreased in CSTR systems when SRT < 1.2 day. In
addition, the PF configuration (0.5+0.1 day of total SRT) showed very low EPS production
(106 to 111 mg COD/g VSS) compared to CSTR and CS configurations in this study,
whereas Jimenez et al. (2015) found around 70 mg COD/g VSS of total EPS in CSTR
systems at similar SRT conditions. This variation of EPS concentration may be due to the

effect of different EPS extraction methods and reactor configurations and thus, values
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cannot be directly compared. No studies have yet been published on high-rate CS systems

in literature.

It may therefore be hypothesized that a certain amount of oxidation is needed to provide a
sufficient level of EPS production, resulting in a more beneficial floc structure. The low
DO condition in contactor of CS systems might be ideal for boosting up the net EPS
production. Miqueleto et al. (2010) also reported that the presence of a small amount of
oxygen, instead of strict anaerobic conditions may cause changes in the metabolic pathway
for EPS production. Thus, the presence of RAS aeration in the CS configuration, and
switching from famine-to-feast regime, may be considered a critical factor to improve the

carbon redirection and harvesting performance.

The impact of bioflocculation in the PF configuration was more significant due to the
limited portion of influent carbon shunted to EPS production. The author believes that the
PF system was limited by the intrinsic bioflocculation and settling characteristics of the
sludge. Thus its poor performance was not due to shear effects or differences in DO
concentrations, since these factors remained constant throughout the operational switch
from CS to PF configurations. A further evaluation of EPS production, composition as well
as the EPS kinetics will need to be studied to understand its vital role in bioflocculation.
Microscopic method will be used and additional factors such as surface charge, floc size
distribution, organic content, floc strength will be investigated further within the context

of CS technologies.
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3.9.3 Carbon management

The design criteria of managing influent carbon through HRAS systems from normal to
high-strength wastewaters has been studied (Jimenez et al., 2015; Meerburg et al., 2015)
for maximizing carbon redirection and capture. However, these criteria are not optimized
for secondary treatment of low-strength wastewaters, such as CEPT effluent. These
systems, therefore, struggle more to achieve sufficient bioflocculation, compared to A-
stage (adsorption) or conventional HRAS processes for primary treatment and do not allow
for energy recovery from wastewater. When HRAS processes are operated after CEPT or
low strength wastewater, the process configurations need to be adapted to the decreased
particulate and colloidal organic fraction, as compared to conventional application of
HRAS systems (e.g., the A-stage of the adsorption-biooxidation (AB)-process) which are
typically applied on raw wastewater (Boehnke et al., 1998; de Graaff et al., 2016; deGraaff
& Roest, 2012; Ullrich & Smith, 1951). The poor performance of the PF configuration
compared to the CS configuration in this study was unexpected, as high-rate PF
configuration has not been a notable issue before (Jimenez et al., 2015). In our study, it
might be related to the low biodegradable carbon concentration of the CEPT effluent and,
thus, the relatively higher fraction of incoming substrate needed for the production of EPS
to achieve bioflocculation. Therefore, to achieve efficient carbon redirection/management
from CEPT effluent, the CS configuration can be a promising avenue for energy recovery

through high-rate systems.
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3.10. Conclusion

The presence of RAS aeration in the CS configuration induced a feast-famine regime and
played a significant role in improving the biosorption capacity and bioflocculation affinity
of the sludge. Compared to the CSTR and PF configurations, the CS configuration
demonstrated a superior potential for carbon capture and recovery. Therefore, to aim at
carbon or energy recovery from low-strength wastewater, a balance needs to be established
between carbon redirection and inventory management. The high-rate CS system can be a
promising technology to achieve energy neutrality at municipal wastewater treatment

facilities.
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Chapter — 4 Role of extracellular polymeric substance (EPS) in high-rate

Contact Stabilization systems

4.1 Introduction

This part of the research aims to unravel the fundamental basis for the success of high-rate
CS technologies in which special attention was paid towards the EPS Kkinetics. The
mechanistic understanding of the CS technology will determine the operational conditions
necessary to enhance carbon recovery for different wastewater types and SRT conditions
which will provide global guidelines for high-rate CS application. In addition to global
guidelines, the need of (a) aerobic versus anaerobic contactor, and (b) stabilization time in
relation to SRT was investigated in bench-scale and pilot-scale reactors. Evaluation of
essential operational conditions was directly linked to EPS production, which is suggested

to be the key characteristic of CS technologies.

4.2 Bench-scale experiments for EPS production under anaerobic and aerobic
contactor of CS systems

Batch experiments were performed to investigate the influence of anaerobic and aerobic
conditions in contactor on EPS production in CS system. Two L of sludge was collected
from full-scale step-feed carbon removal system (Blue Plains Advanced Wastewater
Treatment Plant, Washington, DC) and then aerated for 1 h at high DO (> 4 mgO2/L)
condition without adding any external substrate. At the end of stabilization period (at 1 h),
aeration was turned off and then nitrogen gas was purged into the reactor to maintain zero

DO in the reactor. After that, 1 L of stabilized sludge was removed carefully and replaced
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with equal volume of raw wastewater. The nitrogen gas was purged continuously and
mixing of the sample was done by using a magnetic stir bar and stir plate. This condition
was considered as contactor phase under anaerobic conditions, and the contact time was 5
min. For the case of aerobic contactor tests, aeration was turned off at the end of
stabilization time. After that, 1 L of stabilized sludge was removed and replaced with 1 L
of raw wastewater. In this case, no external aeration was supplied and the mixing of the
sample was done by using a magnetic stir bar and stir plate. This condition was considered
as contactor (5 min contact time) under aerobic condition, because DO (> 0.5 mgO./L)
from stabilized (aerated) sludge was still available in the contactor phase for carbon
oxidation. The anaerobic stabilizer and anaerobic contactor as CS system were also tested
in this study to examine the EPS production under the absence of DO in both reactors. In
this case, nitrogen gas was continuously purged in stabilizer and contactor. Table 4.1
describes the experimental conditions of aerobic and anaerobic contactor on EPS
production test. The raw wastewater added in batch experiments had average COD
composition of 425+28 mgCOD/L as total COD (tCOD), 325+28 mgCOD/L as particulate
COD (pCOD), 18+6 mgCOD/L as colloidal COD (cCOD) and 83+12 mgCOD/L as
flocculated filtered COD (ffCOD).

In all of the batch experiments, samples were collected at end of stabilization time (at 1 h)
and after 5 min of contact time, respectively. In each sample, COD fractions (tCOD, pCOD,
cCOD and ffCOD), TSS, VSS and EPS fractions (Loosely Bounded (LB-EPS) and TB-
EPS) were measured. The difference between EPS (standardized by VSS concentration) of
the contactor (EPSc) and EPS of stabilizer (EPSs) was divided by the EPS of stabilizer and

expressed as % of relative EPS increase in the contactor.
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Table 4.1 Impact of anaerobic and aerobic conditions in contactor on EPS production

sCOD in F/M in sCOD in F/M in EPSs EPSc (EPSc -

Condition in Condition in Stabilizer Stabilizer Contactor Contactor EPSs)/EPSs
stabilizer Contactor

mg mg

mg/L sCOD/mg mg/L sCOD/mg mg COD/mg VSS %

VSS VSS
Anaerobic Anaerobic 3949 0.03 60+4 0.08 24112 242+24 0
Aerobic Anaerobic 36 0.03 85 0.24 267 193 -28
Aerobic Anaerobic 34 0.03 78 0.15 282 216 -23
Aerobic Anaerobic 3949 0.01 70+0 0.10 199417  190+14 -5
Aerobic Aerobic 4316 0.04 7745 0.15 253+23 292424 15

Note: Stabilization time and contact time were 1 hour and 5 min, respectively, anaerobic condition in contactor was maintained by
purging nitrogen gas whereas aerobic condition was considered as mixing the sludge in contactor, aerobic condition in stabilizer was
maintained by aerating the sludge
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4.3 Bench-scale experiments for EPS production under variable stabilization
time on different SRT sludges

Batch experiments were performed to investigate the kinetics of EPS production in
contactor under variable stabilization time on different SRT sludges. The experiments were
performed by following the procedure of aerobic stabilizer and contactor described in
section 4.2.1. Three different types of reactor sludge were tested: a) pilot-scale CS (0.24 d
SRT contactor sludge) treating high-strength raw wastewater, b) pilot-scale CS (0.69 d
SRT contactor sludge) treating CEPT effluent) and c) full-scale carbon removal step-feed
system (2.5 d and 3.5 d SRT sludge) treating CEPT effluent. The pilot-scale operations are
explained in the next section. The 0.24 d, 0.69 d and 2.5 d SRT sludge were stabilized for
5 min, 30 min, 45 min, 60 min; 10 min, 30 min, 60 min, 180 min, 360 min and 60 min,
180 min, 360 min, respectively. The 3.5 d SRT sludge was stabilized for only 60 min and
360 min, respectively. After the end of stabilization, 1 L of final effluent (inert COD of 12-
20 mgCODI/L, collected from the full-scale plant was added into 1 L of stabilized sludge
with acetate spike of 150 mgCODJ/L. In the batch experiments, acetate as the readily
biodegradable soluble compound (rbCOD) was added as a carbon source to make sure that
there was no variability in soluble COD addition for each SRT sludge experiment. The
contact time for each experiment was 30 min. Detailed information about the experimental
conditions are presented in Table Al. The sample collection and analyses were similar to

that described in section 4.2.1.
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4.4 Pilot reactor setup

The pilot-scale reactor systems were set up in this study to evaluate the batch experimental
findings for application purposes. Two high-rate CS configurations were evaluated treating
high-strength raw wastewater to evaluate the impact of the aerobic and anaerobic contactor
(described in section 4.2.1) on the overall performance of the treatment process. The two
configurations were operated at similar total SRT; one acted as an aerobic contactor and
the other as an anaerobic contactor. The configurations are abbreviated based on their total
SRT as CS 0.3 d (aerobic contactor) and CSa 0.3 d (a - anaerobic contactor). The aerobic
condition in contactor and stabilizer were maintained using fine bubble and coarse bubble
aeration. The anaerobic condition in the contactor was achieved by supplying coarse bubble
to maintain the DO level below 0.1 mgO2/L. The stabilization time and contact time for
both configurations were 20 min and 10 min, respectively.

To evaluate the impact of stabilization time on various SRT sludges, four high-rate CS
configurations were operated treating CEPT effluent and the configurations are symbolized
based on their total SRT as CS 0.52 d, CS 0.69 d, CS 0.75 d and CS 1.73 d, respectively.
The stabilization time for those configurations were 9.5, 86, 104 and 86 min, respectively,
where contact time (aerobic) was 30 min for each configuration. The stabilizer and
contactor in each configuration were operated under aerobic conditions.

The pilot-scale system consisted of three vertical cylindrical reactors and two clarifiers.
The influent wastewater was directly fed to the contactor, and treated sludge was then
discharged to the clarifier. After settling in the clarifier, fractions of settled solids were
recycled back to the stabilizer for reaeration. After stabilization of RAS, reaerated sludge

hydraulically flowed to the contactor. The total SRT was calculated based on the total
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biomass inventory in the reactors, effluent solids concentration and the solids wasted
through waste activated sludge (WAS) stream. A schematic of the pilot reactor setup is
shown in Fig Al.

The average influent wastewater characteristics of the pilot system are described in Table
4.2. The operational (volume of the reactor, hydraulic retention time, influent organic
loading rate, recycle ratio, total SRT, aerobic SRT and wasting rate) and measured
parameters (DO and MLSS concentration) of all the configurations are illustrated in Table
4.3. The influent COD mass-balance, carbon redirection and carbon harvesting efficiency

of the pilot reactor system was calculated based on the procedure described in section 3.2.2.

115



Table 4.2 Influent wastewater composition measured based on 24 hour composite sample analysis for two high-rate contact-
stabilization (CS) pilot systems treating high-strength raw wastewater and four high-rate CS pilot systems treating chemically

enhanced primary treatment effluent (low-strength wastewater)

CS0.3 d CSa0.3d CS0.52d CS0.69d CS0.75d CS1.73d

Parameters Units iah-
High-strength raw Chemically enhanced primary treatment effluent
wastewater

Total suspended solids mg TSS/L 168+21 201+27 44124 3210 3145 2617
;gl’i'g;"e suspended mg VSS/L 144422 183+23 39+19 2848 2646 2246
Total COD mg tCOD/L 468+76 570+34 168+29 15617 162+18 156+19
Particulate COD mg pCOD/L 289153 356+33 104429 89+25 78116 67128
Colloidal COD mg cCOD/L 41425 55423 4+6 16+11 29+7 24+12
Flocculated filtered COD mg ffCOD/L 138438 159+10 65+8 53+10 54+13 6519
Ammonia Nitrogen mg NHs-N/L 28.1+4.4 34.4£1.0 22.7%¥1.8 24.2+2.4 22.5+7.9 23.2+1.2
Orth-phosphorous mg OP-P/L 2.9+0.6 3.9+0.1 1.0+0.4 0.89+0.34 0.58+0.34 0.94+0.19
Total Phosphorous mg TP-P/L 45+1.1 5.8+0.7 1.8+0.2 1.6+0.3 1.5+0.3 15+0.1
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Table 4.3 Operational and measured parameters of six different pilot-scale high-rate contact-stabilization systems determined

under steady-state conditions

Scenarios  R€aCtor  Volume of HRT DO MLSS  Total SRT  Aerobic OLR Wasting ngg'e
symbol  reactor (L) (min) (mg/L) (mgTSS/L) (d) SRT (d) (kgCOD/md/d) rate (m%/d) %)

S1 135 10 - 33631522

CS0.3d S2 135 10 2.18+1.34 38324573 0.30+0.07  0.30+0.07 16+3 0.66+0.21 100
C 135 10 0.30£0.18 1869+306
S1 135 10 - 43191564

CSa0.3d S2 135 10 1.64+0.20 46301663 0.35+0.05 0.23+0.03 19+1 0.58+0.11 100
C 135 10 0.09+0.02 2572+398
S 50 9.5 1.64+1.06 906+285

Cso0.52d 0.52+0.19 0.34+0.22 3.8£0.66 0 60
C 227 30 0.81+0.59 426x116
S 227 86 5.43+1.03 590+208

CsS0.69d 0.69+£0.17 0.41+0.09 2.1+0.23 0.72+0.16 60
(o 227 30 0.51+0.46 283190
S1 50 18 1.44+1.22 728+124

CS0.75d S2 227 86 5.71+£1.36 691+114 0.75£0.11  0.47+0.09 2.240.24 0.60+0.13 60
C 227 30 0.46+0.26 285+46
S 227 86 3.63£1.03 1420+310

CS1.73d 1.73+0.54 0.81+0.31 2.1+0.26 0.25+0.09 60
C 227 30 0.36+0.25 700£142

Note: CS- Contact-stabilization (aerobic contactor), CSa-Contact stabilization (anaerobic contactor), S-Stabilizer, C-Contactor, HRT-Hydraulic
retention time, DO-Dissolved oxygen, MLSS-Mixed liquor suspended solids, SRT-Solids retention time, OLR-Organic loading rate
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4.5 EPS and settleability parameters measurement

The EPS was measured in contactor and stabilizer sludge collected from batch experiments
(described in section 4.2.1 and 4.2.2) and pilot-scale operations (described in section 4.2.3).
A heat extraction method of Li and Yang (2007) was modified to extract the EPS from the
activated sludge. A volume (30 mL) of fresh sludge sample was centrifuged at 4000 G for
5 minutes. After discarding the supernatant, the sludge pellets were then resuspended in 10
mL of heated (at 60 °C) phosphate buffer solution (PBS). The PBS solution consisted of 2
mM (0.328 g/L) NasPO4, 4 mM KH2POj4 (0.544 g/L), 9 mM NaCl (0.525 g/L) and 1 mM
KCI (0.074 g/L). The PBS solution’s pH was adjusted to 7.2 and it was kept at 60 °C before
EPS extraction for resuspension. After resuspension of sludge pellet in 10 mL PBS, the
sample was immediately vortexed for 1 minute and then centrifuged at 4000 G for 10
minutes. The supernatant after centrifugation is considered as the loosely-bound (LB) EPS.
The remaining pellet was again resuspended in 10 mL of PBS solution and digested for 30
minutes at 60 °C. After digestion, the sample was centrifuged at 4000 G for 15 minutes.
The supernatant of the sample after centrifugation is considered as tightly-bound (TB) EPS.
The COD of the supernatant after LB-EPS and TB-EPS extraction were measured as
mgCOD/L and then corrected by dividing the ratio of the volume of sludge sample over
the volume of PBS solution (30 mL/10 mL = 3.0). The summation of LB-EPS and TB-EPS
provides the total EPS and calculated as mgCOD/gVSS unit using the sludge sample VSS

concentration.

The settleability of the sludge was evaluated using different parameters such as sludge

volume index (SVI) at 30 min, threshold of flocculation (TOF) and intrinsic settling
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characteristics (sludge settling velocity) of the sludge. The methods were adopted from

Mancell-Egala (2016), Mancell-Egala et al. (2017a) and Rahman et al. (2016c).

4.6 Sludge oxygen uptake rate (OUR) measurement

The ex-situ oxygen uptake rate (OUR) of contactor and stabilizer sludge from pilot-scale
operation was measured to correlate with EPS productions. The OUR was measured in a
300 mL biochemical oxygen demand (BOD) bottle using a self-stirring YSI 5100 DO
membrane probe and YSI laboratory DO meter. At first, the grab sample from contactor
and stabilizer reactor were aerated using a fish pump and air stone diffuser to raise the DO
above 5 mgO2/L. Immediately, the BOD bottle was filled with the aerated sludge and the
membrane probe was inserted to close the bottle and sealed up so that no air intrusion
happened. The DO was recorded every second until it reached close to zero mgO2/L. The
slope was calculated between DO of 4 to 3 mgO2/L with corresponding time, and
considered as OUR in mgO>/L/h. The OUR was divided by the initial sludge sample VSS

concentration to calculate the specific OUR as mgO2/(gVSS.h).

To determine the minimum stabilization time from different SRT sludge of pilot and full-
scale systems, 2 L of contactor sludge from different SRT conditions of pilot and full-scale
system (CS 0.52 d, CS 0.69 d, CS 0.75 d, CS 1.73 d, full-scale system of 2.5 d and 3.5 d
SRT) were stabilized (aerated) in batch reactors for longer time (40-80 hours) until it
reached the endogenous respiration. The OUR profiles during the stabilization time were
then determined by following the experimental procedures of quantifying the biosorption

yield of sludge described by Rahman et al. (2014) and Rahman et al. (2016c).
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4.7 Analytical measurement

The COD content was measured intro four different fractions as the total, particulate,
colloidal and flocculated-filtered COD (tCOD, pCOD, cCOD, and ffCOD or sCOD,
respectively). The COD fractions, total and volatile suspended solids (TSS and VSS) were
measured and analyzed by following the methods described in Rahman et al. (2016c¢). The
Pearson correlation coefficient using the SYSTAT 10.2 software was computed for carbon
balance, EPS productions, OUR of the sludge sample and operational parameters of pilot

system

4.8. Results and Discussions

4.8.1 Aerobic or anaerobic contactor

Since CS technologies biofloccuation improvement might be linked to EPS kinetics, batch
reactor simulations of the feast-famine conditions as in CS systems were performed under
aerobic and anaerobic stabilizer and contactor (Table 4.1). For the anaerobic contactor
condition, either with aerobic or anaerobic stabilizer and independent of the F/M ratio in
the contactor, no positive increase of EPS concentration was observed (Table 4.1). This
suggested that EPS cannot be produced in the contactor in the absence of DO which
correlates well with literature suggesting increased aerobic EPS production as the major
pathway in activated sludge (Rahman et al., 2016c). Miqueleto et al. (2010) showed that a
presence of a small amount of oxygen changed the metabolic pathway for EPS productions.
They also observed that under strict anaerobic conditions, no EPS production was
observed, which correlates well with the findings of these batch tests. Starkey and Karr

(1984) also reported that EPS production decreased under oxygen-limited or depletion
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conditions. In this study, a relative EPS increase of 15% in the aerobic contactor was
observed after aerobic stabilization (Table 4.1). This increase was similar to the observed
EPS increase described by Rahman et al. (2016c¢) in a previous study and thus confirmed
that the batch tests simulated the CS conditions properly. In both aerobic and anaerobic
contactor tests, there was no change of EPS concentration observed during the aerobic
stabilization time. As a result, it is justified to state that EPS was produced in the aerobic
contactor rather than in the stabilizer. This was in contrast to Dolejs et al. (2016) study who
stated that EPS was produced during aerobic famine condition (stabilizer). However, in
that study, the EPS concentration was measured as mg COD/L, not standardized with VSS
(mgCOD/gVSS). As mixed liquor concentrations are lower in the contactor due to influent
feeding, their conclusions might be changed based on specific EPS concentration. In
addition, without knowing contactor EPS concentration, the stabilizer EPS cannot be the
sole reason for improving bioflocculation.

To confirm the need for an aerobic contactor to enhance overall carbon removal,
redirection and harvesting efficiency from wastewater, a longer term pilot reactor system
was operated as high-rate CS. The study was performed for high strength wastewater (raw
wastewater) as this was the most studied application so far and thus should be the most
ideal. The wastewater characteristics and operational conditions of the pilot system with
aerobic (CS 0.3 d) and anaerobic (CSa 0.3 d) contactor are shown in Table 4.2 and 4.3,
respectively. Both systems were operated under similar SRT, organic loading rate and HRT
(Table 4.3). Operational changes could, therefore, be directly linked to the type of contactor
used. Overall, it was observed that the system with aerobic contactor achieved a

significantly (p = 0.15) increased tCOD removal efficiency (52+9% vs 43+9%, Table 4.4).
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Table 4.4 Carbon diversion, COD fractionation removal efficiency, relative EPS increase in contactor, flocculation ability and

settleability parameters measured from CS 0.3d, CSa0.3d, CS 0.52d, CS0.69d, CS0.75d and CS 1.73 d systems

Parameter Unit Cs0.3d CSa0.3d CS052d C€S0.69d CS0.75d (CS1.73d
o Carbon redirection % influent tCOD 71+6 67+7 4619 52+9 52+10 41+16
Carbon diversion . . . .
Carbon harvesting efficiency % influent redirected COD 52+10 4449 0 58+5 49+14 67114
tCoD % influent tCOD 5249 4319 2949 5248 41+13 61+11
removal efficiency cCOD % influent cCOD 36+17 28421 63+36 76+36 51+32 77429
ffCOD % influent ffCOD 5448 41+13 31+12 31+15 35+12 4848
Relative EPS (EPSc - EPSs)/EPSs % 22 4 16 67 25 76
increase
Flocculation ability (TTh(r)er)hO'd of flocculation mg TSS/L 2184115 26343 NM 219458 >374 156432
Effluent VVSS concentration mg VSS/L 85+17 114+12 39+11 21+4 24+9 20+7
SVlso mL/ gTSS 114+10 98+8 N.M 582+113 637+216 168+45
Settleability > 1.5 m/h (% effluent TSS) 10+14 2+3 N.M 4+8 1+2 29+7
zrgg)‘s'c settling characteristics o 6.1 5 mih (% effluent TSS) 745 645 N.M 242 345 38410
< 0.6 m/h (% effluent TSS) 83+18 91+2 N.M 95+8 96+4 33+6

Note: N.M - Not Measured
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Although the pCOD and cCOD removal efficiency were slightly higher under the aerobic
contactor, the improved tCOD removal was mainly caused by increased soluble COD
removal efficiency (Table 4.4). The latter was also shown in the influent COD mass
balance (Fig. 4.1), showing smaller effluent COD fractions in the pilot system with aerobic
contactor (CS 0.3 d). However, both systems showed similar oxidation with 15+5% for
aerobic contactor (CS 0.3 d) compared to 14+9% for the anaerobic contactor (CSa 0.3 d).
As a result, increased carbon redirection (71+6% vs 67+7%) and carbon harvesting
efficiency (52+10% vs 44+9%) was achieved in the system with aerobic contactor than
anaerobic contactor (Fig. 4.1, Table 4.4). Also in these continuous systems, monitoring of
EPS confirmed that EPS was only produced in the aerobic contactor, both as total amount
but also as protein and polysaccharide concentration (Fig. 4.2). A relative EPS increase of
22% in aerobic contactor was observed whereas no increase of EPS observed in anaerobic
contactor (Table 4.4). This increase was very similar to the increase observed in the batch
reactor simulations (Table 4.1) and observed before in high-rate CS pilot systems treating

low strength wastewater systems (Rahman et al., 2016c).
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and stabilizer (S) sludge of pilot reactor CS 0.3 d and CSa 0.3 d.

Improved bioflocculation when operating with aerobic contactor compared to anaerobic
contactor was confirmed based on (i) a lower TOF value (Table 4.4) indicating increased
collision efficiency (Mancell-Egala et al., 2017a; Mancell-Egala, 2016), (ii) increased
settling velocities under discrete settling behavior (fraction > 1.5 m/h, Table 4.4) indicating

positive change in intrinsic characteristics and (iii) decreased effluent TSS concentration
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confirming the improved flocculation behavior (Table 4.4). In contrast, flocs formed in the
pilot with aerobic contactor showed a slightly increased SVl value (Table 4.4) which
might indicate that the formed flocs showed more repulsive forces and thus had decreased
hindered settling or compression behavior. This drawback was not observed in previous
studies (Rahman et al., 2016c¢), and thus will need to be further evaluated in regards to full-
scale implementation and clarifier design.

Overall, one can conclude that although the high-rate CS technology with anaerobic
contactor showed efficient carbon redirection and harvesting, which was even higher than
the reported performance by Meerburg et al. (2015 and 2016), additional improvements
can be made using an aerobic contactor. The EPS increase from the famine stabilizer to
aerobic feast contactor is the potential cause of improved effluent quality without the need
for increased oxidation at same SRT. Jimenez et al. (2015) showed previously in high-rate
completely mixed reactor system, EPS production is directly linked to oxidation rates and
thus operation close to the maximum rate would cause an increased EPS production. As
carbon oxidation rates can be controlled by both oxygen and COD availability as well as
SRT, all these factors play a vital role to achieve the desired EPS content in high-rate
systems (Jimenez et al., 2015). In the aerobic contactor, microbes shift very quickly from
a very slow rate in stabilizer to maximum rate in contactor and the latter might enhance the
EPS productions. The role of substrate availability and starvation time will be evaluated in

the following sections.
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4.8.2 Mechanistic understanding of high-rate CS technology

To design high-rate CS reactors with the aim of maximizing energy recovery, one needs to
better understand the critical features of the CS technology that determine performance
with various wastewater types, environmental conditions, and SRT. Therefore, in this study
global relationships fitting both high-strength wastewater as well as low-strength
wastewater conditions were investigated. Based on the evaluated configurations in this
study (Table 4.4), a positive correlation between the relative EPS increase in contactor and
carbon harvesting efficiency was observed and presented in Fig. 4.3. This confirmed the
above observations (in the case of aerobic contactor) which indicated improved effluent
quality when EPS increase in contactor was observed. Only the CS 0.52 d configuration
was an outlier as no carbon harvesting was achieved in this scenario due to lack of
stabilization time. Figure 4.3 suggested that higher relative EPS increase in high-rate CS
systems might be the key feature for improving the carbon harvesting efficiency in high-
rate CS systems and thus maximizing the energy recovery. Several hypotheses were put
forward to explain how the EPS production was regulated and the latter were evaluated
based on the pilot system and batch experiments performed in this study (Table 4.4) and in

previous work by Rahman et al. (2016c).
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Figure 4.3 Impact of relative EPS increase in contactor (%) on carbon harvesting
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CS 0.75 d (o) and CS 1.73 d (o) systems

4.8.2.1 Hypothesis 1: F/M in contactor (feast) drives EPS formation and carbon
harvesting

EPS production has been linked to carbon oxidation rates (Jimenez et al., 2015) and F/M
ratio (Laspidou & Rittmann, 2002; Van Dierdonck et al., 2012) before in literature. For
high-strength type wastewater systems tested in this study F/M ratio ranged from 0.04-0.20
g sCOD/gVSS while in the low-strength type wastewater (CEPT effluent) systems, the F/M
ratio was 0.07-0.28 g sSCOD/gVSS. A Pearson correlation coefficient matrix (Table Al to
A3) was computed for data obtained from high-strength type wastewater (Table Al), low-
strength type wastewater (Table A2) and the combination of both high and low-strength

wastewater system (Table A3). A strong Pearson correlation coefficient of 0.84 was found
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between contactor F/M ratio and the relative EPS increase in the contactor. Thus, a positive
linear correlation (R? of 0.65) was observed between contactor F/M ratio and the relative
EPS increase in contactor for high-strength type wastewater systems as shown in Fig. 4.4a.
The observed linear correlation included data from both aerobic (CS 0.3 d) as well as
anaerobic contactor (CSa 0.3 d) pilot runs. This suggested that indeed the contactor F/M
ratio played a vital role in inducing EPS production in the contactor and the behavior was
very similar to high-rate completely mixed reactor (pilot-scale) systems previously
reported by Jimenez et al. (2015). Van Dierdonck et al. (2012) also observed a significant
increase of EPS concentration by switching from low influent loading rate to high loading
rate conditions at a lab-scale activated sludge reactor feeding high-strength synthetic
wastewater. Thus the impact of F/M ratio on EPS production can be explained as the
overloading of organic carbon (electron donor) feeding to heterotrophic microorganisms
under oxygen-sufficient (O2) conditions. Due to the abundant availability of electron
donors, heterotrophs may shunt a major fraction of electron donor through oxidation to
EPS response pathway rather than the maximum growth pathway. Chandran et al. (2011)
also reported this similar mechanism for ammonia oxidizing bacteria (AOB). In the
presence of non-limiting substrate concentrations (NHs and O.), AOB triggers higher
amount of ammonia monooxygenase (amo) enzymes which convert NHz to N2O instead of
conventional nitritie (NO2") production in nitrification. Thus, a more detailed investigation
will be needed using real wastewater characteristics and dynamics to confirm if CS
technologies can provide an additional benefit compared to A-stage systems.

For the case of low-strength type wastewater (CEPT effluent) and the combination of high

and low-strength wastewater systems, the Pearson correlation coefficient was less than or
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equal to 0.25 (Table A2, A3, Fig. A2a) and thus no global correlation could be found
indicating that especially in low-strength wastewater applications other factors (OUR)
might play a more significant role (Fig. 4.4b) and are further explained in the following
section. This might also be the reason why in low strength conditions (Rahman et al 2016)
CS technologies seemed to have more significant improvement in performance than when
compared to studies focused on high-strength synthetic wastewater (Meerburg et al., 2015

and 2016).
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4.8.2.2 Hypothesis 2: A minimum starvation time is needed for improved EPS
formation and carbon harvesting

Starvation has shown to induce several responses related to biofilm formation (Nguyen et
al., 2011), virulence (De Lorenzo & Martinez, 1988) and EPS production (Dolejs et al.,
2016; Rahman et al., 2016c; Siddigi, 1965). A minimum starvation time might thus be
needed to enhance the performance of CS system. The impact of variable stabilization time
(9.5, 86 and 104 min) at a narrow range of SRT (0.52-0.75 d) was investigated in pilot-
scale reactor operations treating CEPT effluent. The influent characterization, operational
conditions, and obtained results are summarized in Table 4.2, 4.3, 4.4 and Fig. 4.1
respectively.

As the stabilization time increased from 9.5 min to 86 min, the COD fractions (except
ffCOD) removal efficiency increased significantly. By further increasing the stabilization
time from 86 min to 104 min, removal efficiency was decreased. However, the sCOD
removal efficiency was similar in each case due to the low influent readily biodegradable
soluble COD (rbCOD) concentration (average of 20 mgCOD/L) and hence, carbon
oxidation was also similar (Table 4.4). At 9.5 min, no carbon capture happened (Fig. 4.1.)
and SRT was driven by the high effluent solids concentration (Fig. 4.1, Table 4.4). Carbon
capture of 30+6% was possible at 86 min and lower fractions of the pCOD remained in the
effluent than at 9.5 min (Fig. 4.1), however, the carbon capture decreased to 25+8% at 104
min. The relative increase of EPS production in contactor at 9.5, 86 and 104 min were 16,
67, and 25%, respectively (Table 4.4). This clearly correlated with carbon harvesting
efficiency (Fig. 4.3) and effluent quality (effluent VSS concentration, TOF, and SVI3) of

those systems (Table 4.4). It may be suggested that the optimum stabilization time to
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induce starvation for SRT range of 0.52-0.75 d might be 86 min because it had higher
carbon redirection (52+9%), harvesting efficiency (58+5%) and better effluent quality (Fig.
4.1, Table 4.4). The 9.5 min was not sufficient to trigger the starvation phase for EPS
increase in the feast region (contactor) and thus, significantly affected the flocculation
ability of the sludge, leaving most of the redirected pCOD through effluent (Fig. 4.1). The
longer stabilization time of 104 min might decrease the active biomass fractions due to
biomass decay because starvation may already start at 86 min. This was further supported
by observing higher OUR due to acetate spike (91+34 mgO2/gVSS/h) in stabilizer sludge
(grab sample) of 86 min than in the 104 min of stabilizer sludge (63+11 mgO2/gVSS/h).
Since the starvation started at 86 min, the sludge particles velocity characteristics (ISC) did
not change at 104 min compared to 86 min (Table 4.4). The maximum carbon redirection,
harvesting efficiency, and better settleability were even found at higher SRT of 1.73 d (CS
1.73 d) conditions and this was due to the highest relative EPS increase (67%) observed in
contactor (Fig. 4.1, Table 4.4). In previous high-rate studies, Meerburg et al. (2016) found
higher tCOD removal efficiency (62%) and carbon capture (55%) treating high-strength
synthetic wastewater at 40 min stabilization time for 0.50 d SRT than 15 min stabilization
time (45% and 45%). This was due to higher sCOD removal efficiency observed at 40 min

than 15 min and related to the higher productions of tightly-bounded EPS in the contactor.

To determine the optimum stabilization time for EPS increase in contactor, the CS
technology was simulated in batch reactor for stabilization time ranging from 5-360 min
and using secondary sludge (or HRAS) from full-scale systems (3.5 and 2.5 d SRT) and

pilot-scale CS (0.24 d and 0.69 d SRT) with different SRT conditions.
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Results showed that at 1 h stabilization time for 3.5 d SRT sludge, no relative EPS increase
was observed in contactor but increased significantly to 44+5% when stabilization time
increased to 6 h (Table Al). This indicated that 1 h stabilization time was not sufficient to
induce the starvation phase for microorganisms to experience the feast condition in
contactor for EPS increase. Thus, for certain SRT sludge, a minimum stabilization time is
required for the starvation phase which was also observed in pilot-scale results (9.5 min vs
86 min stabilization). Jenkins and Orhon (1973), and Siddiqi (1965) reported that
microorganisms release a certain exo-enzymes during the starvation phase which helps to
hydrolyze and solubilize the biosorbed material from RAS. These water-soluble enzymes
eventually return back to the contactor which might be the key factor to accelerate the EPS
increase in contactor. However, in conventional systems, these enzymes are lost through
the effluent and thus may suggest the potential of CS systems on bioflocculation
improvement which was observed in Rahman et al. (2016c) studies. This suggested that
further optimization of stabilization time for different SRTs are needed to evaluate and is

discussed in following sections.

134



(@

_ i Contact phase
200 Stabilization phase

160 i
120

2]
L]

o
L]

EPS (mgCOD/gVSS)

L]

0 360 361 365 390

(®)

70 -
60 -
50 i
40

u!

30 r #25dSRT

20 ¢ 4069 dSRT

10 B 00.24 d SRT

D i i i i i i i
0 50 100 150 200 250 300 350

Stabilization time (min)

(EPS¢ - EPSg)/EPSg (%)

Figure 4.5 (a) Specific EPS concentration in stabilizer (stabilization time of 360
min) and aerobic contactor (contact time of 5 min) of 0.69 d SRT sludge under
acetate addition (150 mgCODI/L) as a soluble carbon source, measured in a
batch experiment (b) influence of variable stabilization time on relative increase
of EPS production in contactor (%) for 2.5 d (full-scale step-feed) , 0.69 d (pilot-

scale CS) and 0.24 d SRT (pilot-scale CS) sludge.
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Figure 4.5a shows the EPS evolution during stabilization and contact time of 0.69 d SRT
sludge where no change in EPS concentration was observed during the stabilization time
and then increased in the first 5 min of contact time (acetate as carbon source). Later, the
EPS was rapidly decreased (after 5 min) due to the carbon source limitation and
microorganisms utilized the EPS as a substrate and thus a rapid degradation of EPS
observed in batch reactors which are not the case for continuous feeding systems. Figure
4.5b represents the EPS response in contactor (5 min) for variable stabilization time at 0.24
d, 0.69 d and 2.5 d SRT sludge. Results showed that for each SRT sludge, the positive
increase of EPS in contactor increased with stabilization time and then started to decrease
or reached a plateau. Thus, the optimum (or minimum) stabilization time for 0.24 d, 0.69
d and 2.5 d SRT sludge may be suggested to be 45 min, 60 min, and 180 min, respectively
based on the maximum relative EPS increase in the contactor. This may also be suggested
that higher SRT sludge requires higher stabilization time compared to shorter SRT sludge.
Hence, the determination of minimum stabilization time for any SRT sludge is inevitable
to measure and discussed in the following sections.

This study proposed an approach to determine the minimum stabilization time based on
OUR of contactor sludge (without adding any external substrate) caused by oxidation of
biodegradable organic matter contained in the sludge as a form of biosorbed COD and
biomass itself for different SRT conditions. Figure 4.6a represents the change of contactor
sludge (0.69 d SRT of CS 0.69 d scenario) OUR against stabilization time in a batch
experiment. The change of OUR with corresponding stabilization time was then converted
to change of OUR reduction (OUR;) with respect to first OUR point for the corresponding

stabilization time.
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Figure 4.6 (a) The change of oxygen uptake rate (OUR) with stabilization time of

0.69 d SRT sludge in a batch experiment, (b) an approach of minimum

stabilization time determination using change of OUR reduction (c) actual and

minimum stabilization time under different SRT sludge (d) relationship

between maximum OUR reduction, ratio of half of maximum OUR reduction

and Ktand different SRT sludge

60

Ratio of half of OUR, , K,

The change of OUR reduction with corresponding stabilization time for 0.69 d SRT sludge

is shown in Fig. 4.6b. The latter function showing the relationship between OUR reduction

versus stabilization time can be expressed as Monod specific growth-rate model (Metcalf

& Eddy, 2003), and two parameters can be estimated: (i) the maximum OUR reduction

(OUR:max) and (i) the stabilization time (Ky) at which half of the maximum OUR reduction

(OURrmax) is achieved. It was hypothesized that starvation would be reached when at least
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half of the maximum OUR reduction is reached and thus the minimum stabilization time
can be considered as K.

Based on the expression shown in Fig. 4.6b, the K;was determined on contactor sludge in
batch experiments for CS 0.52 d, CS 0.69 d, CS 0.75 d, CS 1.73 d, full-scale of 2.5 d and
3.5 d SRT systems. Figure 4.6c¢ illustrates the minimum stabilization time of Ktand actual
stabilization time used in this study for different SRT sludge. For the 0.52 d SRT scenario
which did not achieve proper carbon harvesting (Fig. 4.1), an increase of stabilization time
from 9.5 min to 70+11 min would be suggested to allow for sufficient starvation (Fig. 4.6c).
For all the other pilot runs, achieving all good carbon capture performance (Table 4.4), the
actual stabilization time was within 15-42 % from the K: (Fig. 4.6¢). Based on the
relationship in Fig. 4.6¢, K; strongly depended on SRT and followed a positive linear
correlation. This meant that higher SRT sludge required longer stabilization time to create
starvation phase for maximum EPS productions in the contactor and vice versa for shorter
SRT sludge. A negative correlation was found between OURmax and SRT (Fig. 4.6d)
which indicated that low SRT sludge contains higher fractions of biodegradable matter
(biosorbed COD) compared to higher SRT sludge. It is also quite well known that lower
SRT sludge adsorbed higher fractions of the particulate and colloidal substrate compared
to higher SRT sludge. Thus, low SRT sludge experienced the starvation phase at lower
stabilization time due to the faster rate of biodegradable substrate oxidation compared to
higher SRT sludge. Results (Fig. 4.6d) also showed that at SRT < 1 d, the fraction of
biodegradable substrate oxidation was achieved at or higher than 85% (Fig. 4.6d). On the
other hand, at SRT > 1d, the % of biodegradable substrate oxidation was achieved less than

75% (Fig. 4.6d). Thus, the rate of change of half of OUR; max decreased rapidly with K for
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SRT < 1dcompared to SRT > 1 d, as shown in Fig 4.6d. Longer aerobic stabilization time
(above optimum time) is unnecessary from an energy consumption perspective, and may
decrease the active biomass fractions caused by decay (observed in pilot results). Laspidou
and Rittmann (2002) also suggested that active biomass are mostly composed of bound
EPS, and thus active fractions in the CS systems are necessary for EPS production. Too
short stabilization time (below optimum time) is not sufficient for starving the biomass,
because the full desorption of biosorbed RAS cannot be completed in short period of
stabilization time. The partially biosorbed sludge eventually flows back to the contactor
where it cannot further biosorb any more organics from wastewater. This reduces the COD
removal efficiency and bioflocculation ability, which allows high solids concentration
through the effluent and causes poor settleability. These observations were found in this
study (CS 0.52 d of pilot-scale study) and also by Meerburg et al. (2016). Overall, this
novel approach of minimum stabilization time determination may provide a design

parameter for high-rate CS technologies.

Based on both the long-term pilot studies and the short-term batch system simulation, a
minimum stabilization time was suggested to allow for proper EPS increase in contactor,
and thus enhance carbon harvesting. However, it was not very clear how one can determine
the stabilization time needed within different environmental conditions, feeding
characteristics and SRT. We hypothesized that OUR might be a good parameter to
determine both famine and feast conditions.

As it was found that contactor F/M ratio has no influence on EPS production in low-

strength wastewater systems, the ratio of specific OUR of contactor and stabilizer (Sp.
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OURCc/Sp. OURs) was found to be a vital factor which may influence the EPS response in
the contactor. A strong Pearson correlation coefficient was found to be 0.84 between the
ratio of Sp. OURc/Sp. OURs and increase of EPS production in contactor, based on the CS
0.69 d, CS 0.75 d and CS 1.73 d configurations (Table A2). Thus, a positive linear
correlation (R? of 0.70) was found between the ratio of Sp. OURc/Sp. OURs and the
relative EPS increase in contactor as shown in Fig. 4.4b. The specific OUR in contactor
completely depends on biosorbed COD from sludge matrix and available substrate in the
bulk liquid. The higher specific OUR in contactor compared to stabilizer (Sp. OURc/Sp.
OURs > 1) indicated the possible biosorption and storage of organic matter in high-rate CS
systems. Thus, the ratio of Sp. OURc/Sp. OURs is a unique parameter which indicates the
influence of aerobic famine and feast conditions in CS systems. The ratio can be a potential
parameter to control bioflocculation linked with EPS production for CS systems. There
was no correlation (Pearson correlation coefficient of 0.23) found between the ratio of Sp.
OURCc/Sp. OURs and relative EPS increase in contactor from high-strength wastewater
systems (CS 0.3 d, CSa 0.3 d). The OUR measurements on the high-strength pilot system
were taken as grab samples during different times of the day and assumed to represent the
overall day’s performance. Due to the diurnal variation of influent loading rate, this
assumption might not have been correct, and thus the OUR application for CS optimization

will need to be evaluated in more detail.

140



4.9 Conclusion

In light of maximizing energy recovery and carbon capture, high-rate CS technology has a
lot of benefits and potential as it maximizes biosorption capacity using RAS aeration
scheme, and promotes bioflocculation compared to conventional systems. The proper
stabilization time in low loading system, and contactor F/M ratio in highly loaded system,
are among the vital parameters which drives the carbon harvesting efficiency from
wastewater. The mechanisms behind EPS production in CS system will leverage the

implications of this technology for future generation energy efficient treatment processes.

141



Chapter 5 - Methods for quantification of biosorption

5.1 Introduction

This section of the study evaluated four different approaches of biosorption quantification
on HRAS systems and their potential applications, advantages, and limitations. The
specifics of this study were (a) to quantify biosorption capacity of HRAS and biological
nutrient removal (BNR) sludge in batch systems using the conventional method (sludge
mixed with wastewater) established in literature and its limitations for applications (b) to
determine the biosorption using ex-situ aerobic yield of starved and non-starved biomass
of HRAS, (c) to quantify ex-situ biosorption yield using OUR on various SRT sludge (d)
to estimate in-situ biosorption on pilot-scale HRAS systems using operational parameters,
influent carbon balance and EPS concentration and (e) to evaluate these four biosorption
quantification approaches, their potential relationship with SRT and carbon redirection,

benefits and limitations for applications.

5.2 Source of sludge and wastewater location

The sludge used for this study was collected from the Blue Plains AWTP (Washington,
DC) and the pilot-scale high-rate CS systems operated by the author. The Blue Plains
AWTP with a capacity of 1,745,698 m®/d (384 million gallons per day) treats raw
wastewater through preliminary treatment process of screening and aerated grit removal
and primary treatment using chemically enhanced primary treatment (CEPT) clarification.
The CEPT effluent is then passed through biological step-feed HRAS reactors (2-3 d SRT)

and is followed by biological nutrient removal (BNR) for nitrification and denitrification
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(15 d SRT) reactors. The residual ammonia and phosphorus from the BNR compartment

is further removed via enhanced nitrogen removal (ENR) processes and then treated

effluent is passed through multimedia filtration and, disinfection processes and finally

discharged to the Potomac River. The primary and high-rate waste activated sludge (WAS)

are digested through a pretreatment step called thermal hydrolysis (CAMBI) and then

digested in conventional mesophilic anaerobic digestion. The plant influent (raw

wastewater) and CEPT effluent characteristics are described in Table 5.1.

Table 5.1 Characteristics of full-scale plant influent raw wastewater and

chemically enhanced primary treatment effluent measured based on 24-hour

composite sample analysis

Chemically enhanced

Parameter Unit Raw wastewater primary treatment effluent
Total Suspended Solids (TSS) mg TSS/L 243+39 30£20
Volatile Suspended Solids (VSS) mg VSS/L 209433 26+15
Total COD (tCOD) mg COD/L 419+23 151+36
Particulate COD (pCOD) mg COD/L 317+17 67+36
Colloidal COD (cCOD) mg COD/L 19+6 22+10
Flocculated filtered COD (ffCOD)  mg COD/L 84+12 63112
Ammonia mg N/L 26125 23+3.6
Total Phosphorous mg P/L 4.2+0.7 1.940.3
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The full-scale plant final effluent had total COD (tCOD) of 12-20 mgCODIL, total
suspended solids (TSS) < 1 mgTSS/L, total nitrogen (TN) < 2 mgN/L, ammonia nitrogen
(NH3-N) < 0.20 mgN/L and total phosphorous (TP) < 0.15 mgP/L on an average annual
basis, respectively. The sludge was collected from the HRAS (end of reactor) and BNR
(end of reactor) processes. The raw wastewater and CEPT effluent were collected for
carbon source used batch experiments. Sludge samples were also collected from different
SRT conditions of pilot-scale high-rate CS reactors and are described in the following

section.

5.3 Pilot-scale reactor operation

To evaluate the different approaches of biosorption quantification on HRAS systems and
their potential relationship with continuous reactor systems, a pilot-scale CS system
treating CEPT effluent were performed in this study. In this study, five different high-rate
CS scenarios were operated, and are abbreviated based on the average total SRT at steady-
state conditions: CS 1.7d,CS 1.5d,CS 1d, CS 0.8 dand CS 0.7 d. The average full-scale
plant influent and pilot-scale reactor influent wastewater composition are described in
Table 5.1. The operational parameters (volume of reactor, SRT, HRT, and volumetric
loading rate), measured parameters (DO and mixed liquor suspended solids concentration),
COD fractions [total COD (tCOD), particulate COD (pCOD), colloidal COD (cCOD) and
flocculated filtered COD (ffCOD)] removal efficiency and effluent solids concentration of
different CS reactors are presented in Table 5.2. A COD mass balance was performed on
each scenario dividing the influent COD into four different fractions as waste activated

sludge (WAS), effluent pCOD, effluent cCOD plus effluent ffCOD and oxidation which
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was calculated by closing the mass-balance (Rahman et al., 2016c). Since the main focus
of this study was to quantify biosorption, the detailed reactor performance is not discussed.
Additional data of these systems are reported in Chapter 3 to evaluate the biosorption

quantification.
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Table 5.2 Operational parameters, COD fractions removal efficiency and effluent solids concentration in high-rate contact

stabilization (CS) systems

cs17d Ccs15d cs1d cso0.8d cso.7d

Parameter Unit
c s C C s c s1 52 c s

Volume of L 207 207 207 207 207 207 207 50 207 207 207
reactor
HRT min 30 86 30 30 86 30 18 86 30 86
SRT d 1.73+0.54 1.52+0.47 1.09+0.11 0.75+0.11 0.69+0.17
DO mg O,/L 0.36£0.25 3.63+1.03 028020 361+1.62 066033 357+0.61 046+026 144+122 571+1.36 0514046 5.43+1.03
Biomass
concentrationin ~ mg VSS/L 6182139  1279+293  449+142  1033+322  479+39  1129+188  239+39  564+193 57181 253486  508+194
reactor
Volumetric kg COD/m¥/d 2.18+0.26 2.05£0.53 2.30+0.26 2.2540.24 2.18+0.23
loading rate
tCOD removal 6111 47414 50+8 41413 5248
efficiency
pCOD removal o 62425 46432 75+16 38+28 56+9
efficiency
cCOD removal o, 7729 51+45 56+34 51432 76436
efficiency
ffCoD removal 4848 40417 35410 35+12 31415
efficiency
Effluentsolids 1 \/sgy1 2047 26+13 2544 2449 2144

concentration
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5.4 Conventional approach to quantify biosorption capacity

The biosorption capacity on HRAS in a batch reactor was quantified using the most
acceptable methods established in the literature (Riffat & Dague, 1995; Tan & Chua, 1997;
Zhang et al., 2014). Biosorption capacity was defined by the difference between the initial
wastewater COD addition to the mixture (sludge and wastewater) and the supernatant COD
after settling and it was determined using the equation adopted from Tan and Chua (1997).

Biosorption capacity (mgCOD/ gVSS)
COD, ;. (MgCOD/L)-CODy;,,, (mgCOD/ L) (5.1)
Initial sludge VSS concentration (g /L)

final

where, CODinitiai denotes initial total COD concentration of wastewater added to the
mixture (wastewater and sludge) plus supernatant COD concentration of a sludge control
(only), CODrina denotes supernatant total COD concentration after settling in the mixture

(sludge and wastewater).

The biosorption tests were performed on HRAS (2 d SRT) collected from the full-scale
secondary reactor and biological nutrient removal (BNR) sludge (SRT > 10 d) collected
from full-scale nitrification/denitrification reactor of Blue Plains Advanced Wastewater
Treatment Plant, Washington, DC. A 1 L sample of sludge was mixed with 1 L of raw
wastewater or CEPT effluent in a batch reactor and mixed for 10 min which was considered
as contact time and then settled for 60, 90 and 120 min. The mixing was done using a
magnetic stir bar and a magnetic stir plate. The experiments were conducted under both
active and inactive biomass conditions at variable food to microorganism (F/M) ratio. The

biomass was inactivated using sodium azide (0.2 gNaNs/gTSS) addition to avoid any
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biological activity happened in the reactor (Lim et al., 2016; Modin et al., 2015). The sludge
was exposed to sodium azide for at least 3 hours and intermittent sludge samples were
collected to measure OUR. No change of OUR during the sodium azide exposure was
considered as the start of the inactivation time.

The biosorption capacity experiments were also conducted on HRAS (2 d SRT) for various
contact times (1-40 min) and a fixed settling time (30 min) to understand the impact of
contact time. Table B1 to B2 describes the detailed experimental conditions of biosorption
capacity tests.

5.5 Ex-situ aerobic yield coefficient approach

The well-known theory of famine-feast condition for enhancing biosorption in CS
technology was applied to quantify biosorption in batch experiments. In famine conditions,
biomass is generally aerated for a longer period (> 2 h) to oxidize biosorbed COD
(extracellular adsorbed and intracellular stored COD) to create a starvation phase. This
creates more extra and intra-cellular space for adsorption and storage of organic carbon
from wastewater. Thus, it was hypothesized that the starved biomass would have higher
aerobic yield coefficient under pulse feed condition (feast regime) in the batch reactor. In
conventional high-rate systems (full-scale step-feed or A-stage), biomass is not exposed to
famine conditions like CS systems, thus, freshly collected HRAS is expected to exhibit a
lower aerobic yield under pulse feed conditions in the batch reactor. This is because the
sludge without experiencing the starvation condition, is already saturated (or partially) with
biosorbed COD from high-rate full-scale systems. Hence, the addition of pulse feed in the
batch reactor will not create feast response to biomass due to their pre-occupied adsorption

and storage spaces. The difference in aerobic yield coefficients between starved biomass
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and non-starved biomass under feast conditions provides an indication of biosorption
capacity of the sludge.

The aerobic yield coefficient was estimated based on the most acceptable formula (Copp
& Dold, 1998; Dircks et al., 1999) using oxygen consumption rate (OC) and soluble COD

removal rate (ACOD) in a batch experiment at high food to microorganism (F/M) ratio.

OCrat
Vo1 rate (5.2)
ACOD(L5 zm)

Where, Y denotes the aerobic yield coefficient (gCOD/gCOD), OC rate denotes the oxygen
consumption rate (mgO2/L/h) due to COD oxidation, and ACOD (1.5 um) denotes the

soluble COD removal rate.

In this study, the aerobic yield for starved biomass and non-starved biomass exposed to
feast condition in the batch test are expressed as "Yield with Pretreatment (Yp)" and "Yield
with No-Pretreatment (Ynp)," respectively. The assumption for biosorption calculation was
that removal of soluble COD in no-pretreatment (no starvation) sludge was equal to
pretreatment (starvation) sludge test. In this case, the adsorption of particulate and colloidal
COD and storage of soluble COD from wastewater in no-pretreatment sludge is negligible,
and oxidation is the only process that can contribute to COD removal. In pretreatment
sludge, adsorption, storage, and oxidation are three mechanisms which contributed to the
removal of COD from wastewater. The difference between these two yields provides an
indication of biosorption of the sludge. A conceptual diagram of the biosorption
quantification using pretreatment and no-pretreatment approach is illustrated in Fig 5.1.

To calculate biosorption rate, the aerobic yield coefficient for both sludge can be computed

using Eqg. 5.2, producing:
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For no-pretreatment sludge:

OoC
—Yyp = - (5.3)
ACOD(<1.5um),, =AsCOD,, =AsCOD,
For pretreatment sludge:
oo 9C OC, - % (5.4)
=] . p '
ACOD(<1.5um), AsCOD, +Biosorption OC,, + Biosorption
1- NP
. : OC, OcC
Biosorption = —* — — NP (5.5)
1-Y, 1-Y,

where, biosorption is computed in mgCOD/L/h unit, Yne, Yp = Yield coefficient in no-
pretreatment (NP) and pretreatment (P) batch test, respectively; OCnp and OCp = 0xygen
consumption rate in NP and P batch test, respectively; ACOD (<1.5 gm)np and ACOD
(<1.5 um)p = removal of COD filtered through 1.5 um glass fiber filter in NP and P batch
test, respectively, AsSCODnp, ASCODp equals to ACOD (<1.5 gm)ne and ACOD (<1.5
Lm)p.

In pretreatment sludge experiment, 2 L of freshly collected HRAS from the full-scale step-
feed reactor (SRT of 2 d) was collected and aerated (DO > 4 mgO./L) for 2-4 hours to
create starvation phase. After that, a 30 mL of aerated sludge were mixed with 1.9 L of
CEPT effluent as a carbon source and continuously aerated (DO of 4 to 5 mgO./L) for 2
hours to measure oxygen consumption rate (OC) using a respirometry setup of DO
controller. The respirometry setup is described in section 2.3. The samples were taken
every 10 to 30 minutes to measure COD filtered through 1.5 um. In no-pretreatment sludge
experiment, above procedures were followed except pre-aerating the sludge. The aerobic

yield coefficient for both types of sludges was measured using Eqg. 5.3 and 5.4. The
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pretreatment and no-pretreatment sludge experiments were also conducted to determine
yield coefficient for filtered (1.5 um) CEPT effluent as a carbon source to avoid the impact
of active biomass from CEPT effluent. Then, the biosorption was calculated using Eg. 5.5.
5.6 Quantification of biosorption yield

An oxygen uptake rate (OUR) technique was employed to quantify biosorption yield on
HRAS in a batch reactor. The biosorption yield is defined here as the amount of oxygen
consumed from biodegradable organic matter contained in the sludge as a form of adsorbed
COD and stored COD for any SRT condition systems. In this case, the biodegradation
happens through biological oxidation and hydrolysis processes in the batch reactor. The
oxidation of biodegradable COD from the sludge matrix for certain aeration period
provides the measurement of total oxygen consumption after subtraction of endogenous
respiration.

A volume of 2 L of HRAS (mixed liquor) was collected from high-rate full-scale (2.5 d
and 3.5 d) and pilot scale systems (CS 1.7 d, CS15d,CS1d, CS0.8d, CS0.7 d) at
different SRT conditions and then settled for approximately 30 minutes to remove
supernatant. The settled sludge was then diluted with final effluent (inert soluble COD of
12-20 mgCOD/L) of the full-scale plant to make the total volume of 2 L. The sludge was
aerated without adding any external substrate for certain time in which the decreased OUR
response with the time indicated the oxidation of biodegradable COD. After complete
degradation of biodegradable COD, OUR followed a constant response showing the
endogenous respiration phase. The whole area under the OUR vs time curve (excluding

endogenous respiration) was considered as total oxygen consumed by biodegradation of

151



biosorbed COD. A conceptual diagram of biosorption capacity determination is illustrated
in Fig. 5.1. The biosorption yield was calculated by the following formula:

Biosorption Yield (mgO, / gVSS)
_ Total O, consumption dueto biosorbed COD oxidation (mgO,/ L) (5.6)
Initial sludgeVSS concentration (gVSS /L)

Where, total oxygen consumption due to biosorbed COD oxidation (mgO2/L) =
Cumulative oxygen consumption (mgO2/L) — Oxygen consumption from endogenous
respiration (mgO2/L).

The OUR was measured using a respirometry setup consisting of a 2 L batch reactor and a
dissolved oxygen (DO) membrane probe attached to a DO controller (6309PDTF, Jenco
Instruments, Inc. San Diego, CA). A magnetic stir plate and a stir bar were used to suspend
the mixed liquor in the reactor. The DO controller was used to monitor and maintain the
DO between 4 to 5 mg O/L. An air pump supplied air to the reactor until the DO reached
to 5 mg O2/L and was switched “off” by the controller. A linear decrease of DO from 5 to
4 mg O2/L was observed because of biomass activity. As the DO reached to 4 mg O2/L,
the air was switched “on” to increase the DO to 5 mgO2/L. This cycle was repeated until
an endogenous respiration state (constant OUR) was achieved (Rahman et al., 2014). A
data recorder (DataSuite data recorder) connected with the controller recorded the DO data

and transferred to a computer using the DataSuite software to calculate OUR.
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Yield determination (Yp) using pretreatment approach (proposed in this study)
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Figure 5.1 Conceptual diagram of biosorption yield determination, ex-situ aerobic
yield coefficient determination using aerobic pretreatment and no-pretreatment

approach in a batch experiment

5.7 Biosorption quantification using influent COD mass-balance, EPS and

operational parameters of a pilot-scale system

A novel approach was proposed in this study to quantify the percentage of influent COD

redirected through biosorption mechanisms. This approach hypothesized that the influent

redirected COD through effluent pCOD (assumed as biomass) and WAS can only be

transformed into three different pathways: cell growth, EPS production and biosorption
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(adsorption and storage). The assumption was that the influent COD is oxidized and a
fraction of that oxidized COD is directed for biomass growth and EPS production, and
remaining is used for energy productions. The percentage of influent COD redirected to
biosorption pathway was calculated to close the mass balance from biomass growth and
EPS production. The method quantifies the biosorption based on reactor operational
parameters (SRT, influent flow rate, and wasting rate), the measured parameters (influent,
effluent, reactor sludge and WAS COD fractions) and reactor sludge EPS concentration in
the system. The detailed calculation procedures are described below. A schematic of

wastewater flow diagram of a pilot-scale CS system is shown in Figure B1.

The influent COD oxidation was calculated based on influent, effluent and WAS flow rate
and COD fractions.
CODoxidation (%) =

Q, xtCOD, — (Q., — Qua )x{pCODeﬁ +(cCOD + ffCOD ), )}—QWAS x tCOD 5 100 (5.7)
X
Q, xtCOD,,

where, CODoxidation denoted % of influent COD oxidation, Qin denoted influent flow rate
(L/d), tCOD:in denoted influent total COD concentration (gCOD/L), Qwas denoted wasting
rate (L/d), pCODett denoted effluent pCOD concentration (gCOD/L), cCODeft denoted
effluent colloidal COD concentration (gCOD/L), ffCODett denoted effluent flocculated
filtered COD concentration (gCOD/L), tCODwas denoted WAS total COD concentration

(gCODIL).

The oxidized COD redirected for new biomass growth, and EPS production can be
calculated as below.
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Y

COD EPS ( gCOD/ d ) = Qin ><tCODin X CODoxidationxﬁ (58)

cell growth+

Where CODceii growtn + ers denoted influent oxidized COD redirected to biomass growth and

EPS productions in gCOD/d, Y denoted ordinary heterotrophic yield of 0.67 gCOD/gCOD.

The percentage of influent oxidized COD shunted for EPS production (CODeps) with
respect to particulate COD of the reactor sludge per gram VSS concentration was

determined as below.

COD,, or EPS production (%):TOtaI EPS concentration x100 (5.9)

(pCOD/VSS)

reactor

Where total EPS measured in contactor reactor as gCOD/gVSS and pCOD to VSS ratio of

the contactor reactor measured as gCOD/gVSS.

The percentage of influent oxidized COD redirected to new biomass growth only

(excluding EPS production) was computed as below.

COoD
Cell growth (%):( cell growih + EPS JxlOO —COD, (%) (5.10)

Q,, xtCOD,

The percentage of influent total COD redirected to biosorption pathways was calculated by

closing the mass-balance from cell growth (%) and EPS production (%).

Biosorption (%) =100—Cell growth(%)— EPS production (%) (5.11)
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The actual percentage of biomass growth, EPS productions and biosorption were then
computed by closing the influent COD mass-balance for a treatment process

configurations.

Influent Carbon redirection (%) = % effluent pCOD + % WAS

_(Q-Qu)xPCODy - Q,1COD,

Q,, xtCOD,, - xtCOD,, 100 (5.12)
Actual biomass growth (%) :W x Eq.(5.12) (5.13)
Actual EPS productiom (%) _EaB9) Eq.(5.12) (5.14)
Acutal biosorption (%) =% x Eq.(5.12) (5.15)

5.8 Analytical measurements

The COD concentrations were divided into total, particulate, colloidal and flocculated-
filtered fractions (tCOD, pCOD, cCOD, and ffCOD, respectively). The COD fractions,
TSS, VSS and sludge EPS concentration were measured and analyzed by standard methods

(AWWA et al., 2005) as well as the methods of Rahman et al. (2016).

5.9 Results and Discussions

5.9.1 Conventional biosorption capacity approach

HRAS sludge (2 day SRT) was used to evaluate the biosorption method as described by
Riffat and Dague (1995), Tan and Chua (1997) and Zhang et al. (2014). However, no COD

removal was observed under different contact times (1-40 min), various F/M ratios (0.03-
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1.27 gCODwastewater added/dCODbiomass), and 30 minutes settling time (Table B1) thus
resulting in negative biosorption capacity for all conditions (n = 12). The main reason for
the negative biosorption capacity was the poor settleablity of the sludge, not allowing for
enough separation between activated sludge and the wastewater matrix. Therefore, settling
times were increased to 60 minutes in subsequent tests. In addition, to avoid the
interference of heterotrophic growth resulting in the increase of particulate COD and
decrease of soluble COD, biomass was inactivated as suggested by Lim et al. (2016).

Fig. 5.2 illustrates the biosorption capacity measured on both active and inactive HRAS
(SRT 2 d) and BNR sludge (SRT > 10 d) at fixed contact time of 10 min, fixed settling
time of 60 min and at different F/M ratios. It was observed that as F/M ratio increased, the
biosorption capacity increased for both types of active and inactive sludges. At similar
range of F/M ratio, both type of sludge samples had similar range of biosorption capacity
under active (HRAS: 3048 to 101+5 mg COD/g VSS, BNR: 18+1 to 93+2 mg COD/g
VSS) and inactive (HRAS: 14+2 to 105+4 mg COD/g VSS, BNR: 1942 to 103+2 mg
COD/g VSS) conditions (Fig. 5.2). This suggested that the approach was independent of
SRT and origin of sludge characteristics. In addition, the biosorption capacity under active
and inactive conditions was similar which indicated that carbon oxidation must not have
played a role. As the biosorption capacity observed in the tests was high and a positive
relationship with the amount of wastewater added (F/M) was observed, it was hypothesized

that the impact of wastewater matrix had a significant impact on the results.
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Figure 5.2 Influence of COD loading on biosorption capacity for (a) biological
nutrient removal sludge (full-scale nitrification stage of SRT > 10 days) and (b)
high-rate activated sludge (full-scale system of SRT 2 days) under active and

inactive conditions

The biosorption capacity was corrected for settleable organic matter present in the
wastewater matrix to separate settling from adsorption. The biosorption capacity corrected
for settleable solids in the wastewater matrix is referred in this study as corrected

biosorption capacity. It was observed that about 55% of the present total COD in the raw
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wastewater settled out within the 60 minutes time frame in the control experiment. Fig 5.2
illustrates the corrected biosorption capacity for both HRAS and BNR sludge under active
and inactive conditions. Results showed that corrected biosorption capacity of HRAS and
BNR sludge were in the range of 2648 to 4646 mgCOD/gVSS and 15+1 to 34+2
mgCOD/gVSS under active conditions, respectively. The latter numbers were significantly
lower than the initial observed biosorption capacity. In addition, the corrected capacity did
not change with the increase of F/M ratio for both sludges. Table B2 to B5 describes the
biosorption and corrected biosorption capacity measurements on HRAS and BNR sludge
under active and inactive conditions at settling time of 60, 90 and 120 minutes. It was
observed that the biosorption capacity of inactive HRAS decreased with settling time
(Table B5). This might be due to deflocculation of the sludge at longer settling time (90-
120 min), which caused non-settleable fractions of biomass in the supernatant.

The results obtained in this study when corrected for settleable organics in the wastewater
matrix are within the range of previous studies. Tan and Chua (1997) and Guellil et al.
(2001) reported the biosorption capacity for activated sludge (SRT 5 d) was between 34 to
100 mg COD/g TSS for domestic wastewater. Zhang et al. (2014) obtained the capacity to
be 110-170 mg COD/g TSS with increasing capacity for higher substrate concentration.
However, the capacity decreased with higher biomass concentration suggesting possible
saturation of cell surface area. Lim et al. (2015) examined biosorption capacity in a
sequencing batch reactor (SBR) as a feast-famine regime to treat synthetic wastewater
(glucose, acetate, soluble starch, and wurea). They investigated different sludge
characteristics at various F/M ratio (0.15-0.45 g COD/g TSS), SRT (3-30 d) and DO (0.5-

6 mg O2/L) conditions and found the overall capacity to be about 23-57 mg COD/g TSS.
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They reported that SRT positively correlated with biosorption capacity due to high EPS
concentration at higher SRT and it was negatively correlated with floc size. This was
contradictory to the characteristics of HRAS systems where carbon capture due to
biosorption increased with decreased SRT. Also in this study, no clear correlation between
biosorption and SRT was found. Therefore, the conventional approach does not seem
useful to understand biosorption contribution in HRAS systems.

5.9.2 Ex-situ aerobic yield approach

The ex-situ aerobic yield coefficient of HRAS (SRT 2 days) was determined based on Eq.
5.2, and the change of COD (tCOD, pCOD, and sCOD) fractions and cumulative oxygen
against the experimental times are illustrated in Fig. 5.3. Figure 5.3a describes the profile
of tCOD, pCOD, sCOD concentration and cumulative oxygen concentration with
corresponding time during a high-quality batch experiment for determining the ex-situ
aerobic yield. The increase of pCOD explained the biomass growth due to COD oxidation
as cumulative O also increased linearly. The regression coefficient (R?) for the change of
each parameter against the time was higher than 0.89 and thus this experiment was
considered as a high-quality experiment. Figure 5.3b represents a poor quality experimental
data where the change of tCOD and pCOD with time had the regression coefficient of 0.61
and 0.07, respectively. This was might be due to the higher initial biomass concentration
(initial pCOD > 200 mgCODY/L) in the experiment compared to high-quality experiment
(initial pCOD > 20 mgCOD/L). This suggested that tCOD and pCOD estimation and
correct F/M ratio is critical (or sensitive) to estimate ex-situ aerobic yield (Rahman et al.,
2016d). Since the change of sCOD and cumulative oxygen consumption against

experimental time had better regression coefficient (R? > 0.80) in both high and poor
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quality experiments, the Eq. 5.2 was used to determine ex-situ aerobic yield to quantify

biosorption.
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Figure 5.3 A conventional approach of ex-situ aerobic yield determination of high-
rate activated sludge (full-scale step-feed system of SRT 2 days) in a (a) high-
quality experimental batch test in which R? > 0.89 and (b) poor quality

experimental batch test in which R? > 0.07

This study hypothesized that the biomass under famine conditions was expected to have
higher aerobic yield under feast condition in the batch reactor, than the biomass (freshly
collected from full-scale systems) without any exposure of famine regime. The biosorption
capacity of the sludge was then calculated (Eq. 5.5) by differentiating the two aerobic
yields between starved biomass and non-starved biomass. The three different types of
substrate (unfiltered CEPT effluent, filtered CEPT effluent, and acetate) were used as

external carbon source in the batch reactor. The main purpose of using various types of
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organic carbon fractions was to observe the impact of the substrate on yield determination

and thus biosorption (adsorption and storage) quantification.
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Figure 5.4 Quantification of ex-situ aerobic yield coefficient with and without
aerobic pretreatment approach for non-filtered, filtered (1.5 um) wastewater
(chemically enhanced primary treatment effluent) and acetate (soluble
compound) as a carbon source in batch experiments

Figure 5.4 illustrates the aerobic yield determined for pretreatment and no-pretreatment
sludge feeding with non-filtered wastewater, filtered wastewater, and acetate as a soluble
carbon source. The observed yield was slightly higher under no-pretreatment condition as

compared to pretreatment condition (Fig. 5.4). However, no overall significant difference
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between the aerobic yields with pretreatment or without-pretreatment of the sludge was
observed (Fig. 5.4). Since the ex-situ yield was independent of aerobic pretreatment and
no-pretreatment conditions in batch experiments, the ex-situ aerobic yield was further
determined on sludge collected from pilot-scale CSTR (2.3 d and 3.4 d SRT) and CS (0.3
d,0.8d,0.9d and 1 d SRT) continuous systems studied by Rahman et al. (2016c) . The ex-
situ aerobic yield determined in batch tests and in-situ observed yield calculated from the
mass balance of CSTR and CS systems at different SRT conditions are illustrated in Figure
5.5. The in-situ observed yield of the CSTR and CS systems were lower (0.15-0.72
gCOD/gCOD) and decreased with SRT. In contrast, the ex-situ aerobic yield determined
in the batch reactor had no correlation with SRT and was always high (> 0.71
gCOD/gCOD). Overall, ex-situ aerobic yield was independent of sludge type, SRT or
pretreatments, and was always above 0.7 g COD/g COD indicating that probably other

factors might have played a role in the ex-situ batch test.
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Figure 5.5 Ex-situ aerobic yield coefficient (in a batch test) and observed yield
(continuous system) determination on reactor sludge from high-rate pilot-scale

CSTR and CS systems under variable SRT conditions

The high yield coefficient in the batch system might suggest that the significant fraction of
soluble COD was consumed as an internal storage pathway by microorganisms. Shifting
the microbial community from a continuous reactor process condition to a batch reactor,
potentially induced feast condition for microorganisms and exhibited high yield, which can
be explained by possible soluble COD storage (Majone et al., 1996). The same phenomena
were also confirmed by Chudoba et al. (1985) in CSTR and PF systems feeding glucose
substrate and resulting in an ex-situ yield of 0.71 gCOD/gCOD and 0.88 gCOD/gCOD,
respectively. High ex-situ yields have been reported before for acetate (0.7 gCOD/gCOD)
and glucose (0.8 - 0.9 gCOD/gCOD) (Dircks et al., 1999; Xu & Hasselblad, 1996). The

high ex-situ yield was potentially caused by changing the environmental condition from
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continuous feeding style to a sudden rise of pulse feed. The substrate uptake rate may
increase significantly with a higher rate under pulse feed compared to growth limiting
conditions (continuous systems). During rapid uptake of the substrate, some of the carbon
can be converted to storage polymer as the microorganisms cannot use excess substrate for
their growth because of having a risk of metabolism imbalance (Van Loosdrecht et al.,
1997). Therefore, storage might have played a dominant role in ex-situ conditions which
contributed to high vyield, thus making the method insensitive for determination of

biosorption.

5.9.3 Ex-situ biosorption yield

A change of oxygen uptake rate (OUR) against time for a 2.5 d SRT sludge (full-scale step-
feed system) is shown in Fig. 5.6. The trend of OUR showed that it decreased rapidly with
time and reached a steady OUR condition after 10 hours. The sharp drop of the OUR was
due to oxidation of biosorbed biodegradable organic matter within the sludge, as no
biodegradable soluble organics were present. The total cumulative oxygen consumption
due to organic matter oxidation and endogenous respiration was 87 mgO./L, of which 73
mg O2/L was due to endogenous respiration. The biosorption yield was then calculated

using the Eq. 5.6 and found to be 56 mg O2/g VSS.
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Figure 5.6 The measurement of ex-situ oxygen uptake rate (OUR) of high-rate
sludge (full-scale step feed system of 2 d SRT) in a batch experiment to quantify

biosorption yield

Figure B2 and Table B6 in Appendix B illustrate the typical OUR profiles in function of
time for various sludge collected from pilot-scale CSTR (3.5d, 1.2 d, 0.3 d SRT) and CS
(1.7d,1d,0.8d,0.7d,0.5d SRT) configurations operated under different SRT with their
respective biosorption yields. The range of biosorption yield for the full-scale 2.5 d SRT
sludge was found to be 12 to 56 mg O2/g VSS and was most probably dependent on the
variable operational conditions. In CSTR systems, the biosorption yield was 85 mg O./g

VSS at 3.5 d SRT while the range was 318-373 mg O2/g VSS when SRT < 1.2 d (Table
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S6). In CS configurations, the range of biosorption yield of contactor sludge was 57-435
mg O2/g VSS when SRT decreased from 1.7 d to 0.5 d. The biosorption yield of stabilizer
sludge (28-293 mg O2/g VSS) was always lower than contactor sludge (57-435 mg O-/g
VSS) because biosorption happened in the contact tank whereas starvation occurred in the
stabilization tank. In this study at SRT < 1 d in HRAS systems (CSTR and CS), the range
of biosorption yield was 318-435 mg O2/g VSS which was higher than SRT > 1 d. Thus
the biosorption yield approach certainly can predict that the biosorption of HRAS occurred
in a continuous system.

A relationship between carbon redirection, carbon oxidation and total SRT observed from
pilot-scale reactor is shown in Fig. 5.7a. This indicated that SRT had a positive correlation
with carbon oxidation and negative correlation with carbon redirection. Similar to these
observations, the relationship between biosorption yield and SRT (Fig. 5.7b), in-situ
observed yield (Fig. 5.7c) and carbon redirection, carbon oxidation (Fig. 5.7d) of pilot-
scale high-rate CS configurations were observed. It was found that biosorption yield of
contactor sludge negatively correlated (R? 0.85) with total SRT of the system (Fig. 5.7b).
The biosorption yield was also linearly correlated with the observed yield of the CS system
because observed yield of a high-rate system involved sludge production through growth,
adsorption, and storage (and possibly decay) by removing COD from wastewater (Fig.
5.7¢). In addition, biosorption yield was positively correlated with carbon redirection
indicating the importance of biosorption to enhance carbon recovery (Fig. 5.7d).Ge et al.
(2013), Jimenez et al. (2015) and Rahman et al. (2016c) reported that carbon redirection
negatively correlated with SRT. In addition, the carbon oxidation was positively correlated

(R? 0.79) with SRT exhibited in this study (Fig. 5.7d) and similar relationships were also
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reported by Ge et al. (2013), Jimenez et al. (2015) and Rahman et al. (2016c). Thus, the
biosorption yield had a negative correlation (R? 0.75) with carbon oxidation. At low SRT
and HRT, carbon oxidation is comparatively lower than high SRT as biosorption taken
place as the dominant mechanism of removing particulate and colloidal organic matter
from wastewater and suggested the higher biosorption yield. The biosorption yield is so far
the first parameter that can be measured in ex-situ conditions and shows a direct correlation
with SRT, carbon mass balance and potential contribution of biosorption for carbon

recovery.
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Figure 5.7 (a) Relationship between carbon redirection, carbon oxidation, and total

SRT of pilot-scale CS systems,(b) impact of total SRT on biosorption yield for
pilot-scale CS systems, (c) relationship between observed yield and biosorption
yield of contactor sludge from pilot-scale CS systems, and (d) relationship
between carbon redirection, oxidation and biosorption yield of contactor sludge

from pilot-scale CS systems
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5.9.4 In-situ biosorption in a continuous system

The biosorption capacity was determined on pilot-scale continuous systems using influent
COD mass balance, operational parameters, and EPS measurements (see section 5.2.6).
The influent COD mass-balance for the pilot CS configurations are illustrated in Fig. 5.8.
As SRT decreased from 1.7 d to 0.8 d, the carbon oxidation decreased from 34 to 21 % and
the biomass formation (or growth) also reduced from 21 to 11%. The EPS production was
in the range of 7-11% and biosorption increased from 13 to 30 % when SRT decreased
from 1.7 d to 0.8 d. However, when SRT decreased even more to 0.7 d, the biosorption
decreased to 24% indicating a potential lack of biosorption efficiency. This might have
been caused by EPS limitation at lower SRT (11% vs 7% EPS at 0.8 d and 0.7 d SRT,

respectively). EPS limitation has been shown before at lower SRT by Jimenez et al. (2015).
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Figure 5.8 Influent COD redirection pathways of five different high-rate pilot-scale

contact-stabilization (CS) systems under variable SRT conditions
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Figure 5.9 (a) Impact of total SRT on in-situ biosorption determined from pilot-
scale CS systems, (b) relationship between observed yield and in-situ
biosorption of pilot-scale CS systems, (c) relationship between carbon

redirection, carbon oxidation and in-situ biosorption of pilot-scale CS systems
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A relationship between biosorption and carbon redirection, carbon oxidation and observed
yield in the CS systems were observed and illustrated in Fig. 5.9. The in-situ biosorption
of CS systems decreased with increasing SRT as expected (Fig. 5.9a). In addition, a
positive correlation was found between in-situ biosorption and observed yield and carbon
redirection (Fig. 5.9 b, c), whereas in-situ biosorption increased with decreased carbon
oxidation (Fig. 5.9c). These observed relationships were similar to biosorption yield
approach discussed in section 5.3.3. The benefit of this approach was that it determined the
influent COD captured on the sludge matrix through biosorption mechanisms which left
through the system via WAS and effluent streams. Thus, this approach provides a direct
fraction of carbon captured through biosorption, while the biosorption yield, performed in
an ex-situ test, is still less direct measure.

5.9.5 Evaluation of ex-situ and in-situ biosorption capacity approaches

Four biosorption quantification approaches for HRAS were evaluated in this study. The
biosorption was quantified in ex-situ conditions by three approaches: conventional
biosorption capacity, ex-situ aerobic yield, and biosorption yield. The biosorption capacity
approach can only quantify the maximum (or saturation) capture capacity of organic matter
from wastewater to sludge matrix. The biosorption capacity was not sensitive enough to
correlate with system SRT, a known factor determining biosorption contribution in high
rate systems. In addition, this study showed that the settleable organic fraction in
wastewater was a major artifact (increased biosorption by factor of 2) that has to be
corrected, even for protocols from literature as described in Riffat and Dague (1995), Tan
and Chua (1997), Guellil et al. (2001), Zhang et al. (2014), Lim et al. (2015), Modin et al.

(2015) and Lim et al. (2016). Based on multiple artifacts or interferences playing a role and
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the insensitivity between sludge samples, biosorption capacity does not seem to be the best
method to study biosorption contribution for HRAS systems.

The ex-situ aerobic yield approach quantified maximum yield (due to storage) for any type
of activated sludge because of high F/M ratio and transfer of sludge from growth limited
conditions (continuous system) to batch systems (feast). Also, in this case, the ex-situ
aerobic yield was not able to differentiate between sludge samples with different
biosorption capabilities, even when including pretreatment of sludge or wastewater. The
ex-situ yield test, therefore, can only describe the maximum yield of the heterotrophic
biomass under increased F/M ratio and not the biosorption capacity.

Unlike biosorption capacity and ex-situ aerobic yield approach, the biosorption yield was
the only ex-situ approach that showed a direct correlation with SRT and the carbon mass
balance of the continuous systems. The approach quantified the biodegradable fraction
present in the flocs through a measurement of the OUR, specified for the starting solids
concentration. One of the limitations of this approach was that it might have interference
of EPS degradation due to the longer time stabilization of sludge and could therefore not
differentiate between sorbed solids and the EPS matrix. The benefit of this approach was
that it was positively correlated with carbon redirection and observed yield of the system
and had opposite correlation with carbon oxidation and SRT of the system. It, therefore,
seems a promising approach that can be applied ex-situ to evaluate biosorption contribution
in systems. In addition, it could be a helpful tool to calibrate HRAS models and kinetic
parameters in addition to mass balance data.

The biosorption quantification using COD mass-balance, EPS, and operational parameters

was the only approach among the tested approaches, which determined in-situ biosorption
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of a continuous reactor system. The approach was able to quantify the COD fraction
captured through biosorption. It correlated well with SRT and COD redirection. The
advantage of this approach was that it directly provides the biosorption quantification that
is occurring in the reactor under the influence of influent, effluent and WAS characteristics,
operational parameters, EPS and heterotrophic yield coefficient. The major assumption of
the method is the use of the heterotrophic yield factor, which was set as default (0.67 g
COD/g COD) to calculate the biomass growth contribution.

By considering advantages and limitations of each approach investigated in this study
(Table 5.3), the best selection of biosorption quantification approach for potential
application can be ranked as: 1) biosorption yield, 2) biosorption quantification using COD
mass-balance, EPS, and operational parameters, 3) conventional biosorption capacity, and

4) ex-situ aerobic yield.
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Table 5.3 Comparison of different approaches evaluated in this study to quantify biosorption capacity/yield on high-rate

activated sludge systems

Approach

Advantages

Limitation

Biosorption capacity
(Conventional method)

Direct measurement of maximum biosorption capacity

1. Interference of biomass growth

2. Interference of settling organic matter

3. Potential interference of deflocculation

4. Difficult to translate the result to biosorption
contribution in continuous systems (Observed
yield)

5. Non-sensitive to sludge characteristics and F/M
in the test

Ex-situ aerobic yield
coefficient

Provides maximum yield of the activated sludge of a treatment
process

1. Labor intensive experiment

2. Non-sensitive to sludge characteristics
3. No relationship with SRT

Biosorption yield

1. Provides in-situ sorption measurement of a continuous
system

2. Has relationship with observed yield of the continuous
system

3. Has relationship with SRT, carbon redirection and carbon
oxidation

1. No differentiation between storage and
adsorption

2. Measurement of mass of oxygen instead of
mass of COD

3. Interference of EPS degradation

Biosorption quantification
using COD mass-balance,
EPS and operational
parameters

1. Provides in-situ sorption measurement of a continuous
system

2. Has relationship with observed yield of a continuous system

3. Has relationship with SRT, carbon redirection and carbon
oxidation
4. No additional batch experiments needed

1. Needs (more complex) EPS data

2. Uses assumptions for biomass growth yield
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5.10 Conclusion

Water resource recovery facilities focusing on implementing HRAS processes for
redirecting influent carbon into sludge through biosorption for energy recovery are in need
of a proper method for biosorption quantification. We present here a method that can
eventually help to evaluate and establish the kinetics, design, and application of HRAS
systems. The findings of this study suggest to use either ex-situ determination of
biosorption yield or in-situ determination of biosorption based on mass balances, as two
valuable and sensitive approaches for evaluation of biosorption contribution to carbon

capture.
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Chapter 6 - High-rate Contact-Stabilization and plug-flow A-stage systems for

carbon recovery from raw wastewater

6.1. Introduction

This section presents the results from: (a) investigation of the aerobic and anaerobic
reactors in both A-stage and CS systems in relation to carbon and nutrient balance; (b)
evaluation of carbon redirection and harvesting efficiency, nutrient removal and capture
efficiency and settling characteristics in A-stage and high-rate CS systems operated at SRT
range between 0.15-0.3 d and the role of EPS; (c) feasibility of A-stage and high-rate CS
systems energy autarky by applying deammonification and shortcut nitrogen removal

processes as main-stream and side-stream processes.

6.2. The pilot plant operation

The pilot study was conducted at Chesapeake-Elizabeth WWTP, Virginia Beach, USA.
The full-scale plant treats domestic raw wastewater through screening, grit removal and
biological secondary treatment systems operated at SRT between 2 and 3.5 days. The
effluent after secondary clarifier discharges directly to the Chesapeake-Bay.

In this study, two pilot reactor systems as A-stage and CS were performed simultaneously.
In both pilot systems, the screened (mechanical screening with 6 mm pore size) raw
wastewater from full-scale systems went through a grit and scum removal and screening
process of 2.4 mm pore size to ensure no clogging happened in pilot systems. The screened
raw wastewater temperature was controlled at 20 °C using a submersible heaters (OEM,
OTS, Minneapolis, MN) and a water chiller (Aqualogic MT-9, San Diego, CA) to avoid

the impact of wastewater temperature in both pilot systems. The each pilot consisted of
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three vertical cylindrical reactors (each reactor of 170 L volume) and a clarifier (1700 L).
The aeration and mixing in the reactor were done using fine bubble diffuser. The flow
pattern in the pilot system was a serpentine style which also provided the mixing in the
reactor. In A-stage, the influent wastewater and return activated sludge (RAS) from
clarifier fed to reactor 1 and flowed through reactor 2 and 3 as plug-flow style and
discharged to the clarifier. In CS, the influent wastewater fed to the contactor (reactor 3)
where biosorption of organic carbon from wastewater occurs and then the carbon-rich
sludge discharged to clarifier. The settled carbon-rich sludge from clarifier returned back
to stabilizer 1 (reactor 1) and 2 where oxidation of biosorbed carbon from sludge matrix
happened. This allows biomass to free up the outside cell surface space and maximizes the
biosorption response in the contactor. The stabilizer provides starvation or famine regime
whereas contactor exhibits feast response in the systems. A schematic diagram of pilot
reactor setup is shown in Fig. 6.1. The DO set point in each reactor for both pilot systems
was 0.5 mgO./L. The SRT was controlled indirectly by maintaining a fixed mixed liquor
suspended solids (MLSS) concentration in the system which adjusted the wasting rate to
achieve the target SRT. A Programmable Logic Controller (PLC) was used to control the
pilot systems which controlled the DO set point and target MLSS in the pilot systems. The
detail description of automatic control of the pilot system are described by Miller et al.
(2017). The CS and A-stage configurations were operated at a narrow range of SRT of 0.16
d to 0.30 d. The CS and A-stage configurations were abbreviated based on their
configurations name and SRT as CS 0.16 d, CS 0.30d and A 0.16 d, A 0.30 d, respectively.
The two scenarios (0.16 d and 0.30 d SRT) of each CS and A-stage were combined to

evaluate two more scenarios as CS 0.22 d and A 0.22 d to conclude as a global summary
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which allowed more reliability of the data (n > 40). The two pilot systems one reactor were
also operated as anaerobic conditions to investigate the impact of aerobic and anaerobic
conditions in the system. In CS, aerobic stabilizer (reactor 1 and 2) and anaerobic contactor
(DO <0.10 mgO2/L) were operated at 0.35 d SRT and symbolized the scenario as CSac
0.35 d. In A-stage, reactor 1 was used as an anaerobic selector (DO > 0.1 mgO>/L) and
other two reactors were as aerobic condition. The scenario was operated at 0.30 d SRT and
abbreviated as Aas 0.3 d. The anaerobic conditions were maintained by diffusing coarse
bubble aeration in the reactor at an intermittent frequency. The influent characteristics of
the pilot plant system are described in Table 6.1. The operational parameters of all CS and

A-stage configurations are illustrated in Table 6.2.
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Table 6.1 Influent compositions on high-rate Contact-stabilization (CS) and plug-flow type A-stage systems

Scenarios TSS VSS tCOD pCOD cCOD ffCOD NH3-N OP TKN STKN TP
mg/L mg/L mgCOD/L mgCOD/L mgCOD/L mgCOD/L  mgN/L mgP/L mgN/L mgN/L mgP/L
Aas 0.3 d 190+40  159+34 479+75 30364 38+22 138427  28.4+4.7 2.4+09 37.1+7.4 28.816.9 4.9+1.0
CSac0.35d  201+27  183+23 570+34 356+33 55+23 159+10  34.4+1.0 3.9+0.1 43.7434 34.1+25 5.8+0.7
A0.3d 226129 202425 619463 395459 67+23 157414  35.2+1.4 4+0.3 454433 352+24  6.1+0.7
CS0.3d 217+44 191442 5954119 382492 57+30 157+36  33.1+5.0 3.840.9 38.5+8.9 30.8+7.7 5.4+14
A 0.16d 233+42 20937 7824262  543+265 8322 156425  34.8+7.2 4.1+13 51.7#3.1 37.5+1.8 7.6£0.7
CS0.16d 217435 193433  752+158  514+153 85+23 153+25 33+10.3 3.9+16 52.6+1.4 37.6+2.3 7.7:+0.3
A0.22 d* 23041 20637  713+219  480+218 76124 157421 3515.6 41+£1.0 485+45 36.4+24 6.9+1.0
CS0.22d* 217+46  192+43 6831162  456+146 73130 155+30 33+8.4 3.8+1.4  44.6+£9.7 33.746.9 6.4t15

Note: TSS-Total suspended solids, VSS-Volatile suspended solids, tCOD-Total COD, pCOD-Particulate COD, cCOD-Colloidal COD, ffCOD-

Flocculated filtered COD, NH3-N-Ammonia nitrogen, OP-Ortho-Phosphorous, TKN-Total Kjeldahl Nitrogen, sTKN-Soluble TKN, TP-Total
Phosphorous, *CS 0.3 d, CS 0.16 d combined as CS 0.22 d and A 0.3 d, A 0.16 d combined as A 0.22 d
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Table 6.2 Operational and measured parameters of high-rate contact-stabilization (CS) and plug-flow type A-stage systems

Scenarios Reactor Condition HRT (min) OLR (kgCOD/m¥d) DO (mg/L) MLSS (mgTSS/L) Total SRT (d) Aerobic SRT (d)
R1 Anaerobic 10 - 32744932

Aas0.3d R2 Aerobic 10 18+3 - 3307+1047 0.29+0.05 0.19+0.03
R3 Aerobic 10 0.36+0.26 3097+946
S1 Aerobic 10 - 43194564

CSac0.35d S2 Aerobic 10 19+1 1.73+0.38 46304663 0.35+0.05 0.23+0.03
C Anaerobic 10 0.08+0.02 25724398
R1 Aerobic 10 - 35831461

A0.3d R2 Aerobic 10 2242 - 3850+455 0.31+0.07 0.31+0.07
R3 Aerobic 10 0.60+0.31 3567+479
S1 Aerobic 10 - 36184598

CS0.3d S2 Aerobic 10 20+4 1.80+1.34 4092+588 0.27£0.05 0.27+0.05
C Aerobic 10 0.42+0.14 19774302
R1 Aerobic 10 - 20764383

AO0.16d R2 Aerobic 10 2649 - 2285+366 0.160.04 0.16+0.04
R3 Aerobic 10 0.53+0.33 2059+422
S1 Aerobic 10 - 26664495

CS0.16d S2 Aerobic 10 2545 2.86+1.85 2742502 0.18+0.04 0.18+0.04
o Aerobic 10 0.54+0.34 1452+248
R1 Aerobic 10 - 27124853

A0.22 d* R2 Aerobic 10 2548 - 29461873 0.22+0.09 0.22+0.09
R3 Aerobic 10 0.56+0.33 2695+868
S1 Aerobic 10 - 3084+719

CS 0.22d* S2 Aerobic 10 2345 2.4+1.73 3335+862 0.22+0.06 0.22+.06
o Aerobic 10 0.48+0.27 1683377

Note: ac-anaerobic contactor, as-anaerobic selector, S-stabilizer, C-Contactor, SRT-Solids retention time, HRT-Hydraulic retention time, OLR-Organic loading rate, R-Recycle ratio,
DO-Dissolved oxygen concentration, MLSS-Mixed liquor suspended solids, *CS 0.3 d, CS 0.16 d combined as CS 0.22 d and A 0.3 d, A 0.16 d combined as A 0.22 d
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6.3 Carbon, nitrogen and phosphorous balance

A carbon balance was calculated for the pilot system to determine the carbon redirection,
carbon harvesting, and carbon harvesting efficiency. The influent COD was categorized
into five components as waste activated sludge (WAS) which considers carbon harvesting,
effluent pCOD, effluent cCOD, effluent ffCOD, and oxidation. The carbon oxidation was
calculated by closing the 100% carbon balance. The carbon redirection was defined as the
summation of WAS, effluent pCOD and effluent cCOD where it was assumed that
particulates and colloids left from the system were biomass rather than substrates (Miller
et al., 2017). The carbon harvesting was divided by the carbon redirection which defined
as carbon harvesting efficiency. A mass-balance was computed on the influent redirected
COD which further divided into three fractions as biomass growth, EPS, and biosorption.
The percentage of biomass growth was calculated using the carbon oxidation and
heterotrophic yield of 0.67 gCOD/gCOD. The percentage of EPS production was
calculated using the measured EPS concentration and particulate COD over VSS ratio of
the reactor sludge. The biosorption was then calculated by closing the mass-balance of
100%. The detailed calculation procedures were discussed in Rahman et al. (2016c).

A nitrogen and phosphorous balance were computed in the pilot system to determine the
redirection of nitrogen and phosphorous through assimilation for biomass growth. The
influent total nitrogen and phosphorus were leaving from the systems through the effluent
and WAS. The percentage of nitrogen and phosphorous in WAS were calculated to close

the balance of 100% by subtracting the percentage of effluent nitrogen and phosphorous.
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6.4 Settleability parameters and EPS extraction
The settleability in CS and A-stage configurations were evaluated by measuring different
parameters determined in batch experiments. The sludge volume index (SVI) was
measured at 5 min and 30 min on sludge collected from reactor 3 in both pilot systems.
The flocculation ability of the sludge was determined by measuring the threshold of
flocculation (TOF). The lower the TOF for a system indicates the better flocculation ability
of the sludge. The sludge particles settling velocity (> 0.6 m/h, 0.6-1.5 m/h and > 1.5 m/h)
were evaluated by measuring the intrinsic settling characteristics (ISC). The SVI, TOF,
and ISC were measured by adopting the method of Rahman et al. (2016¢) and Mancell-
Egala et al. (2017a).
The EPS was extracted on each reactor sludge of CS and A-stage configurations using the
modified heat extraction method of Li and Yang (2007). The detail procedures are
described in Rahman et al. (2017). The protein of extracted EPS was determined by
adopting the Lowry method (Lowry et al., 1951). The polysaccharide of extracted EPS
was measured using phenol-sulfuric acid method (Dubois et al., 1956). The protein and
polysaccharide was measured as Bovine Serum Albumin (BSA) and D-glucose,
respectively.
6.5 COD and nitrogen flux distribution and energy balance calculation for a
WWTP
For future generation energy neutral WWTP, conventional WWTP can be converted to a
water resource recovery facility (WRRF). The potential of a conventional WWTP to a
WRRF was calculated by upgrading the conventional activated sludge (CAS) to A-stage

or high-rate CS systems for carbon removal and short-cut nitrogen (SCN) removal
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(nitritation and denitritation) by nitrite shunt as mainstream nitrogen removal processes.
The addition of deammonification (DEMON) as sidestream treatment was also considered
for each cases (CAS, A-stage or high-rate CS) to evaluate the benefit of this technology for
treating rejected liquid with high concentration of nitrogen from anaerobic digestion (AD).
In this study, the average capacity of a WWTP was assumed to be 25 million gallons per
day (MGD) for energy neutrality calculation. The several full-scale wastewater treatment
process options were investigated to evaluate the energy autarky and the cases were : A)
CAS (primary clarifier and anoxic, oxic biological systems at SRT > 10 d), B) CAS (SRT
> 10 d) with DEMON as sidestream process (SRT 20 d), C) A-stage (SRT 0.22 d) and SCN
(SRT 5 d) as B-stage, D) A-stage (SRT 0.22 d) and SCN (SRT 5 d) as B-stage with
DEMON as sidestream process (SRT 20 d), E) high-rate CS (SRT 0.22 d) and SCN (SRT
5 d) as B-stage, F) high-rate CS (SRT 0.22 d) and SCN (SRT 5 d) as B-stage with DEMON
as sidestream process (SRT 20 d). In each cases a conventional anaerobic digestion (AD)
were considered for energy recovery through biogas productions. The COD and nitrogen
flux distribution were calculated first as gram COD per day and gram nitrogen per day for
each treatment cases and then energy balance calculations were made. The influent
wastewater characteristics for case A, B, C, D, E and F were adopted from A 0.22 d
scenario data (Table 1). The full-scale plant final effluent COD and nitrogen limits were
assumed to be 30 mgCOD/L and 5 mgN/L (EPA, 2017a; EPA, 2017b). The primary
clarifier COD and total nitrogen removal efficiency through sedimentation were assumed
to be 20% and 9%, respectively and the remaining COD and nitrogen went through the
effluent (Metcalf & Eddy, 2003; WEF & WERF, 2015). The COD and nitrogen flux in A-

stage and high-rate CS systems through oxidation, capture (through WAS) and effluent
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were adopted from COD and nitrogen mass-balance measured in this study (Table 4 and
Fig 3). It was assumed that 50% of incoming COD from primary treatment or A-stage or
CS to CAS or B-stage was oxidized in the aerobic zone of nitrification or nitritation
processes. The remaining COD was assumed to be available for full denitrification or
denitritation. The observed yield in CAS and SCN for heterotrophic growth was assumed
to be 0.3 gCODpiomass/gCODremoved given that the decay coefficient of 0.08 per day at 20
°C. The nitrogen content per gram of heterotrophic biomass was selected as 0.067 gN/g of
biomass (van Haandel & van der Lubbe, 2007). The sludge production for autotrophic
bacteria was neglected. In anaerobic digestion (AD), the COD removal efficiencies from
primary sludge, A-stage or high-rate CS and CAS sludge were considered to be 60% (0.6
gCODremoved/gCODinfiuent), 60% (0.6  gCODremoved/dCODinfivent) and  35%  (0.35
gCODremoved/gCODinfivent), respectively (Hernandez Leal et al., 2010). The average biogas
productions in AD was 0.5 m3*/kgCODremoved and the methane content of the biogas from
primary sludge, A-stage or high-rate CS, CAS or SCN was considered as 65% and thus the
yield was 0.65 m® of methane/m® of biogas. The observed yield for the microbial
population involved in AD was taken into account of 0.05 gCODbiomassydCODremoved and
the sludge in AD had assumed to be COD/N ratio of 15 (van Haandel & van der Lubbe,
2007; WEF & WERF, 2015). The energy consumption (EC) and energy production (EP)
was calculated in Mega Watt per year (MWh/year) unit and several assumptions were made
based on established literatures. The electrical energy requirement for COD removal was
assumed to be 0.11 Wh/gCODremoved (Salomeé, 1990). The actual oxygen transfer efficiency
for aeration system were taken as 1.5 gO>/Wh (van Haandel & van der Lubbe, 2007). The

electrical energy demand for sludge dewatering was taken to be 0.15 Wh/gCOD (Zessner
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et al., 2010). The electrical EC for pumping (non-aerated electrical consumption) was
assumed to be 25% of the energy required for COD and nitrogen removal and sludge
dewatering. The total chemical energy content from methane for electrical energy recovery
was considered to be 10 kwh/m? of methane considering that the electrical recovery
efficiency through combined heat and power (CHP) system was 38% (Wett et al., 2007).
The EC for COD removal in primary treatment (assuming zero energy consumption), A-
stage or high-rate CS systems and COD removal through B-stage (SCN) or CAS were
corrected for the energy savings due to COD removal through denitrification or
denitritation. The total EC for nitrogen removal was calculated by summing up the CAS or
SCN process and removal through DEMON (if applicable) process. The total EC was
calculated by summing up the net EC for COD removal, nitrogen removal, sludge mixing
and pumping and sludge dewatering. The net energy gain was then calculated by
subtracting the EP through biogas productions from total EC. The energy neutrality was

calculated by dividing the EP by EC.

6.6 Sample measurement and analysis

The sample for influent, effluent, WAS and MLSS of the reactor in CS and A-stage were
collected based on 24-hour composite sample on a daily basis (five days per week). The
COD fractions (tCOD, pCOD, cCOD, ffCOD) and volatile fatty acid (VFA) of each
composite sample and each reactor as grab sample were measured. The nitrogen species as
ammonia, total Kjeldahl Nitrogen (TKN), soluble TKN (sTKN) and phosphorous species
as total phosphorous (TP), soluble total phosphorous (sTP), ortho-phosphorous (OP),

respectively were measured on influent, effluent and WAS sample. The composite samples
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and reactor grab samples were also measured for total suspended solids (TSS) and volatile
suspended solids (VVSS) concentration, respectively. The COD fractions were measured by
adopting the method of Rahman et al. (2016c¢). The TSS, VSS, nitrogen and phosphorous

species were analyzed by Standard Methods (Association et al., 2005).

6.7. Results

6.7.1 COD removal efficiency and effluent characteristics

The COD fractions removal efficiency for both CS and A-stage configurations are
illustrated in Fig. 6.2a. In anaerobic conditions in CS and A-stage, CSac 0.35 d and Aas
0.3 d had similar tCOD, pCOD, cCOD and ffCOD removal efficiencies (p > 0.05). In fully
aerobic conditions, A 0.3 d had higher tCOD and pCOD removal efficiencies (p =0 < 0.05)
compared to CS 0.3 d. In addition, the A 0.3 d showed better effluent quality (lower tCOD,
pCOD and TSS) than the CS 0.3 d. However, the cCOD and ffCOD removal efficiencies
were similar in both scenarios. As the SRT decreased from 0.3 d to 0.16 d, both CS 0.16 d
and A 0.16 exhibited similar tCOD, pCOD and cCOD removal efficiencies (p > 0.05)
which reflected on effluent COD fractions (tCOD, pCOD, cCOD). However, higher ffCOD
removal efficiency (p = 0 < 0.05) was observed in A 0.16 d than CS 0.16 d which left lower
ffCOD concentration through effluent than CS 0.16 d. By comparing global scenarios, the
A 0.22 d observed higher tCOD, pCOD and ffCOD removal efficiencies (p = 0 < 0.05)
than CS 0.22 d and followed on lower effluent COD fractions and solids concentration.
The aerobic reactors of CS and A-stage (CS 0.16 d, CS 0.3 d, A 0.16 d, A 0.3 d) had
comparatively higher tCOD, pCOD and ffCOD removal efficiencies than anaerobic

conditions (CSac 0.35 d and Aas 0.3 d) which also effected on the effluent characteristics
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(Fig. 6.2b). In changes of SRT from 0.3 d to 0.16 d in A-stages, the tCOD (p = 0.019),
pCOD (p =0.008), cCOD (p =0.158) and ffCOD (p = 0.860) removal efficiency decreased
whereas COD fractions removal efficiency significantly improved in CS systems. This

trend also impacted the effluent COD fractions and solids concentration.
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Figure 6.2 (a) Influent COD fractions removal efficiency (%), and (b) effluent
quality (COD fractions and total suspended solids concentration) of different

high-rate CS and A-stage systems

The effluent quality was further evaluated by different settleability parameters of each
configuration described in Table 6.3. In terms of settleability, both CS and A-stage
configurations had better settleability as SVIso was less than 100 mL/gTSS. The A-stage
had comparatively lower SVl3 than CS systems. However, A-stage had higher TOF value
than CS systems indicating CS shown to have higher flocculation ability than A-stages. In
A-stages, when SRT decreased from 0.3 d to 0.16 d, the flocculation ability of the sludge

decreased (> 490 mgTSS/L) whereas opposite relation was found in CS systems. In
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anaerobic conditions, both Aas 0.3 d and CSac 0.35 d had similar TOF value. In terms of
ISC results, both CS and A-stage configurations had 85% of the sludge particles settling

velocity less than 0.6 m/h (Table 3).
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Table 6.3 Settleability parameters measured in different high-rate Contact-stabilization (CS) and A-stage configurations

Scenarios SVls SVl ESS TOF ISC (% effluent TSS)
mL/gTSS mL/gTSS mgVSS/L mgTSS/L  >1.5m/h 0.6-1.5m/h < 0.6 m/h

Aas 0.3d 135457 7725 87+17 246150 8+14 11+10 81+13
CSac0.35d 186+35 98+8 76120 263+3 248 615 91+2
A0.3d 167+38 88+18 58+21 3461163 0+0 815 9215
Cso0.3d 146154 92+21 87+16 292+112 6+12 415 90+16
A0.16d 111432 66+11 74+17 > 490 5+2 3+3 93+2
Cso.16d 10647 73+16 83+14 254192 5+6 10+11 85+12
A0.22 d* 135444 75+18 67+20 3751157 242 748 91+7
CS0.22d* 125454 82+21 85+15 269+102 5+9 819 87+14

Note: SVIs, SVIs-Sludge volume index at 5 minute and 30 minute, ESS-Effluent solids concentration, TOF-Threshold of
flocculation, 1ISC-Intrinsic settling characteristics, *CS0.3 d, CS 0.16 d data combined as CS 0.22dand A0.3d, A0.16d
combined as A 0.22 d
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6.7.2 Carbon redirection and harvesting

The influent COD mass-balance of both CS and A-stage configurations are illustrated in
Fig. 6.3a. It was observed that the CS 0.3 d had higher carbon redirection (72+8%) than A
0.3 d (65+11%) whereas the carbon harvesting was slightly lower than A-stage. The A 0.3
d had higher oxidation and lower fractions of effluent pCOD compared to CS 0.3 d. When
SRT decreased from 0.3 d to 0.16 d, both CS and A-stage showed similar carbon redirection
(71%) and carbon harvesting (43-44%). In addition, both systems displayed similar pCOD
and cCOD fractions left from the system through effluent. Although, higher fractions of
effluent ffCOD (10+3%) was examined in CS 0.16 d than A 0.16 d (8+3%) and statistically
significant (p = 0.026 < 0.05). The range of carbon oxidation at 0.16 d SRT in both CS and
A-stages was between 19 to 21%. In the comparison of global scenarios, both A 0.22 d and
CS 0.22 d had equal carbon redirection and carbon capture. However, higher fractions of
effluent pCOD and ffCOD were found in CS 0.22 d than A 0.22 d and the carbon oxidation
was lower in CS 0.22 d than A 0.22 d. It is to be noted that, while SRT reduced from 0.3 d
to 0.16 d in A-stage, the carbon capture did not improve but effluent quality deteriorated
and oxidation decreased. On the other hand in CS systems, the carbon capture slightly
improved and effluent quality was better in 0.16 d than 0.3 d. Moreover, the carbon
oxidation was higher at shorter SRT than higher SRT conditions. In anaerobic conditions,
the CSac 0.35 d and Aas 0.3 d showed similar performance in terms of carbon redirection
(68-69%), carbon capture (28-31%), effluent COD fractions and carbon oxidation.
However, the anaerobic scenarios (CSac 0.35 d and Aas 0.3 d) had significantly lower

carbon capture and poor effluent quality than aerobic scenarios (CS 0.16 d, CS 0.22 d, CS
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0.3d, A0.16 d, A 0.22 d, A 0.3 d). Moreover, the carbon oxidation was minimum in
anaerobic scenarios than aerobic conditions.
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Figure 6.3 (a) Influent COD mass-balance of different high-rate CS and A-stage
configurations where redirection pathways are divided into five different
fractions as waste activated sludge (WAS), effluent pCOD, effluent cCOD,
effluent ffCOD and oxidation; (b) influent redirected COD mass-balance of
different high-rate CS and A-stage configurations which was categorized into
three different metabolic pathways as biomass formation, EPS production and

sorption
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The influent redirected COD mass-balance for CS and A-stage configurations are presented
in Fig. 6.3b. The biomass growth and EPS productions were contributed in lower fractions
at CS 0.3 d compared to A 0.3 d. As SRT decreased to 0.16 d, both systems showed similar
fractions of influent redirected COD to biomass growth, EPS production, and biosorption
pathway. In global scenarios, the A 0.22 d had higher fractions of influent COD taken place
as biomass growth whereas CS exhibited higher fractions of influent COD redirected to
biosorption than biomass growth. The maximum influent redirected COD through
biosorption mechanism was observed at CSac 0.35 d and Aas 0.3 d scenarios whereas
minimum biomass growth happened in the systems compared to other aerobic
configurations.

The EPS concentrations and its composition as protein and polysaccharide in A-stage and
CS configurations of each reactor are presented in Table 6.4. Results showed that A 0.3 d
has higher EPS concentration than the CS 0.3 d. By decreasing SRT from 0.3 d to 0.16 d
in both systems, EPS concentration observed to be similar and higher than 0.3 d SRT
conditions. In CS, the contactor EPS was always found to be greater than stabilizer EPS
concentration. In the global scenario, the CS 0.22 d had slightly lower EPS productions
(reactor 3 or contactor) than A-stage of 0.22 d SRT. In anaerobic selector conditions of Aas
0.3 d, EPS productions were comparatively lower than the aerobic reactors of A 0.3 d. The
EPS concentration in anaerobic contactor of CSas 0.35 d scenario was similar to aerobic
contactor of CS 0.30 d but an increase of EPS response from stabilizer to aerobic contactor
was observed. In anaerobic contactor of CSac 0.35 d, no increase of EPS response
observed from stabilizer to contactor. The protein was the dominant EPS component

observed for each A-stage and CS configurations because polysaccharide concentration
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was lower than the protein concentration. In aerobic conditions of 0.3 d SRT, both systems
showed higher protein concentration than anaerobic conditions although polysaccharide
did not change that much. The maximum protein and polysaccharide concentration were
observed at 0.16 d SRT in both CS and A-stage systems. The protein and polysaccharide
production with SRT variation in CS and A-stage followed the behavior of EPS

productions.
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Table 6.4 Extracellular polymeric substance (EPS) and the composition of EPS as
protein and polysaccharide measured in each reactor sludge of different high-

rate CS and A-stage configurations

. EPS Protein Polysaccharide
Scenarios Reactor symbol
mgCOD/gVSS mg Protein/gVSS mg Polysaccharide/gVSS
R1 86+19 19+7 1246
Aas0.3d R2 83+21 19+7 11+6
R3 79+19 21+9 1145
S1 90+11 23£2 8+4
CSac0.35d S2 98+7 265 11+4
C 100+8 25+2 10+6
R1 116+33 29+6 12+5
A0.3d R2 123+29 2945 1244
R3 129+32 3316 147
S1 89+17 25+4 13+3
Cs0.3d S2 79£15 2745 14+4
C 99+21 30+7 16+4
R1 164+22 33z10 22+7
A0.16d R2 165433 3349 2448
R3 168431 36213 2319
S1 153+32 32+6 20+9
CS 0.16d S2 143+32 3048 18+6
Cc 163+40 3210 2249
R1 143+36 3149 1748
A0.22 d* R2 146437 328 17+9
R3 151437 35210 189
S1 129442 30x7 18+8
CS0.22d* S2 119+41 2947 1746
Cc 139+46 31+9 19+8

Note: CS-Contact-stabilization, ac-Anaerobic contactor, A-A-stage, S1-Stabilizer 1, S2-Stabilizer 2, C-Contactor,
R1, R2, R3-Reactor 1, 2, 3
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6.7.3 Nutrient removal efficiency and capture

The nitrogen species (TKN, sTKN, and ammonia) and phosphorus species (TP, sTP and
OP) removal efficiency are illustrated in Table 6.5. It was observed that nitrogen and
phosphorous removal efficiency was higher in A-stages than CS systems but not
statistically significant. The nitrogen and phosphorus species removal efficiency decreased
when SRT reduced from 0.3 d to 0.16 in A-stages but opposite trend found for CS systems
similar to COD fractions removal efficiency. In A-stage, similar to carbon capture, nitrogen
and phosphorous capture were higher at 0.3 d SRT than CS of 0.3 d SRT whereas at 0.16
d SRT, both systems exhibited similar capture efficiency. Overall as global scenario
comparison, A 0.22 d had higher nitrogen and phosphorus capture than CS 0.22 d. As the
SRT decreased from 0.3 d to 0.16 d, the nitrogen and phosphorous capture improved in CS
systems whereas A-stage did not improve significantly. When the systems had anaerobic
conditions, both A-stage and CS showed the lower capture of nitrogen and phosphorous

compared to aerobic configurations.
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Table 6.5 Total volatile fatty acids (VFA), nutrient (TKN, sTKN, NHs-N, TP, sTP, OP) removal efficiency, and nitrogen and

phosphorous capture efficiency through waste activated sludge stream (WAS) from different high-rate CS and A-stage

configurations operated in this study

Scenarios Total VFA  TKN  sTKN  NHs-N TP sTP oP Nitrogen capture  Phosphorous capture
% % % % % % % in WAS (%) in WAS (%)
Aas 0.3d 72+23 12+7 1244 10+4 27413  39+18  30%13 1845 232
CSac 0.35d 81+6 132 1245 1243 2516 327 2143 10+9 12+6
A0.3d 777 18+6 1445 1944 3514 38+9 46+6 27+10 34+13
CS0.3d 7711 1243 1542 14+4 2015 37+12 3148 15+10 25+2
A0.16d 77+3 21+2 1245 1146 35+4 308 3049 24+13 38+4
CS 0.16d 61+18 1845 10+2 1043 2615 18+4 28110 24+14 34+7
A0.22 d* 777 1945 1544 1714 3511 379 4348 26+12 36+10
CS0.22 d* 72+16 15+5 1343 1244 2315 29+13 2949 19+12 307

Note: VFA-Volatile Fatty Acid which was measured as acetic, propionic, butyric, isobutyric, valeric, isovaleric, caproic acid; *CS 0.3

d, CS 0.16 d combined as CS 0.22d and A 0.3 d, A 0.16 d combined as A 0.22 d
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6.7.4 Carbon and nitrogen flux distribution, energy consumption and production in
a WWTP

The COD and nitrogen flux distribution for six full-scale wastewater treatment process
cases (A to F, described in section 6.2.4) is shown in Fig. 6.4. Results showed that the A-
stage and high-rate CS (case C, D, E, and F) had the comparatively higher percentage of
influent carbon (52-53%) was captured through WAS in carbon and nitrogen removal
stages than CAS (case A, B) (43%). The total carbon oxidation (38-40%) was similar in
both CAS and A-stage or CS systems (cases A to F). The biogas productions from AD
were 31% higher in A-stage and high-rate CS systems (case C to F) than CAS (case A and
B). The addition of DEMON as sidestream treatment in each case reduced the returned
nitrogen loading to mainstream nitrogen removal stages by 86-92%. In six cases, the final
effluent COD and nitrogen flux were similar as it was assumed to maintain same effluent
quality. The carbon and nitrogen after sludge dewatering through biosolids were similar in
Six cases.

The EC for COD removal, nitrogen removal and other components (sludge mixing,
pumping, and dewatering) of a WWTP and EP for six different full-scale treatment process
cases are illustrated in Table 6.6. Overall, the net EC for COD removal was significantly
higher in CAS (case A and B) than A-stage and high-rate CS (case C to F). The EC for
COD removal in high-rate CS (case E and F) was lower than A-stage whereas, in B-stage,
it was opposite. The EC for nitrogen removal by CAS with and without DEMON process
was higher than SCN in A-stage or high-rate CS systems. Overall, the total EC was higher

in CAS than A-stage and high-rate CS and opposite relation was observed for EP. The
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energy neutrality index showed that none of the cases were energy positive (< 1.0)

treatment processes.
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Figure 6.4 Carbon and nitrogen flux distribution for a full-scale conventional

WWTP and advanced WWTP with different treatment components
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Table 6.6 Energy consumption and energy production calculated in Mega Watt-hour/year (MWh/yr) and area footprint (m?)

calculation for different treatment stages in a full-scale WWTP with advanced technology addition

Components Of WWTP CAS CAS+DEM5ide A+SCNmain A+SCNmain+DEMside CS+SCNmain CS+SCNmain+DEMside

Energy consumption for COD removal in

PT, A-stage or CS 0.00 0.00 4.90 4.90 4.46 4.46
Energy consumption for COD Removalin 44 ) 18.02 7.66 7.66 9.01 9.01
B-stage via oxidation

Energy savings for COD removal due to 6.24 5.23 3.81 2.93 3.91 3.23

denitrification or denitritation

Energy Consumption for Nitrogen removal

in CAS or short-cut nitrogen removal as 10.84 9.12 8.72 6.96 8.92 7.57
mainstream process

Energy Consumption for Nitogen removal

in Deammonification as sidestream 0.00 0.72 0.00 1.04 0.00 0.80
process

Energy consumption for electrical

pumping and mixing 6.18 6.18 4.88 4.92 5.15 5.18
Energy consumption for sludge dewatering 2.11 211 2.04 2.04 212 2.12
Total energy consumption, EC 30.90 30.91 24.39 24.59 25.74 25.90
Energy production from anaerobic 16.65 16.65 04 14 2414 2416 2416
digestion, EP ' ' ' ' ' '
Net energy gain -14.25 -14.26 -0.26 -0.46 -1.58 -1.74
Energy neutrality index (EP/EC) 0.539 0.539 0.989 0.981 0.939 0.933

CAS: conventional activated sludge treatment; DEM.sige:deammonification in sidestream processes treating digested liquid returned from anaerobic
digestion; SCT: Short-cut nitrogen removal (nitritation-denitritation) in mainstream processes; PT-primary treatment or clarifier, CS-Contact-
stabilization, A-Adsorption stage of AB process
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6.8. Discussion

6.8.1 Aerobic conditions maximized carbon and nutrient capture efficiency

The anaerobic conditions of CSac 0.35 d (anaerobic contactor) and Aas 0.3 d (20 min
aerobic HRT) had a lower percentage of carbon removal, and carbon harvesting efficiency
and poor effluent quality compared to aerobic scenarios of CS 0.3 d and A 0.3 d (Fig 6.2,
6.3, Table 6.3). This indicated that fully aerobic contactor and minimum aerobic HRT of
30 min is necessary for CS and A-stage, respectively. This directly influenced the EPS
production which was lower in anaerobic scenarios than aerobic scenarios (Table 6.4). The
lower EPS productions can also be correlated with lower ffCOD removal efficiency. In
addition, in anaerobic contactor of CSac 0.35 d, there was no increase of EPS response
observed in contactor than stabilizer whereas a positive increase of EPS observed in aerobic
contactor of CS 0.3 d (Table 6.4). This suggested that aerobic condition or a minimum DO
is necessary for EPS productions both in A-stage and CS and also reported by Miqueleto
et al. (2010). Jimenez et al. (2015) observed that at DO < 0.5 mgO./L and HRT < 30 min,
the EPS, and COD removal efficiency significantly decreased in high-rate CSTR systems
at 1 d SRT conditions. This study also showed in batch test and pilot-scale CS systems that
aerobic condition increases the EPS response in contactor than stabilizer, and showed better
performance than anaerobic contactor.

Although carbon oxidation in anaerobic contactor is minimum compared to aerobic
conditions, this promoted higher fractions of redirected COD through biosorption
pathways and minimum biomass growth in the systems (Fig 6.3b). The lower biomass
formation also decreased the nitrogen and phosphorous removal efficiency and capture in

anaerobic reactors than aerobic reactors (Table 6.5).
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6.8.2 Impact of SRT on carbon and nutrient redirection and capture

At 0.3 d SRT, we observed that A-stage had 19% higher tCOD removal efficiency than CS
0.3 d and this was due to the 24% higher pCOD removal efficiency in A 0.3 d (Fig. 6.2a).
The lower tCOD (and pCOD) removal efficiency in CS 0.3 d can be explained by the low
EPS productions compared to A 0.3 d (Table 6.4) which influenced the particulates
removal. Thus, the effluent tCOD and pCOD was also higher in CS 0.3 d than A 0.3 d (Fig
6.2b). However, the ffCOD removal efficiency was similar with the difference of EPS
productions in both systems (Fig 6.2a, Table 6.4). In CS, the famine and feast condition
accelerated the EPS response in contactor (Table 6.4) but immediate switching from feast
condition in contactor to clarifier starts famine condition. This may degrade EPS under
anaerobic conditions or substrate limitation conditions in the clarifier. As the SRT
decreased from 0.3 d to 0.16 d, both CS and A-stage showed similar performance in terms
of COD fractions removal efficiencies and effluent COD fractions, except effluent ffCOD
(Fig 6.2). This correlated well with the EPS production because both systems had similar
EPS production at 0.16 d SRT (Table 6.4). However, the ffCOD removal efficiency was
18% higher in A 0.16 d than CS 0.16 d. This is because CS had 10 min of contact time to
remove soluble COD (ffCOD) whereas A-stage had 30 min of aerobic HRT. This allowed
higher fractions of soluble COD left through effluent in CS compared to A-stage. As a
global conclusion, the A 0.22 d had comparatively higher fractions of COD removal
efficiency than CS 0.22 d. In addition, the effluent quality (COD fractions and suspended
solids concentration) were also better than CS and this directly linked with higher EPS
productions. By decreasing SRT in A-stage from 0.3 d to 0.16 d, the pCOD and cCOD

removal efficiency did not improve and left higher effluent solids concentration. This might
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be related to biomass limitations (Table 6.2) which caused the flocculation limitation (TOF
> 490 mgTSS/L) compared to 0.3 d SRT. As the SRT decreased, the biomass inventory
decreased with SRT which caused the biomass limitations for A-stage at 0.16 d SRT (Fig
6.5a); although EPS production increased when SRT decreased from 0.3 d t0 0.16 d (Table
6.4). This is contradictory to the results of Jimenez et al. (2015), who observed the decrease
of EPS production with SRT reduction. In CS, the COD fractions removal efficiency
increased at 0.16 d compared to 0.3 d SRT and effluent quality improved. This directly
correlated with higher EPS production at 0.16 d SRT and higher flocculation ability (lower

TOF value, Table 6.3) was observed than 0.3 d SRT.
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Figure 6.5 Influence of carbon oxidation on (a) carbon redirection (%) and (b)
carbon capture (% WAS) of high-rate CS and A-stage configurations performed
in this study, (c) impact of SRT on biomass inventory (mass of biomass in three
reactors of each system) during the operation of high-rate CS and A-stage

configurations operated in this study

In terms of SVI, both CS and A-stage systems did not vary that much although effluent
VSS concentration corresponded with effluent COD concentrations. At such a low SRT
range (0.16-0.3 d) and highly-loaded system, the bioflocculation was high enough (TOF <
500 mgTSS/L) and thus settleability was not an issue. However, the SVl value in CS was
always slightly higher than A-stage which may be due to the repulsive forces between
sludge particles which caused the disturbance of compression settling in CS systems. Miller

et al. (2016) observed a plug-flow type A-stage systems operated at SRT range of 0.1-0.3
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d and found that the tCOD removal efficiency was 45+12%, the SVlzo was less than 90
mL/gTSS and average effluent VSS concentration was 84+21 mgVSS/L. Kinyua et al.
(2017a) and Kinyua et al. (2017b) observed 60% tCOD removal efficiency with average
effluent VSS concentration of 85+15 mgVSS/L and the SVI3o was less than 100 mL/gTSS
for 0.28 d SRT sludge in A-stage system. Our results are within this literature reported
value for SRT range of 0.15 d to 0.3 d SRT. Results suggested that the plug-flow type A-
stage systems are well settled by selecting fast growing flocculent microorganisms over
slow growing filamentous microorganisms and no sludge bulking were observed in our
systems at DO set point of 0.5 mgO2/L.

In terms of carbon redirection and capture, the CS 0.3 d had 9% higher carbon redirection
but 16% less carbon harvesting efficiency compared to A 0.3 d (Fig 6.3a). The carbon
redirection was higher in CS because of high effluent solids concentration left from the
system which increased the carbon redirection. On the other hand, carbon harvesting
efficiency significantly decreased in CS 0.3 d than A 0.3 d, however, TOF value was lower
in CS than A-stage. Even though the flocculation ability was better in CS compared to A-
stage, the low EPS productions in CS may be a limiting factor to entrap particulates and
colloids in the sludge matrix and thus decreased the harvesting efficiency (Table 6.4, Fig
6.3a). However, the ISC results were inconclusive as it mostly explained the slower settling
velocity particles (< 0.6 m/h) in both systems. This may be due to the influence of influent
organic particles in the ISC experiment because the tests were conducted at below TOF
concentration (at 100 mgTSS/L < TOF) of the corresponding SRT conditions. It was also
suggested that high oxidation is needed to achieve better effluent quality observed in A 0.3

d which had 32% higher oxidation compared to CS 0.3 d. Rahman et al. (2016c) also
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reported that an optimum oxidation is needed for achieving lower effluent solids
concentration while maximizing carbon capture. However, too much oxidation is not
desirable for carbon redirection and capture. Results showed that in both A-stage and CS
systems, the carbon redirection and carbon harvesting is negatively correlated with carbon
oxidation as shown in Fig. 6.5b and Fig. 6.5c. At 0.16 d SRT conditions, both CS and A-
stage configurations showed similar carbon redirection and harvesting efficiency (60-61%)
with similar effluent quality and carbon oxidation. This corresponded well with similar
effluent solids concentration, settleability (SVI) and EPS productions, although
flocculation ability (TOF value) was comparatively better in CS than A-stage. This is
because the feast-famine regime in CS which increased the EPS response in contactor and
thus improved the bioflocculation ability of the sludge (Rahman et al., 2016c; Rahman et
al., 2017). In A-stage, carbon harvesting efficiency decreased from 66% to 61% when SRT
changed from 0.3 d to 0.16 d and it increased from 55% to 60% in CS systems. In A 0.16
d, flocculation ability was poor (higher TOF value, Table 6.3) than A 0.3 d and oxidation
decreased (due to lowering the SRT), thus effluent quality deteriorated and decreased
harvesting efficiency. Comparing global scenarios between A 0.22 d and CS 0.22 d, A-
stage had 63% carbon harvesting efficiency and 22% oxidation whereas the CS 0.22 d had
58% harvesting efficiency and 18% oxidations. Jimenez et al. (2015) also observed that
carbon capture decreased from 48% at 0.3 d SRT to 31% at 0.1 d SRT in high-rate CSTR
systems and oxidation decreased from 22% to 14%. Kinyua et al. (2017a) examined that
carbon capture slightly decreased from 44% to 40% from 0.56 d SRT to 0.28 d SRT in A-
stage systems at DO set point of 0.5 mgO>/L and oxidation reduced from 23% to 16%.

Comparing our CS results with literature, Meerburg et al. (2016) found no change of carbon
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capture and oxidation at SRT range of 0.24-0.50 d SRT in high-strength synthetic
wastewater systems. In CS, an increase of EPS response in contactor found to be the vital
factor to improve effluent quality and harvesting efficiency and also observed by Rahman
et al. (2016c¢) and Rahman et al. (2017).

Based on our study, it was observed that A-stage had comparatively higher biomass
formation compared to CS systems due to higher oxidation happened in A-stage (Fig 6.3b).
This was due to the fact that A-stage had 3 times higher aerobic contact time (HRT) with
wastewater than CS systems and allowed more biomass growths in A-stage than CS.
Results also showed that CS had higher fractions of redirected COD through biosorption
pathway than A-stages as oxidation was relatively lower in CS systems (SRT > 0.2 d). In
addition, feast-famine phenomena in CS promotes biosorption compared to plug-flow type
A-stage systems (Dolejs et al., 2016; Meerburg et al., 2016; Meerburg et al., 2015; Rahman
et al., 2016c). It may be also suggested that higher biosorption in CS may influence the
oxygen transfer efficiency in the systems as particulates and colloids are still available as
unmetabolized form in the sludge matrix This may also cause the DO diffusion limitation
which impacted the oxygen intrusion into the flocs (Daigger et al., 2007) and thus may
influence the biomass growth and EPS productions at 0.3 d SRT. In terms of nutrient
removal efficiency and capture in WAS from CS and A-stage, A-stage showed the
comparatively higher capture of nitrogen and phosphorous than CS. This directly
correlated with biomass growth in the system (Fig 6.3b). This indicated that biomass
growth is necessary for maximizing nutrient capture through assimilation pathway in

HRAS systems.
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For maximizing carbon harvesting and removal efficiency, we observed that EPS had a
key role to improve the bioflocculation and thus harvesting efficiency and effluent quality.
As the EPS concentration increased in both A-stage and CS systems, the pCOD and ffCOD
removal efficiency also increased (Fig 6.6a, 6.6b). This is certainly suggested the potential
role of EPS on maximizing carbon capture from wastewater. Similar observations were
also reported by Jimenez et al. (2015). However, Kinyua et al. (2017a) reported that EPS
had no role on A-stage systems operated at SRT range of 0.28-0.56 d SRT and under
variable DO concentration (0.5-1.5 mgO/L). In their studies, the carbon capture was
calculated using a constant factor of 1.5 (pCOD/VSS) and waste activated sludge VSS
concentration which indicated that the impact of SRT and operational conditions were
neglected and thus influenced the carbon balance. Their result is contradictory to this study
and Jimenez et al. (2015). The food to microorganism (F/M) ratio played a vital role behind
EPS productions as shown in Fig. 6.6c and 6.6d. In A-stage, as the F/M ratio increased,
EPS concentration also increased. In CS systems, the contactor F/M ratio was correlated
well with relative EPS increase in the contactor. This was because the famine and feast
conditions increased EPS response in contactor compared to the stabilizer and thus the
relative increase of EPS directly correlated with contactor F/M ratio. Jimenez et al. (2015)
also observed that EPS increased with higher soluble COD removal rate and thus, F/M

ratio had a significant role on EPS productions in both systems.
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Figure 6.6 (a) Impact of influent F/M ratio on EPS productions (average of R1, R2

and R3) in A-stage systems, (b) influence of contactor F/M ratio on ratio of EPS

in contactor (EPSc) and stabilizer (EPSs) in high-rate CS systems, (c) and (d)

relationship between EPS productions (R3 in A-stage and Contactor in CS) and

pCOD and ffCOD removal efficiency

6.8.3 Potential HRAS technology application for various wastewater characteristics

and environmental factors

The proper HRAS technology application for high-strength (raw wastewater without
primary clarifier) and low-strength wastewater treatment (after primary clarifier) are
needed for future generation energy efficient treatment processes. High-rate CS technology
compared to conventional HRAS processes (CSTR and plug-flow type reactors) had the

best potential to recover organic carbon at 1 d SRT from low-strength domestic wastewater
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(chemically enhanced primary treatment effluent) having total COD less than 200 mg/L.
They explained that at influent substrate limitation and shorter SRT (0.5-1 d) conditions,
the conventional HRAS systems struggle to retain biomass inventory and to harvest carbon.
At this region of SRT to maximize carbon harvesting, the CS can be the suitable technology
due to its feast-famine regime and increase of EPS response in contactor for improving
bioflocculation and settleability characteristics. For the case of raw wastewater (high-
strength) treatment without any primary clarifier, the plug-flow type A-stage systems can
be a first option (based on this study) to maximize the carbon harvesting efficiency and to
achieve better effluent quality at 0.3 d SRT, which also reported by Jimenez et al. (2015).
However, CS technology can still be a viable alternative technology to achieve similar
carbon harvesting efficiency at smaller footprint at similar SRT ranges. Our study
suggested that if better effluent quality is desirable, then A-stage is preferable. If aeration
energy reduction is desirable (lower oxidation), then CS can be the suggested application.
Besides effluent quality and energy consumption consideration, the environmental factors
such as wet weather conditions, the variation of wastewater quality and any toxic discharge
to WWTP, the chance of washing out of biomass can be avoided using CS compared to
other HRAS systems. The influent feeding to contactor upfront of stabilizer, avoids the
washout because stabilizer reserves the major fractions of biomass and can resist the harsh
conditions. At biomass limitations and unstable effluent quality conditions that occur
mostly at winter temperature at high-strength and low-strength wastewater cases, CS can
always be an alternative solution over plug-flow type A-stage systems. In a nutshell, both

A-stage and CS have their own merits and demerits, the process intensification rather
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depends on the proper technology application based on WWTPs goal considering existing
infrastructure systems.

6.8.4 Moving towards energy neutrality using HRAS systems at a full-scale WWTP
This study demonstrated the potential for a conventional WWTP to move towards WRRF,
by evaluating the energy neutrality using carbon and nitrogen flux distribution. In this
study, the mainstream nitrogen removal systems were selected based on effluent COD/N
ratio after primary treatment, A-stage, and high-rate CS systems. The influent COD/N ratio
for CAS after PT was 11.3 to 12.7 (case A and B) whereas for B-stage after A-stage and
high-rate CS systems were between 5.4 and 7.4. At lower COD/N ratio (4-8), the
implication of SCN via nitrite shunt is required (WEF & WERF, 2015) to reduce the energy
consumption considering that maximum organic carbon was recovered by A-stage or high-
rate CS systems. However, in CAS, the COD/N ratio was high enough to implement full
nitrification and denitrification processes. In addition, at high COD/N ratio (9-15) of the
wastewater systems, the energy neutrality can be achieved by recovering more carbon
either through primary sludge capture (chemically enhanced treatment needed) or A-stage
and high-rate CS systems. In A-stage systems without DEMON (case C), the influent
CODIN ratio available for denitritation was 2.7 which is less than the required COD/N
ratio of 2.86 for full denitrification. By adding DEMON as sidestream process (case D),
the available COD/N ratio was 3.3 which is higher than 2.86. This suggested that if a
perfect nitritation is not possible which may produce nitrate in the systems, it is still
possible for full dentrification due to higher COD available than required. However, in CS
systems, SCN removal with and without DEMON had incoming COD/N ratio greater (3.1-

3.5) than 2.86 which indicated that the CS had the ability for full dentrification if needed
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without the DEMON process. This is because CS had comparatively higher fractions of
effluent COD than A-stage. The addition of DEMON process as sidestream treatment is
also required for saving aeration requirements compared to CAS (WEF & WERF, 2015).
This is because the sidestream treatment in each case (B, D, F) investigated in this study
reduced the returned nitrogen loading to the mainstream nitrogen removal processes by 86-
92%. Our results showed that the addition of DEMON as sidestream treatment saves EC
in mainstream nitrogen removal processes. Overall, the EC in A-stage and high-rate CS
systems with and without DEMON as sidestream treatment was decreased by 20%
compared to CAS (case A and B). The EP were increased by 38% in A-stage and high-rate
CS systems compared to CAS. Although the net energy gain was still negative in CAS, A-
stage or CS, the implementation of A-stage or high-rate CS systems with SCN process can
bring the treatment process towards energy neutrality condition. However, the avoidance
of excess carbon oxidation and recovery of more carbon are reported to be the key factors
to achieve energy neutrality ina WWTP (WEF & WERF, 2015). Our study suggested that
a minimum carbon oxidation (18-23%) is required to improve the carbon harvesting in A-
stage or high-rate CS systems. In addition, to increase the net energy gain by A-stage or
high-rate CS systems with SCN as a mainstream process, the ability to remove carbon at
short contact time and better bioflocculation (observed in this study) may suggest the
smaller footprint required in CS than A-stage systems. Overall, in terms of energy balance
evaluation, both A-sage and high-rate CS can be the promising technology to upgrade a

conventional WWTP to a WRRF.
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6.9 Conclusion

The application of HRAS systems is becoming essential for moving towards energy
positive wastewater treatment processes. Both A-stage and high-rate CS systems are
promising carbon removal technologies for maximizing organic carbon recovery from
wastewater. For better effluent quality without considering energy consumption for carbon
oxidation, A-stage can perform well compared to high-rate CS systems. However, if the
reduction of energy consumption for carbon oxidation is desirable, high-rate CS can
function as an alternative technology by compensating the effluent quality. When
considering the energy consumption and effluent quality, the application of A-stage or
high-rate CS systems will also depend on treatment process performance, existing

footprint, and climate conditions.
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Chapter 7 - Discussion

This chapter discusses selection criteria of high-rate activated sludge systems for various
wastewater characteristics, their crucial design parameters and kinetic parameters, and role
of EPS on bioflocculation improvement. In addition, a potential metabolic based control
system for high-rate activated sludge systems is also discussed, that may be applicable to

control SRT.

7.1 Selection of HRAS technology for high and low-strength wastewater

The selection of proper HRAS technology for different wastewater characteristics is vital
to maximize carbon harvesting. The existence of primary clarifier before biological carbon
removal systems exist in many WWTPs due to zero energy consumption for capturing
carbon and nutrients. The addition of chemicals in primary treatment further increased the
carbon capture. This provides carbon limitation to carbon removal systems for biomass
growth. At this substrate limitation condition, the conventional activated sludge process
such as CSTR and plug flow type systems cannot maximize carbon harvesting at short SRT
(£ 1 d) because of biomass inventory limitation caused by poor bioflocculation and low
EPS production, as observed in this study. At this low substrate condition, step-feed plug
flow system can be the alternative approach to retain biomass inventory by excessive
carbon oxidation rather than maximizing the carbon capture. Our study showed that the
high-rate CS can be a promising technology to recover organic carbon at low influent
substrate concentration, such as that obtained with chemically enhanced primary treatment
(CEPT) effluent. The aerobic stabilization of RAS and aerobic feast contactor with

wastewater are the key mechanisms to improve bioflocculation and thus settleability,
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which maximizes the carbon harvesting. Therefore, CS can be the best potential technology
to recover carbon from low-strength wastewater systems, while conventional technology
struggles to retain biomass and thus loses carbon capture efficiency.

In the case of raw wastewater (high-strength) treatment where biomass inventory limitation
IS not an issue, the plug flow A-stage and high-rate CS at similar operational conditions
(0.15-0.3 d SRT) were able to maximize carbon capture, as observed in this study. The CS
maximizes carbon capture with low oxidation, while A-stage exhibits similar capture
efficiency with slightly higher oxidation. The CS leaves higher effluent COD compared to
A-stage systems. Therefore, both systems had advantages and limitations. If the goal is to
minimize energy consumption for oxidation then CS would be preferable over A-stage. If
good effluent quality is desirable then A-stage is preferable. The low effluent COD/N ratio
from A-stage and high-rate CS leads to implement the mainstream short-cut nitrogen
removal processes which are energy efficient than conventional full-
nitrification/denitrification processes. In terms of net energy gain, a full-scale advanced
WWTP performing A-stage or high-rate CS with short-cut nitrogen as mainstream nitrogen
removal process (calculated in this study), A-stage showed higher net energy gain than CS
systems. However, CS technology can achieve similar performance efficiency of A-stage
systems at a smaller footprint, when the area is limited for new installation of advanced
WWTP. This is because CS system had higher bioflocculation ability than A-stage and
hence, it can remove COD at shorter contact time which reduced the volume of reactor.
The technology selection is also vital for cold climates and wet weather conditions. At
colder temperatures, which technology performs better are yet to be investigated. Meerburg

et al. (2016) investigated high-rate CS systems at 15 °C treating high-strength synthetic
217



wastewater and found that it can recover up to 55% influent COD. Thus, a possibility of
CS application at winter temperature can be an efficient application than A-stage systems,
however, further research is required. During wet weather conditions, the biomass washout
is a general problem for A-stage systems because influent and RAS feeds at the beginning
of the reactor channel. The CS can avoid this issue because RAS feeds at the beginning of
the reactor for stabilization and influent wastewater feeds at end of stabilization zone. This
allows for reserving the biomass in the stabilizer. In conclusion, at biomass limitation
conditions and unstable reactor performance, CS can always be a viable technology over
plug flow A-stage systems. Both A-stage and CS have their technical advantages and
limitations. Thus the process intensification depends on the selection of suitable technology
based on WWTPs goal considering existing infrastructure systems.

7.2 Carbon harvesting depends on bioflocculation and carbon redirection

The carbon harvesting depends on carbon redirection and solids-liquid separation in the
clarifier. The SRT controls carbon redirection whereas settling is directly linked with
bioflocculation. Therefore, to maximize carbon harvesting from wastewater, a critical SRT
selection is necessary for which carbon redirection can be maximized at minimum carbon
oxidation and increased bioflocculation conditions. However, minimizing the carbon
oxidation with decreasing SRT does not necessarily increase the carbon harvesting for
recovering organic carbon from wastewater. An optimum SRT and oxidation are needed
for enhancing biosorption which is directly linked with EPS production. Therefore, to
achieve maximum carbon capture from wastewater, a selection of optimum SRT and
allowing oxidation is required, for bioflocculation improvement and better effluent quality

in HRAS systems. This study suggested that the critical SRT for maximizing carbon
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harvesting from CEPT effluent is possible at SRT of 1 day in high-rate CS systems,
whereas the SRT range of 0.15-0.2 d might be the best selection for raw wastewater
treatment. The critical SRT of 0.3 d can be selected for A-stage systems for maximizing
carbon harvesting from raw wastewater. At optimum or critical SRT, a trade-off exists
between carbon redirection and harvesting by sacrificing carbon oxidation/mineralization.
This is because flocculation is directly linked with EPS production which eventually
depends on soluble organic matter oxidation. Jimenez et al. (2015) showed that EPS
production is correlated with the specific soluble COD removal rate. This study reported
that a balance needs to be established between carbon harvesting and carbon oxidation to
allow for sufficient EPS production for maximizing carbon capture. It is to be noted that
the critical SRT might vary for a specific process configuration under given operational
conditions. But an optimal SRT always exists for a process.

7.3 Minimizing carbon oxidation cannot maximize carbon harvesting

The evolution of HRAS systems is intended to minimize carbon oxidation and maximize
carbon from wastewater for increasing net energy gain in a WWTP. The carbon oxidation
is directly correlated with SRT, hence, higher the SRT of a system, higher the oxidation is
expected in HRAS systems (SRT < 3 d). The carbon harvesting is dependent on solids-
liquid separation in the clarifier, and decreasing the SRT increases the carbon harvesting.
However, after a critical SRT, further decrease of SRT cannot maximize the carbon
harvesting as shown in Fig. 7.1, although oxidation is decreasing with SRT. This suggested
that a minimum level of oxidation (at critical SRT) is needed for the microorganisms to
produce EPS, for improving the bioflocculation and thus settling. Below the critical SRT

condition, the oxidation decreases and biomass becomes flocculation limited due to low
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EPS production. Therefore, minimum oxidation is not desirable in HRAS systems, an

optimum oxidation at critical SRT is required to maximize carbon harvesting.
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Figure 7.1 Relationship between carbon harvesting and total SRT in different high-

rate activated sludge systems retrieved from literature and this study

7.4 HRAS systems - a promising technology to harvest nitrogen and
phosphorous

The HRAS systems are designed for removing carbon from wastewater through
biosorption as dominant mechanism. At very low SRT conditions (0.15-0.3 d), the high-
rate systems promote fast-growing microorganisms over slow growing microorganisms.
Therefore, biomass requires nutrients (nitrogen and phosphorous) from wastewater for
their growth/cell synthesis, and assimilation is the removal mechanism of nutrients from
wastewater. In other words, high-rate activated sludge captures nitrogen and phosphorous
similar to organic carbon during the biomass growth and can be harvested through WAS

stream. In this study, the pilot-scale high-rate CS and plug-flow A-stage systems exhibited
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that nitrogen and phosphorous can be captured at a range of 19-26% and 30-36%,
respectively through WAS. The capture efficiency is significantly higher than primary
clarifier nitrogen (10%) removal efficiency (WEF & WERF, 2015). The redirection of
nitrogen through WAS is sent to an anaerobic digester, where the rejected liquid with the
high concentration of nitrogen can be treated in sidestream deammonifcation processes.
This is a more efficient way of removing nitrogen in sidestream processes, rather than
mainstream nitrogen removal processes where more aeration energy is needed. Thus,
HRAS systems not only capture organic carbon, it also has the potential to capture nutrients

which lead the treatment process toward energy neutral treatment.

7.5 Method development for biosorption quantification

The biosorption quantification is vital to evaluate carbon harvesting efficiency of HRAS
systems. By knowing the biosorption of HRAS systems, the potential of energy recovery
can be identified and examined. The current literature has no methods to determine
biosorption in HRAS systems. This study first established a simple approach called
biosorption yield based on sludge oxygen uptake rate (OUR), to quantify biosorption of
any SRT sludge in ex-situ conditions. It was observed in the study that the parameter
biosorption yield increased with decreasing SRT, which controls carbon redirection and
oxidation. Hence, the carbon redirection increased with increasing biosorption yield and
carbon oxidation decreased with increasing biosorption yield. Although, the biosorption
yield was quantified in ex-situ conditions and well correlated with SRT and carbon

diversion, the direct effect of wastewater characteristics and operational parameters on
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biosorption quantification was further evaluated by proposing an in-situ biosorption
quantification approach.

The in-situ biosorption quantification is a unique approach established in this study which
considers the direct effect of influent, effluent and WAS characteristics, SRT, and EPS.
The approach was able to predict the biosorption and correlated well with SRT, carbon

redirection and carbon oxidation.

7.6 Role of EPS in high-rate CS and A-stage systems

7.6.1 Is EPS production faster in contactor or stabilizer of High-rate CS systems?

It is understood that SRT and stabilization time has a significant impact on bioflocculation
in CS systems. Bioflocculation has importance for effective separation of microorganisms
from the treated effluent. EPS matrix is the key for the microbial community to grow at a
high cell density (Urbain et al., 1993; Vatansever, 2005) by attaching their surfaces.
Therefore, microorganisms are required to hold together via EPS for better bioflocculation
(Laspidou & Rittmann, 2002; Wilén et al., 2003) which is the key element for maximum
energy recovery, together with better settleability. The role of EPS for improving
bioflocculation in high-rate CS systems was controversial in the literature. This is because
of insufficient information in the literature and only two studies reported EPS production
in high-rate CS systems. Dolejs et al. (2016) explained that increase of EPS production at
end of stabilization (famine conditions) time might be the possible factor to improve
flocculation ability of the sludge. Dolejs et al. (2016) measured EPS concentration during
stabilization time for high-rate CS bench-scale SBR systems at 0.6 d total SRT. The EPS

concentration (as mgCOD/L) decreased until 1 h of stabilization time and then started to
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increase at 3 hours of stabilization time. The evolution of EPS during stabilization time
linearly correlated with soluble COD concentration during stabilization time. However, the
major limitation of that study was that the EPS was measured as a concentration in
mgCOD/L and it was not standardized by sludge VSS concentration to measure EPS as
mgCOD/gVSS. This is because stabilizer had always two times higher biomass inventory
than contactor where influent wastewater was fed. The influent feeding in contactor dilutes
the MLSS concentration, and thus measurement of EPS in mgCOD/gVSS is necessary. In
addition to this, Dolejs et al. (2016) did not measure EPS in contactor and did not provide
any relationship between EPS and COD removal efficiency. Therefore, the quantification
of EPS evolution during stabilization in their study might change based on specific
concentration. In addition, without knowing contactor EPS concentration (before clarifier),
the stabilizer EPS cannot be the sole reason for improving bioflocculation. Later,
Meerburg et al. (2016) measured EPS in contactor at high-rate CS SBR systems and
observed that tightly-bound EPS (TB-EPS) had a linear positive correlation with total and
soluble COD removal efficiency. This suggested that contactor EPS had a role in
improving carbon removal efficiency. However, the role of stabilizer reported by Dolejs
et al. (2016) was not studied by Meerburg et al. (2016) and thus the role of EPS was still
questionable for CS systems. Therefore, whether the increase of EPS is produced in
contactor (feast) or stabilizer (famine) in CS system, has not yet been confirmed. This study
first reported that higher EPS concentrations in contactor were observed in pilot scale
reactor treating low-strength (CEPT effluent) and high-strength wastewater (raw
wastewater) systems and also in batch reactor systems. Later it was confirmed that carbon

harvesting efficiency under variable SRT conditions and wastewater characteristics
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increased with relative EPS increase in the contactor. This is a possible reason for
bioflocculation improvement in CS systems. This concluded that fast EPS response can
only be produced in feast contactor of CS systems. This can also be supported by the
findings observed by Jimenez et al. (2015) who found that EPS increased with soluble
COD substrate removal rate in high-rate CSTR systems.

7.6.2 Is dissolved oxygen (DO) necessary for fast EPS production in contactor?

Since this study observed that EPS was produced rapidly in contactor, the question is
whether DO is required for EPS response in contactor or not. Higher contactor EPS in the
pilot reactor study was observed under aerobic contactor conditions (DO of 0.3 - 0.6
mgO2/L). In previous research, Meerburg et al. (2015 and 2016) operated anaerobic
contactor (no aeration supplied) in SBR system and found EPS to be a vital factor to
increase COD removal efficiency. This conundrum was evaluated in batch experiments in
this study where anaerobic stabilizer (DO = 0 mgO2/L) and anaerobic contactor (DO =0
mgO2/L) tests showed no change of EPS concentration, neither at end of stabilizer or
contact time. Later, it was observed that even at aerobic stabilization (DO >4 mgO/L) and
anaerobic contactor (DO = 0 mgO2/L) tests, no EPS increase was observed. No relative
increase of EPS was observed in contactor under complete zero DO condition, and was
independent of SRT, substrate and F/M ratio. However, a relative EPS increase (compared
to stabilizer) of 15% in aerobic feast contactor was observed under aerobic stabilization
(DO >4 mgO2/L). Thus, in the batch reactor system, the increase of EPS in contactor was
observed without any external aeration supply during short contact time. This clearly
confirmed that aerobic condition or minimum DO is necessary for increasing EPS

production in the contactor. This phenomenon explained why Meerburg et al. (2016)
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observed better performance (in terms of settleability and COD removal) in SBR system
without providing any oxygen in contactor and found a positive correlation between COD
removal and EPS of the contactor. Miqueleto et al. (2010) also explained that a presence
of a small amount of oxygen changes the metabolic pathway for EPS production. They also
observed that under strict anaerobic conditions, no EPS production was observed while
glucose was used as a single synthetic carbon source. Therefore, it is justified to state that
minimum DO is necessary for increasing the EPS production in the contactor.

The CS technology was originally established based on aerobic RAS aeration and
anaerobic contact (zero DO) of aerated RAS with wastewater to promote biosorption of
organic matter from wastewater. This study suggested that the biomass can not produce
EPS rapidly at zero DO conditions (anaerobic) in contact with wastewater and under
aerobic stabilization. This confirmed that the aerobic famine in stabilizer can not be the
single reason for EPS production linked with bioflocculation. A minimum DO level is
necessary to produce fast EPS by microorganisms to improve bioflocculation. Jimenez et
al. (2015) found a relationship between EPS production and bulk liquid DO concentration
in a high-rate CSTR systems (SRT of 1d, HRT of 30 min) which followed the Michaelis-
Menten equation and Monod specific growth rate model. In that study, at DO < 0.5
mgO2/L, EPS production decreased significantly. Gao et al. (2011) also observed that at
low DO concentrations, EPS production was low due to various microbial consortium
existence competing for substrates (oxygen). This clearly suggested that aerobic RAS
aeration in stabilizer (starvation phase) can not be the sole factor for increasing EPS
productions in contactor, rather it might be the combination of DO and aerobic famine and

feast conditions which play a key role for EPS productions.
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7.6.3 Comparison of aerobic and anaerobic contactor

It was confirmed in batch experiments that aerobic contactor produced higher EPS than
anaerobic contactor under aerobic stabilization conditions. Thus, it was hypothesized that
fast EPS response in contactor improved bioflocculation of the system. This concept was
applied in the pilot-scale reactor of continuous flow system operated at 0.3-0.35 d SRT to
examine the overall carbon removal, redirection and harvesting efficiency from raw
wastewater between the aerobic contactor and anaerobic contactor, under aerobic
stabilization of RAS. The pilot-scale operations showed that aerobic contactor had better
carbon redirection (71+6%) and carbon capture efficiency (52+10%) than anaerobic
contactor (67+7% and 44+9%). The effluent VSS concentration in aerobic contactor was
85+17 mgVSS/L compared to 114+115 mgVSS/L in the anaerobic contactor. Although the
differences were not statistically significant, the aerobic contactor showed better
performance in terms of COD removal efficiency, effluent solids concentration and
flocculation ability of the sludge at similar oxidation compared to the anaerobic contactor.
Similar to batch experiments, in the pilot reactor operation, the aerobic contactor had higher
EPS production in contactor than stabilizer, whereas no increase of EPS was observed in
anaerobic contactor.

7.6.4 Role of F/M ratio

The contactor F/M ratio can be a key factor which may influence the EPS production in
the contactor, especially for high-strength wastewater systems. In this study, it was found
that relative increase of EPS in contactor increased with F/M ratio. Under excessive
electron donor conditions, the microorganism redirects higher fraction of oxidized COD to

EPS production rather than biomass growth pathway. This allowed fast EPS
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response/increase in contactor and played key role in bioflocculation improvement. For the
case of low-strength wastewater, the influent loading rate is comparatively low to the
systems, does not have diurnal variation, and thus cannot contribute to fast EPS production.
7.6.5 Effect of proper stabilization time or HRT

It is now proven that aerobic conditions in contactor is one of the key factor which produces
fast EPS response under required stabilization time. However, if required stabilization time
cannot be provided to induce starvation phase, the microorganisms will not respond for
fast EPS production under aerobic feast contactor conditions. This is because the organisms
need to experience starvation phase before it reaches feast conditions. This switching
condition accelerates the EPS production. Thus, for a certain SRT sludge, a minimum
stabilization time is required to induce starvation phase for higher EPS production in the
contactor. It was observed that as SRT increased, higher stabilization time was needed to
create starvation phase for maximum EPS production in the contactor, and vice versa for
short SRT conditions. This is because high SRT sludge contains higher fractions of
unbiodegradable organic matter compared to shorter SRT sludge, and thus takes longer
time for microorganisms to oxidize substrate in the stabilizer. It is well known that lower
SRT sludge adsorbed higher fractions of particulate and colloidal substrate compared to
higher SRT sludge. Thus, low SRT sludge experience the starvation phase at lower
stabilization time due to the faster rate of biodegradable substrate oxidation in stabilizer,
compared to higher SRT sludge. Longer aerobic stabilization time (above optimum time)
IS unnecessary from an energy consumption perspective and may decrease the active
biomass fractions caused by decay. Too short stabilization time (below optimum time) is

not sufficient for starving the biomass. In other words, the full desorption of biosorbed
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RAS cannot be completed by the short period of stabilization time. The partially biosorbed
sludge eventually flows back to the contactor, where it cannot further biosorb any more
organics from the wastewater. This reduces the COD removal efficiency and
bioflocculation ability, which leaves high solids concentration through the effluent and
causes poor settleability.

7.6.6 Influence of OUR in contactor and stabilizer

The ratio of specific OUR of contactor and stabilizer (Sp. OURc/Sp. OURs) was found to
be a factor (positive linear function) which may control the fast EPS production in
contactor, treating low strength wastewater. The specific OUR in contactor completely
depends on biosorbed COD from sludge matrix and available substrate in the bulk liquid.
The higher specific OUR in contactor compared to stabilizer (Sp. OURc/Sp. OURs > 1)
indicated the possible biosorption of organic matter in high-rate CS systems. Thus, the ratio
of Sp. OURc/Sp. OURs is a unique parameter which indicates the influence of aerobic
famine and feast conditions in CS systems. The ratio can be a potential parameter to control
bioflocculation linked with EPS production for CS systems. However, this may not be
applied for high-strength raw wastewater systems where the OUR varies significantly over
the day due to diurnal variation of influent loading rate.

7.6.7 Role of aerobic HRT in A-stage systems

The pilot-scale study suggested that EPS production in A-stage system was positively
correlated with pCOD and ffCOD removal efficiency. The EPS production was also
positively correlated (linear function) with both F/M ratio and aerobic HRT of the system.
Results indicated that at 0.15-0.3 d SRT range, a minimum aerobic HRT of 30 min is

required to maximize the EPS production, which maximizes the pCOD removal efficiency
228



and thus carbon harvesting. The impact of aerobic HRT on EPS production and their
relation with COD removal efficiency, carbon harvesting efficiency and carbon oxidation
is shown in Fig. 7.2. Jimenez et al. (2015) also observed that COD removal efficiency
drastically went down below HRT of 30 min in high-rate CSTR systems. However, Kinyua
et al. (2017a) concluded that EPS had no role in A-stage systems, which is contradictory

to this study and Jimenez et al. (2015).
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7.7 Better settleability can be achieved in HRAS systems

The HRAS systems are known to be less stable in operation especially for lower quality
effluent compared to conventional activated sludge processes (Metcalf & Eddy, 2003). The
sludge of high-rate continuously mixed reactor systems are prone to settle poorly (Bisogni
& Lawrence, 1971; Chao & Keinath, 1979; Stewart, 1964). However, plug flow A-stage
systems are reported to have good settleability characteristics indicated by SVI value less
than 100 mL/gTSS (Kinyua et al., 2017a; Miller et al., 2017). HRAS systems are designed
to remove COD by 70% while leaving the rest to downstream B-stage processes (Miller et
al., 2016). This allows higher fractions of slowly biodegradable COD and non-settleable
biomass (36% observed by Miller et al. (2016)) through the effluent. High SVI value (>
150 mL/gTSS) was observed in high-rate CS systems, as indicated in our pilot-study (160-
600 mL/gTSS) treating low-strength wastewater. However, the high-rate pilot-scale CS
systems for raw wastewater treatment exhibited SVI less than 100 mL/gVSS. The
settleability characteristics are not only dependent on operational parameters and stable
performance, but also on clarifier performance. However, our intrinsic settleability
characteristics experiment (pilot-scale operated for low-strength wastewater systems)
operated under discrete settling velocity conditions, the high-rate sludge had higher
fractions (> 70%) of floc particles (0.6-1.5 m/h settling velocity) and even smaller
aggregates (>1.5 m/h) at 1 d total SRT. On the other hand, the 90% sludge particles had
settling velocity of less than 0.6 m/h in A-stage and high-rate CS systems operated for raw
wastewater treatment. In both high and low-strength wastewater systems, the TOF was low
(160-500 mgTSS/L) compared to conventional systems (>800 mgTSS/L). This indicates

that in both wastewater characteristics, the flocculation ability of the sludge was high
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enough for good settling. The high SVI value in high-rate CS systems for low-strength
wastewater case (> 150 mL/gTSS) can be explained by the repulsion forces between floc
particles which decreases the efficiency of hindered settling. For the case of raw
wastewater treatment, although the flocculation ability (TOF 200-500 mgTSS/L) was
better and low SVI value (<100 mL/gTSS) was observed, major factions of fine particles
(> 90%) were examined in ISC experiments rather than floc particles. This can only be
explained by the influence of influent organic particles to the discrete settling of sludge
particles in ISC experiments. In this study, sludge bulking was not observed at DO set point
of 0.5 mgO>/L which contradicted with classical sludge bulking theory (Palm et al., 1980).
Miller et al. (2016) reported that A-stage systems at 0.1-0.3 d SRT and 30 min of HRT, the
sludge matrix had approximately 55% larger aggregates with greater than 6 m/h settling
velocity. Miller et al. (2016) and Kinyua et al. (2017a) also observed low SVI value (< 100
mL/gTSS) for A-stage systems operated between 0.1-0.3 d SRT conditions. Therefore, the

HRAS systems can achieve good settleability and thus maximize carbon harvesting.

7.8 OUR as a metabolic indicator and potential control parameter for carbon
redirection and harvesting

The Respirometer is an oxygen uptake rate (OUR) measurement tool which has been

successfully used for wastewater characterization, especially to quantify the amount and

type of biodegradable COD fractions (Kappeler & Gujer, 1992; Wentzel et al., 1995). The

advantage of respirometry is that it can directly measure the impact of operational

conditions on sludge characteristics and process efficiency (Melcer, 2003). The application

of OUR was first reported by Gujer and Jenkins (1975) and found that OUR can be
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correlated with removal rates in CS systems. However, this metabolism based parameter
has never been investigated to correlate with carbon redirection and harvesting. The
exogenous (ex-situ) OUR (volumetric and specific) on contactor and stabilizer sludge with
and without acetate addition in CS 1.73 d, CS 1.52 d, CS 0.69 d and CS 0.75 d (pilot-scale
study) configurations are illustrated in Table 7.1. Results showed that the specific OUR of
contactor sludge (Sp. OURc) was always higher than stabilizer sludge (Sp. OURs) in those
configurations. Similar observations were also found for acetate addition (Sp. OURcac) Vs.
Sp. OURs(ac)). As the SRT decreased from 1.73 d to 0.69 d, the Sp. OURc and Sp. OURc(a¢)
increased and then decreased at CS 0.75 d configurations. It is to be noted that, CS 1.73 d,
CS 1.52 d and CS 0.69 d has 86 min of stabilization time whereas CS 0.75 d had 104 min
of stabilization time and all configurations had 30 min contact time. The Sp. OURsac) was
measured to understand the active biomass fractions. In CS 0.69 d, the Sp. OURs(ac) was
higher (91+34 mgO2/gVSS/h) than CS 0.75 d of two stabilizer reactor sludge (S1: 57+11
mgO2/gVSS/h, S2:63+11 mgO./gVSS/h). The similar volumetric OUR in contactor sludge
were observed in CS 1.73 d, CS 1.52 d and CS 0.69 d configurations whereas CS 0.75 d
had low oxygen consumption. Figure 7.3 (a and b) explains the relationship between carbon
redirection, observed yield and average specific OUR of contactor sludge; the relationship
between carbon harvesting and ratio of specific OUR in contactor and stabilizer sludge in
steady state conditions of CS 0.69 d, CS 1.52 d and CS 1.73 d configurations. The average
specific OUR (mgO2/L/h) of contactor sludge in CS 1.73 d, CS 1.52 d and CS 0.69 d had
a positive linear relationship with carbon redirection and observed yield (Fig. 7.3a). A ratio
of specific OUR of contactor sludge and stabilizer sludge were calculated to link with the

carbon harvesting. The carbon harvesting increased with the increase of Sp. OURc over
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Sp. OURs ratio and then started to decrease when the ratio became 2.9 (Fig. 7.3b). The
optimum ratio of maximizing the carbon harvesting was in the range of 1.9-2.9. Batch
experiment results also showed that the volumetric OUR of contactor sludge had a positive
linear relationship with influent COD oxidation calculated from mass-balance of the pilot
system (Fig. 7.3c). The specific OUR of contactor sludge was correlated with total SRT
and exhibited an exponential relationship. As the SRT decreased, the Sp. OURc increased

and reached a plateau below 1 d SRT (Fig. 7.3d).
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Table 7.1 Volumetric and specific oxygen uptake rate (OUR) measurements with and without acetate addition on contactor and

stabilizer sludge as a grab sample from pilot scale reactor in four different CS configurations

Vol. OURc  Sp. OURc Vol. OURca  Sp. OURcag  Vol. OURs  Sp. OURs Vol. OURs(a  Sp. OURs(ag
Configurations

mgO2/L/h mgO2/gVSS/h  mgO/L/h mgO2/gVSS/h  mgO,/L/h mgO,/gVSS/h  mgO,/L/h mgO2/gVSS/h
CS1.73d 327 53+11 39+11 67125 39+27 3217 71+14 61122
Ccs1.52d 27+11 63136 31+13 68127 2619 2415 55+24 59+14
CSs0.69d 28+10 106+34 3314 120164 217 42+33 52120 91+34
CS0.75d (S1) 23+7 35+10 33+6 57+11

18+10 59423 2019 66+18
CS0.75d (S2) 1748 25+8 53+28 63+11

Note: Vol-Volumetric, OUR-Oxygen uptake rate, C-Contactor, Ac-Acetate Addition, Sp.-Specific, S-Stabilizer
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Figure 7.3 Relationship between (a) carbon redirection, observed yield and specific OUR of contactor sludge, b) carbon
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carbon oxidation and volumetric OUR of contactor sludge, and d) specific OUR of contactor sludge and total SRT
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The increase of specific OUR in contactor with increased carbon redirection suggested an
influent COD redirection pathway through biosorption and storage mechanism for high-
rate systems. This was also supported by observed yield, because at high specific OUR,
the observed yield was also high (Fig. 7.3a). The carbon redirection is correlated with total
SRT which controls the influent carbon oxidation. Results showed that volumetric OUR
had a positive correlation with carbon oxidation (Fig. 7.3c). Hence, instead of MLSS based
SRT control, volumetric OUR can be used as a metabolic based control parameter. The
ratio of Sp. OURc/Sp. OURs is a unique parameter which indicates the influence of aerobic
famine and feast conditions in CS systems. This is because the carbon harvesting depends
on bioflocculation which is influenced by balanced biomass inventory and aerobic famine-
feast regimes. The proper stabilization time is required for oxidizing the biosorbed COD
from RAS in stabilizer, which promotes biosorption in the contactor. Therefore, the ratio
Sp. OURCc/Sp. OURs can be a potential parameter to control bioflocculation for CS
systems. The ratio should always be greater than 1.0, as specific OUR from the end of
contact time should be higher than the end of specific OUR of stabilized sludge. The
optimum ratio in this study was found in the range of 1.9-2.9 (Fig. 7.3b). The ratio less
than 1.0 indicates not enough stabilization time is being provided in the system to promote
biosorption. The ratio greater than the optimum ratio (>2.9) decreased the bioflocculation
and carbon capture, due to the reduction of active biomass fractions through decay (Fig.

7.3b).

236



—~
&

o)

Carbon Oxidation (%

=100
80

[ =)
(= = =T )

..... [ ]
o P e @
.A.‘?. i

0

100 200
Vol. OUR¢ (mgOy/Lih)

L ] ..
32 5 N,
.I hd Il |.

300

100 200 300
Vol. OURg; (mgOy/L/h)

Carbon redirection (%) @

D
—

Carbon redirection (%)

—_
(=]
o

80
60
40

=

100 200 300
Vol. OUR¢ (mgOy/L/k)

S, o% '
.. *n ..

L

%

0

100 200 300
Vol. OURg; (mgOy/L/h)

©

<100

< 80

*é. 60 “® .

i ot

(-"= 40 [ 18 Nt o

..g 20 : o o

6 0 1 1 1
0 2 4 6

Sp. OUR/Sp. OURg

®

@100

T 80

=

‘é 60 é. .

: 40 ‘.* : : e *

_8 20 e® 0 o [ ]

S

o

=1

50 100 150 200 250
Sp. OURg, (mgOy/gVSSih)

Figure 7.4 The influence of volumetric OUR of contactor (Vol. OURc) on (a)

For the case of raw wastewater (high-strength) treatment, the volumetric or specific OUR
may not be applicable as a control parameter both for CS and A-stage systems, this is
because the OUR varies significantly over the day due to diurnal variation of influent
loading rate. This requires highly sensitive OUR setup to control SRT. The influence of
volumetric OUR in contactor of high-rate CS system (SRT range of 0.15-0.3 d) on carbon

oxidation and redirection are shown in Fig. 7.4 (a, b) which indicated that no clear
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carbon oxidation and (b) carbon redirection in high-rate CS (0.15-0.3 d SRT),
(c) relationship between the ratio of specific OUR of contactor and specific
OUR of stabilizer on carbon capture in high-rate CS systems, (d) influence of
volumetric OUR of reactor 1 (Vol. OURR1) on carbon redirection, and (e)
carbon oxidation in A-stage (0.15-0.3 d SRT) systems, (f) relationship between

specific OUR of reactor 1 on carbon capture in A-stage systems



relationship was found. The ratio of Sp. OURc/Sp. OURs showed a promising control
parameter for bioflocculation improvement for low-strength wastewater systems.
However, the specific OUR (reactor 1) did not have any correlation with carbon capture
for high-strength wastewater treatment (Fig. 7.4c). The similar observations of CS were
also observed in A-stage systems as shown in Fig. 7.4 d to f. These results suggested that
OUR may not be applicable as a control parameter for raw wastewater treatment and further

research is needed.
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Chapter 8 - Conclusions

This chapter discusses the final conclusions of four different objectives studied in the
previous Chapters (3 to 6). The recommendations for future research on high-rate activated

sludge systems are also proposed at the end of the chapter.

8.1 Conclusion of specific objectives of this study
Objective 1: Evaluate techniques for improving bioflocculation in high-rate activated

sludge systems, to recover organic carbon from low-strength domestic wastewater

A novel study was performed in a pilot-scale system to evaluate organics recovery potential
from CEPT effluent, by conventional HRAS systems (CSTR and PF) and high-rate CS
systems. This study showed that maximum carbon redirection could be achieved at short
solids retention time (SRT) in conventional HRAS systems, however, the carbon
harvesting could not be maximized due to bioflocculation limitation at total SRT < 1.2
days. At this SRT condition, the high-rate CS configuration achieved better carbon removal
and carbon redirection to sludge, as compared to the conventional CSTR and PF
configurations. The presence of RAS aeration in the CS configuration induced a feast-
famine regime and played a significant role in improving biosorption capacity,
bioflocculation, and settleabilty. Therefore, to aim at carbon or energy recovery from low-
strength wastewater, a balance needs to be established between carbon redirection and
inventory management. The high-rate CS system can be a promising technology to achieve

energy neutrality at municipal wastewater treatment facilities.
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Objective 2: Investigate the role of extracellular polymeric substance (EPS) in

maximizing carbon capture in high-rate Contact-Stabilization systems

This part of the research investigated the fundamental mechanisms behind biosorption
theory of feast-famine conditions linked to EPS production in high-rate CS system, for
maximizing carbon redirection and harvesting. The increase of EPS production from the
famine stabilizer to aerobic feast contactor was the potential cause of improved
bioflocculation, resulting in improved carbon capture efficiency and effluent quality. The
carbon harvesting efficiency increased with relative EPS increase in contactor and had a
positive linear correlation, which was a key finding of this study. The parameters behind
EPS increase in contactor were F/M ratio and stabilization time needed to induce starvation
phase. The proper stabilization time in low loading system and contactor F/M ratio in the
highly loaded system, are among the vital parameters which drives the carbon harvesting
efficiency from wastewater Thus, the mechanisms behind EPS production in CS system
will leverage the implications of this technology for future generation energy efficient
treatment processes.

Obijective 3: Develop methods for quantification of biosorption in high-rate activated

sludge systems

This study proposed two novel biosorption quantification approaches for evaluating the
carbon recovery potential in HRAS systems. The study suggested that the most literature
accepted method for quantifying biosorption capacity of activated sludge is not applicable
to all SRT sludges, because of potential interference by the settleable particulate matter of

wastewater. The unique approach “biosorption yield” established in this study, based on

240



ex-situ sludge oxygen uptake rate (OUR), was able to predict the biosorption under any
SRT conditions. This study also proposed a novel approach to determine “in-Situ
biosorption” which incorporates wastewater characterization, operational parameters
(SRT) and EPS of a high-rate continuous system. Both ex-situ biosorption yield and in-situ
biosorption approaches were well correlated with SRT, carbon redirection, oxidation and
observed vyield of the system. Development of a proper method for biosorption
quantification will eventually help to evaluate and establish the kinetics, design, and
application of HRAS systems.

Objective 4: Evaluate high-rate Contact-Stabilization and plug flow A-stage systems for
recovering energy-rich carbon and capturing nutrients from high-strength domestic

wastewater

This novel study investigated A-stage and high-rate contact-stabilization (CS) systems in
a pilot-scale reactor at SRT range of 0.15-0.3 d to recover organic carbon from high-
strength raw wastewater. Both A-stage and CS was able to harvest carbon by 43%, but A-
stage had better effluent quality and higher oxidation than CS systems. This indicated that
higher carbon oxidation is necessary for achieving better effluent quality. However, at
biomass limited conditions, CS might play a vital role for improving bioflocculation
compared to A-stage systems. The study also found that the EPS had a significant role in
improving pCOD and ffCOD removal efficiency in both systems. In addition to carbon
harvesting potential in A-stage and high-rate CS systems, both processes were able to
capture significant fractions of nitrogen and phosphorous through WAS. This confirmed

that HRAS systems not only redirect higher carbon, but also nitrogen which can be treated

241



through energy efficient sidestream treatment processes, and move the facility towards
energy neutral treatment.

8.2 Future Research

The HRAS systems are a promising technology to convert conventional WWTP to a
WRRF by moving towards energy positive treatment processes. The implementation of
this technology will further enhance the application of energy efficient mainstream
nitrogen removal processes. However, there are several areas that still require further

research to accelerate HRAS systems applications.

Role of stabilization time in high-rate CS systems treating raw wastewater

The impact of stabilization time or HRT of stabilization tank in CS is needed further
research, especially for high-strength wastewater treatment. The operation of high-rate CS
under different stabilization time will provide valuable insights regarding maximum EPS
response in contactor and their impact on carbon redirection and harvesting efficiency. The
study of stabilization time impact in high-rate CS treating raw wastewater treatment will
unravel the driver (F/M ratio or stabilization time or both) for maximum EPS increase in

the contactor.

Effect of winter temperature

The effect of temperature on HRAS systems has not yet been investigated to understand
the various carbon removal technologies process performance efficiency and its limitations
to meet strict effluent quality limits. At winter temperature, the activated sludge systems

struggle to achieve maximum carbon harvesting efficiency and effluent COD and nutrient
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limits due to the slower microbial growth processes. Thus, evaluation of high-rate
conventional systems, CS and A-stage systems for both low and high-strength wastewater
systems may provide the indication of operational conditions (SRT, HRT, DO etc.)
required for colder temperatures. In addition, the selection of technology is also vital to
know that which technology performs better at winter and warm temperatures. This will
allow meeting effluent limits for a WWTP with an energy efficient way. The benefit of
both A-stage and CS system is that it can be easily implemented in any WWTP by using
their existing infrastructure. This is because both A-stage and CS system is differentiated
by only influent feed location in the aeration tank, hence further research study is necessary

for evaluating the impact of temperature on HRAS systems.

Biochemical methane potential

The biochemical methane potential for high-rate CS and A-stage systems are needed to
evaluate the energy recovery potential both under low and high-strength wastewater
treatment systems. Especially, for high-rate CS, the biosorption of carbon to sludge matrix
was found to be higher than A-stage systems, which may indicate that higher biodegradable
fractions of COD may capture in high-rate CS than A-stage systems. This requires further
research to estimate the biochemical methane potential to understand the balance between

aeration energy consumption and energy production.

Impact of oxygen transfer efficiency and DO diffusion limitations

This study observed that at 0.3 d SRT, the high-rate CS had poor effluent quality for

treating raw wastewater treatment and lower carbon oxidation compared to 0.16 d SRT.
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This behavior was opposite to A-stage and conventional HRAS systems performance. To
explore this phenomenon, the measurement of oxygen transfer efficiency (OTE) and DO
diffusion limitations may provide significant information both in A-stage and CS operating
under highly loaded systems. The high-rate CS had higher ability to capture carbon through
biosorption pathway than A-stage systems, which suggested that unmetabolized
particulates and colloids adsorbed to sludge matrix may influence the OTE and DO
diffusions into the flocs. These research insights will provide operational guidelines for
high-rate CS and A-stage systems for achieving better effluent quality and reducing the

aeration energy consumption.

Dewaterability of HRAS

The high-rate waste activated sludge dewaterability characteristics are essential for full-
scale implementation. This will allow for understanding the barriers and limitations of
separating the solids from liquid in high-rate systems. The optimum polymer dose
concentration and associated operational parameters in the belt-filter press will further

determine the benefits and challenges of solids handling processes from high-rate sludges.

Microbial community in HRAS systems

Limited information is available in the literature about the microbial consortium that exists
in HRAS systems. Knowledge on the evolution of population type and their dominance
under variable operational conditions (SRT and DO) in high-rate CS and A-stage systems

will help to further understand the process kinetics and their performance. Currently, there
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is no literature on microbial community evolution in high-rate CS systems and thus there

is ample need for future research on this topic.
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Table Al Influence of stabilization time on different SRT sludge on EPS increase in contactor with contact of raw wastewater and

acetate (after 5 mins of contact time) as a carbon source

Substrate SRT (d) Origin of St.abilizat.ion ;tcesill:i)zlenr sfa/t':?li:t]ar Cslocrgell?;tlc?r F/M in contactor AFIM EPSs EPSc (EPSc - EPSg)/EPSs
sludge  time (min) (Mgl)  mCODIGVSS (mglL) (mgCOD/gVSs)  (mgCOD/gVSS) mg COD/mgVSS %
Acetate 35 60 21 0.02 69 0.32 0.30 257 238 -8
Acetate 35 60 16 0.02 119 0.33 0.31 257 251 -2
Acetate 35 60 15 0.02 170 0.34 0.32 269 220 -18
Full-scale
Acetate 35 360 17 0.01 158 0.27 0.25 133 184 38
Raw WW 35 360 33 0.03 52 0.11 0.08 144 206 43
Acetate 35 360 33 0.03 166 0.22 0.19 161 242 51
Acetate 0.7 10 43 0.05 171 0.30 0.25 227 254 12
Acetate 07 piotscale 0 43 0.05 172 037 032 163 234 43
Acetate 0.7 CS 60 38 0.04 169 0.32 0.28 158 245 55
Acetate 0.7 180 38 0.04 169 0.33 0.29 113 171 52
Acetate 0.7 360 40 0.05 170 0.34 0.29 127 175 37
Acetate 25 60 46 0.02 173 0.16 0.13 163 224 37
Acetate 2.5 Full-scale 180 28 0.01 164 0.16 0.14 142 219 54
Acetate 2.5 360 38 0.02 169 0.16 0.14 143 211 48
Acetate 0.24 5 86 0.10 154 0.32 0.44 149 168 13
Acetate 0.24 Pilot-scale 30 101 0.13 129 0.25 0.35 130 187 43
Acetate 0.24 cs 45 77 0.10 137 0.27 0.39 144 238 65
Acetate 0.24 60 70 0.11 117 0.26 0.35 179 241 35

Note: F/M - Food to microorganism ratio, AF/M - Difference between F/M of contactor and stabilizer, EPS¢ - in contactor, EPSs - EPS in stabilizer
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Nomenclature for Pearson correlation coefficient

FM
DFM
EPSs
EPSc
DEPS
REI
REPS
DOc
DOs
OURs
SOURs
OURc
SOURc
RSOI
RSOUR
RVOUR

RVOI

mgCOD/mgVSS
mgCOD/mgVSS

mgCOD/gVSS
mgCOD/gVSS
mgCOD/gVSS
%

mg/L

mg/L
mgO2/L/h
mgO2/gVSS/h
mgO,/L/h
mgO2/gVSS/h
%

%

F/M in contactor

DFM = F/M in contactor - F/M in stabilizer
EPS in stabilizer

EPS in contactor

DEPS =EPS¢ -EPSs

REI = (DEPS/EPSs)*100

REPS = EPSc/EPSs

DO in contactor

DO in stabilizer

Volumetric OUR in stabilizer

Specific OUR in stabilizer

Volumetric OUR in contactor

Specific OUR in contactor

RSOI = [(SOURc - SOURs)/SOURs]*100
RSOUR = SOURc/SOURs

Ratio of volumetric OURC/volumetric, RVOUR = OURc/OURg

Relative Volumetric OUR Increase, RVOI = [(OURc-OURs)/OURg] *100
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Table A2 Pearson correlation coefficient between operational parameters and sludge properties CS 0.3 d and CSa 0.3 d configurations

Parameters Unit FM DFM EPSs EPSc DEPS REI REPS DO: DOs OURs SOURs OUR: SOURc RSOl RSOUR RVOUR RVOI
FM mgCOD/mgVsSS  1.00 ) ) - - - - - - - - - - - . ) 3
DFM mgCOD/mgVSS 098 100 - - - - - - - - ; ) . . ) )
EPSs mgCOD/gVSS 0.-12 025 1.00 - - - - - - - - - - B ) ) i
EPSc mgCOD/gVSS 052 040 064 1.00 - - - - - - - - - - B} 3 3
DEPS mgCOD/gVSS ~ 0.87  0.88 026 052 100 - - - - - - - . . . i
REI % 084 0.89 0.219 027 096 1.00 ) ) ) : - - - - - - -
REPS ) 082 084 047 037 095 096 100 ) ; - - - - - - -
DOc mg/L 011 014 042 016 014 017 025 100 - - - - - - ; )
DOs mg/L 028 -040 045 034 026 045 -029 011 100 ; . - - - - - -
OURs mgO,/L/h 019 022 019 008 004 008 -002 -026 -008 1.00 i ; - - - - -

SOURs mgO,/gVSS/h 048 046 030 0.38 027 023 017 -0.04 0.14 0.86 1.00
OURc mgO,/L/h 011 -007r 015 -011 -0.02 0.05 006 -037 -032 012 -0.23 1.00
SOURc mgO,/gVSS/h 067 065 020 0.39 066 0.64 0.70 006 -014 013 0.21 0.51 1.00

RSOI % 012 010 025 0.08 024 023 033 0.00 -019 -0.55 -0.60 0.65 0.63 1.00

RSOUR - 012 010 025 0.08 024 023 033 0.00 -019 -0.55 -0.60 0.65 0.63 1.00 1.00 i i
RVOUR - 013 -015 013 -003 -003 005 004 -011 -014 -0.60 -0.71 0.67 0.39 0.94 0.94 1.00 i
RVOI % 013 -045 013 -003 -003 005 004 -011 -014 -0.60 -0.71 0.67 0.39 0.94 0.94 1.00 1.00
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Table A3 Pearson correlation coefficient between operational parameters and sludge properties of CS 0.69 d, CS0.75d and CS 1.73 d

configurations

Parameters Unit FM DFM EPSs EPSc DEPS REI REPS DO: DOs OURs SOURs OUR: SOUR: RSOl RSOUR RVOUR RVOI
FM mgCOD/mgVsSS  1.00 ) - - - - - - - - - - - - _ _ ;
DFM mgCOD/mgVsSS  0.97  1.00 ) - - - - - - - - - - - - _ B
EPSs mgCOD/gVSS 046 040  1.00 - - - - - - - - - - - - _ i}
EPSc mgCOD/gVSS 075 071 086 1.00 - - - - - - - - - - - _ ;
DEPS mgCODIgVSS 049 054 034 019 100 " - - . : - . i ) ) .
REI % 010 000 075 -038 074 100 - ; - - ; ; - - - -
REPS ) o._10 0.00 o.-75 038 074 1.00 1.00 ) . ) ) . . ) . . .
DOc mg/L 006 005 019 022 004 016 016 1.00 - . - - - - - - -
DOs mg/L 020 025 068 053 -033 055 -055 015 1.00 . . - - - - - -
OURs mgO./L/h 045 040 020 031 -018 002 002 034 -011 100 . . - - - - -

SOURs mgO,/gVSS/h 057 040 047 057 015 039 -039 -028 0.35 0.04 1.00
OURc mgO,/L/h 044 -039 065 -059 016 047 047 -050 -043 0.75 -0.01 1.00
SOURc mgO,/gVSS/h 040 031 009 017 047 022 022 -032 0.01 0.13 0.75 0.46 1.00

RSOI % 003 005 061 -031 059 084 084 004 -026 012 -0.10 0.62 0.56 1.00

RSOUR - 003 005 061 -031 059 084 084 004 -026 012 -0.10 0.62 0.56 1.00 1.00 ) )
RVOUR - 021 -019 o077 -060 037 066 066 -034 -045 0.03 -0.05 0.68 0.57 0.81 0.81 1.00 )
RVOI % 021 -019 o077 -060 037 066 066 -034 -045 0.03 -0.05 0.68 0.57 0.81 0.81 1.00 1.00
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Table A4 Pearson correlation coefficient between operational parameters and sludge properties for CS 0.3d, CSa0.3d, CS 0.69d, CS

0.75d and CS 1.73 d configurations

Parameters Unit FM DFM EPSs EPSc DEPS REI REPS DO: DOs OURs SOURs OUR: SOUR: RSOl RSOUR RVOUR RVOI
FM mgCOD/mgVsSS  1.00 ) ) - - - - - - - - - - - . _ ;
DFM mgCOD/mgVvSS 0.98  1.00 - - - - - - - - - - - - - R R
EPSs mgCOD/gVSS ~ 0.65 0.61  1.00 - - - - - - - - - } 3 ) ) i
EPSc mgCOD/gVSS  0.87 085 088  1.00 - - - - - - - - - . . i i
DEPS mgCOD/gVSS ~ 0.69 071 007 053 100 - - - - - - - . . i i
REI % 025 031 033 010 079 100 . ; ; ; - ; - ; ;
REPS ) 030 036 028 016 080 099 100 ) i i i ) i ) . .
DOc mg/L 047 047 042 053 035 035 039 100 . - - - - - - -
DOs mg/L 067 064 077 08 027 003 009 049 100 - - - - - - .
OURs mgO,/L/h 069 -068 046 -067 -053 040 -048 053 070 100 . - - - - - -

SOURs mgO,/gVSS/h 023 015 031 0.26 005 027 -030 010 012 035 1.00
OURc mgO,/L/h 066 -0.64 055 -069 -047 031 -034 053 072 0.76 -0.11 1.00
SOURc mgO,/gVSS/h 029 026 006 013 034 020 024 000 0.02 -0.14 0.17 0.24 1.00

RSOI % 002 001 036 -017 020 036 040 009 016 -0.18 -0.52 0.42 0.71 1.00

RSOUR - 002 001 036 -017 020 036 040 009 016 -0.18 -0.52 0.42 0.71 1.00 1.00 ) )
RVOUR - 029 -028 051 -044 -009 008 011 021 042 0.09 -0.48 0.68 0.63 091 0.91 1.00 )
RVOI % 029 -028 051 -044 -009 008 011 021 042 0.09 -0.48 0.68 0.63 0.91 0.91 1.00 1.00
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Fig. Al. Schematics of high-rate contact-stabilization pilot reactor setup operated as CS 0.3 d, CSa0.3d, CS 0.52d, CS 0.69d, CS0.75

d and CS 1.73 d configurations
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Table B1 Removal of COD using conventional approach of biosorption quantification on
high-rate activated sludge (inactive) of 2 d SRT (full-scale step-feed system treating
chemically enhanced primary treatment effluent) under variable substrate loading

conditions and contact time at fixed settling time

Test  Contact  Settling Mass of substrate added as CODiitia CODri  COD |
Inital Inal removal

No. time time tCOD per biomass as pCOD
(min) (min) (gCOD/gCOD) mgCOD/L  mgCOD/L mgCOD/L
1 40 30 0.03 144 188 -44
2 30 30 0.04 146 241 -95
3 25 30 0.05 147 244 -97
4 20 30 0.06 149 214 -65
5 15 30 0.08 151 212 -61
6 10 30 0.13 155 248 -93
7 5 30 0.25 161 185 -24
8 1 30 1.27 169 152 17
9 40 30 0.03 121 169 -48
10 25 30 0.04 124 203 -79
11 15 30 0.07 145 343 -198
12 5 30 0.20 177 220 -43
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Table B2 Quantification of biosorption capacity (considers adsorption, storage, oxidation and settling of organic matter) and corrected
biosopriton capacity (considers adsorption, storage and oxidation of organic matter) using conventional approach on biological nutrient

removal sludge (active) of 15 d SRT (full-scale nitrification stage) under variable substrate loading conditions

Biomass Contact Settling time Mass of substrate a}dded as Biosorp_tion Corrected Bigsorption
Wastewater conditions time (min) (min) tCOD per mass of biomass as Capacity Capacity
pCOD (gCOD/gCOD) (mgCOD/gVSS) (mgCOD/gVSsS)

10 60 0.05 18+1 15+1

CEPT Active 10 90 0.05 2042 1742
10 120 0.05 1911 171

10 60 0.07 2510 2010

CEPT Active 10 90 0.07 2812 2412
10 120 0.07 25+1 21+1

10 60 0.12 6410 1740

RW Active 10 90 0.12 651 20+1
10 120 0.12 6210 1510

10 60 0.15 88+2 25+2

RW Active 10 90 0.15 93+2 3412
10 120 0.15 86+2 2412

Note: CEPT - Chemically enhanced primary treatment effluent, RW - Raw wastewater
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Table B3 Quantification of biosorption capacity (considers adsorption, storage, oxidation and settling of organic matter) and corrected
biosopriton capacity (considers adsorption, storage and oxidation of organic matter) using conventional approach on biological nutrient

removal sludge (inactive) of 15 d SRT (full-scale nitrification stage) under variable substrate loading conditions

Biomass Contact Settling time Mass of substrate a}dded as Biosorp_tion Corrected Bipsorption
Wastewater conditions time (min) (min) tCOD per mass of biomass as Capacity Capacity
pCOD (gCOD/gCOD) (mgCOD/gVSS) (mgCOD/gVSsS)
10 60 0.05 21+1 1741
CEPT Inactive 10 90 0.05 19+2 16+2
10 120 0.05 2110 18+0
10 60 0.06 30+1 26+1
CEPT Inactive 10 90 0.06 2910 2510
10 120 0.06 25+1 22+1
10 60 0.13 85+1 27+1
RW Inactive 10 90 0.13 82+2 2742
10 120 0.13 7612 19+2
10 60 0.15 103+2 36+2
RW Inactive 10 90 0.15 99+1 361
10 120 0.15 9710 31+0

Note: CEPT - Chemically enhanced primary treatment effluent, RW - Raw wastewater
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Table B4 Quantification of biosorption capacity (considers adsorption, storage, oxidation and settling of organic matter) and corrected
biosopriton capacity (considers adsorption, storage and oxidation of organic matter) using conventional approach on high-rate activated
sludge (active) of 2 d SRT (full-scale step-feed system treating chemically enhanced primary treatment effluent) under variable substrate

loading conditions

Biomass Co_ntact Settling time Mass of substrate ad_ded as Biosorp_tion Corrected Bigsorption
Wastewater conditions tm_le (min) tCOD per mass of biomass Capacity Capacity
(min) as pCOD (gCOD/gCOD) (mgCOD/gVSsS) (mgCOD/gVSsS)

10 60 0.05 3018 2618
CEPT Active 10 90 0.05 41+0 38+0

10 120 0.05 43+0 40+0

10 60 0.08 4414 39+4
CEPT Active 10 90 0.08 501 45+1

10 120 0.08 440 39+0

10 60 0.11 8715 4616
RW Active 10 90 0.11 81+3 39+9

10 120 0.11 84+1 42+9

10 60 0.14 97+1 29+1
RW Active 10 90 0.14 101+5 3815

10 120 0.14 94+3 2743

Note: CEPT - Chemically enhanced primary treatment effluent, RW - Raw wastewater
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Table B5 Quantification of biosorption capacity (considers adsorption, storage, oxidation and settling of organic matter) and corrected
biosopriton capacity (considers adsorption, storage and oxidation of organic matter) using conventional approach on high-rate activated
sludge (inactive) of 2 d SRT (full-scale step-feed system treating chemically enhanced primary treatment effluent) under variable

substrate loading conditions

Biomass Co_ntact Settling time Mass of substrate ad_ded as Biosorp_tion Corrected Bigsorption
Wastewater conditions tm_le (min) tCOD per mass of biomass Capacity Capacity
(min) as pCOD (gCOD/gCOD) (mgCOD/gVSS) (mgCOD/gVSS)

10 60 0.05 3244 2914
10 90 0.05 22+1 29+1
10 120 0.05 1442 11+2
10 60 0.08 39+0 33+0
10 90 0.08 26+6 20+6
10 120 0.08 14+4 9+4

10 60 0.11 82+1 27+1
10 90 0.11 71+1 19+1
10 120 0.11 58+1 4+1

10 60 0.17 99+12 11+12
10 90 0.17 1054 234
10 120 0.17 8613 143
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Table B6 Quantification of biosorption yield on various SRT sludge collected from full-scale (step-feed) and pilot-scale CSTR and CS

configurations

O, consumption from Cumulative O, Initial VSS Biosorption Yield

Reactor configurations ~ Average SRT (d) endogenous respiration consumption concentration (MgOAgVss)

(mgOy/L) (mgO./L) (mgVSS/L) 90219
Full-scale HRAS 25 38 47 750 12
Full-scale HRAS 25 8 12 225 17
Full-scale HRAS 25 33 40 155 47
Full-scale HRAS 25 73 86 243 56
Pilot-scale CSTR 35 121 160 453 85
Pilot-scale CSTR 1.2 45 278 625 373
Pilot-scale CSTR 0.3 64 109 142 318
Pilot-scale CS (C) 1.7 81 145 485 132
Pilot-scale CS (S) 1.7 267 397 1115 117
Pilot-scale CS (C) 1.0 20 34 255 57
Pilot-scale CS (S) 1.0 51 63 400 28
Pilot-scale CS (C) 0.75 46 162 310 374
Pilot-scale CS (S) 0.75 119 331 728 291
Pilot-scale CS (C) 0.69 41 148 325 328
Pilot-scale CS (S) 0.69 124 287 630 259
Pilot-scale CS (C) 0.5 72 272 460 435
Pilot-scale CS (S) 0.5 166 437 925 293

Note: HRAS-High-rate activated sludge systems, CSTR-Continuously Stirred Tank Reactor, CS-Contact-stabilization, C-Contactor, S-
Stabilizer, PF-Plug-flow, R1-Reactor 1, R2-Reactor 2
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Fig. B1. Wastewater flow diagram in Contact-stabilization (CS) configuration
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Stabilization (CS) and Plug flow (PF) configurations
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