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ABSTRACT 

This study was initiated to dernoosnate the application of thermophilic aerobic 

digestion pre--nt as a m e b d  of producing volatile fàtty acids (VFA) for potential use as 

a denMication carbon source. In order to achieve this goai, volatile htty acid production and 

nitrogen release were examinai d e r  two oxygenation states with detention times ranging 

Eom 6 to 24 hours at 55°C. The semi-continuous hboratory scaie reactors, with 3 L operating 

volumes, were féd primary solids obtained h m  the City of W-g's North End Water 

PoMon Control Centre. 

VFAs accumulatecl under all oxygen-depriveci conditions (02 flow rate: 0.025 d m 3 - h ;  

ORP: -330 mV to -390 mV) and the production rate mcreased with mcreasing retention tÏme 

6om 0.029 mg HAc/mg VS-d at 6 hours to 0.057 mg HAdmg VSd at 24 hours. VFAs were 

consumed under the oxygen-satisfïed condition (a b w  rate: 0.14 m'lm3-h: ORP: -10 mV to 

-225 mV). The VFA specific production rate did not appear to vary with the influent solids 

concentration 

Acetic acid constituted the largest fiaction of VFAs in both the oxygen-satisfied and 

oxygendeprived experiments and ranged tiom 59.6% to 64.3%. The oxygen-satM 

condition exhiiited much higher propionic acid concentrations (average of 30.3%) than did the 

oxygen-deprived conditions (average of 1 7.2%). 

A m n i a  nitrogen accumulated under all conditions studied, but more so with a 

decreasing oxygen supply and mcreasnig retention time. Under the oxygendeprived condition 

the 6 hour SRT/HRT exhiiied the lowest ammonia nitrogen HicTease of 41.6% while the 24 

iii 



hour SRT/HRT exhiited the highest at 142.8%. The soluble organic carbon to amnonia ratio 

increased with a decreasing oxygen supply and detention time. Retrnning the VFA-rich 

nrpematant to the plant influent wouid increase the overail chexnical oxygen d e d  to 

arnmonia ratio and aid m the denitrification process. 



This thesis is dedicated to my father 

who encouraged me to do my graduate studies 

but never got the chance to see me finish. 



ACKNOWLEDGEMENTS 

1 would like to thank my f d y  for their support and encouragement and Dr. 

Oleszkiewicz for his patience and insights. In addition, 1 wish to express my sincere 

grattude to the City of  Winnipeg's Water and Waste Department for providiig financial 

and technical support and the primary sludge used in this study. 



CONTENTS 

ABSTRACT 

LIST OF ILLUSTRATIONS 

LIST OF TABLES 

CHAPTER 1 - INTRODUCTION 

CHAPTER 2 - LITERATURE REVIEW 

2.1 BIOLOGICAL NITROGEN REMOVAL PROCESS 
2 1. I Fonns of Ndrogen 
2 1.2 Theory of Nitrogen R e m a i  
2.1.3 Swnmary 

2.2 DUAL, DIGESTION PROCESS 
2.2 I Teclinoogy Devefopmenl 
2.2.2 Treatrnent Configtuation 
2.2.3 S m  

2 3  THEXMOPHILIC AEROBIC DIGESTION 
ENVIRONMENTAL AND OPERATIONAL PROCESS 
CONTROL PARAMETERS 
2- 3. 1 Tenperatute 
2.3.2 Influent Sol& 

2.3.2.1 Soliak Retention Time 
3.3.2.2 Soliak Concentrations 
2-3.2.3 Soliak Loadings 

2-3.3 m g e n  RequVments 
2.3.4 -n Redudion Potential 
2.3.5 pH and Alkalui* 
2-3.6 Swnmnry 

Page 

m.. 

lu 

vi 

xi 

... 
ml 

1 

3 

3 
3 
3 
7 

7 
7 
8 
9 

9 
10 
12 
12 
13 
13 
13 
14 
17 
18 

2.4 THERMOPHILIC AEROBIC DIGESTION PERFORMANCE 19 
2.4.1 Organk Gubon TrMSfomuû'bn 19 

2.4.1.1 Volatile SoIiak Reduction 19 
2.4. I .  2 Chernical ûxygen Dernand Solubilization 21 

vii 



CHAPTER 3 - RESEARCH OBJECTMB 

CHAPTER 4 - EXPERIMENTAL DESIGN: METHODS AND 
ANALYTICAL PROCEDURFS 

4.1 EXPERIMENTAL SET-UP AND OPERATION 
4.1.1 S I e e  Sowce 
4.1.2 S m m  ConfrglUafiOn 
4.1.3 Operation 

4.2 EXPERIMENTAL SAMPLING 
4.2.1 SIudge S m p h g  
4.2 2 Discharge Gm SimpIUtg 

4 3  LABORATORY ANALYSIS AND DISCUSSION OF 
METHOD E R W R  
4.3.1 S o i . .  

43.1. I A nalysis Method 
4.3.1.2 Method Error 

4.3.2 Diswhed -en 
43.2. I Analysis Method 
4.3.2.2 Method Error 

4.3.3 Discharge Gas - Meihme, Carbon Dz2xihk and Air 
4.3.3.1 Analysis Method 
4.3.3.2 Method Error 

4.3.4 p H  ondAIMhiry 
4 3.4 I Analysis Method 
4.3.4.2 Method Error 

4.3.5 SoIubIe Che&& Oxygn Demand 
43 .5  1 Amlysis Method 
4 3 - 5 2  Method Error 

6.3.6 Voiaiile F m  Ac* 
-1.3.6.1 Analysis Method 
-1.3.6.2 Method Error 

4.3.7 Ammon& NarOgen 
4.3.7.1 Anabsis Method 
4.3.7.2 Method Error 

v i i i  



4.3.8 Sirdge DewcrteTLzb;rirv 
1 3.8.1 A ~ I y s i s  Method 
4.3.8.2 Method Error 

CHAPTER 5 - RESULTS AND DISCUSSION 

5.1 ACCLIMATION 

5.2 ENVIRONMENTAL AND OPERATIONAL PROCESS 
CONTROL PARAMETERS 
5.2 1 Influent Solids 

5.2.1.1 Influent Soli& Concennarions 
52.1.2 SoZids Loading 

5.2.2 OXygenSupply 
5.23 DissohedOxygn 
5.2.4 TAD Discharge Gm 
5.25 OIrcidatin Reducîbn Potential 
5.26 RIkdinity 
5.27 pH 
5.2.8 Summmy 

5.3 THERMOPHILIC AEROBIC DIGESTION 
PERFORMANCE 
5.3.1 PCVfiCulate Organic Carbon Transfonttcnion 

5.3.1.1 Volatile Soli& Reducrion 
5.3.1.2 Chemical m g e n  Demand Solubilization 

5.3.2 Volatile F@ Ac* 
5-3.2.1 Volatile F q  Acid Production 
5.3.2.2 Volatile Faîîy Acid Composition 
5.3.2.3 Volatile Faîîy Acid Connibution to 

Chemical m g e n  Demand 
5.3.3 Ammoniu N i e n  

53.3. I Ammonia Niirogen Production 
5.3.3.2 Soluble Organic Carbon to Ammonia Ratio 

5.3.4 Seifleabil@maferabil@ 
5.3.5 summary 

CHAPTER 6 - ENGINEERING SIGNIFICANCE 
6.1 FULL SCALE IMPLICATIONS OF EXPERIMENTAL 

RESULTS 
6 1. I GmpariSOn of TAD ResuCis with Conwnfionui 

Fmntation Procesres 



6.2 BENEFITS OF DUAL DIGESTION PROCESS 
621 P(VfiCuhk O r g e  Corbon T-onnafiOion 
62.2 Patliogen W ' n  
623 Digecer Fwming Co*[ 
624  Digesfer Gas Y& 
625 lkwammbm 
626 Summary 

CHAPTER 7 - CONCLUSIONS AND RECOMMENDATIONS 

7.1 CONCLUSIONS 

7.2 RECOMMENDATIONS 

BIBLIOGRAPHY 

APPENDIX A - METABOLIC PATHWAYS 

APPENDIX B - DATA 

APPENDlX C - BALANCE CALCULATIONS AND BALANCE ERRORS 

APPENDIX D - RECYCLE CALCULATIONS 



LIST OF ILLUSTRATIONS 

F i  1. Nitrogen cycle m biological nitrogen removaL 

Figure 2. Growth reaction rate constant as a fllnction of temperature. 

Figure 3. M e d  ORP d u e s  relative to various sludge digestion re*. 

Figure 4. Biochemid mode1 of acetate production in TAD d e r  
(a) microaerobic and (b) anaerobic conditions. 

Figure 5. Thermophilic aembic digester schematic. 

Figure 6. niermophilic aerobic digester set-up. 

Figure 7. Average error of prsriary solids measurements. 

Figure 8. Average ermr of TAD solids measurernents. 

Figure 9. Average error of discharge gas rneasurements. 

Figure 10. Average error for SCOD measuements 

Figure 1 1. Influent primary so lids concentrations during OS24. 

Figure 1 2. Influent primary solids concentrations during OD24. 

Figure 1 3. Iduent  prirnary solids concentrations during OD 1 8. 

Figure 14. Iduent  primary solids concentrations during OD 12. 

Figure 1 5. Innuent primary solids concentrations during 0D6. 

Figure 1 6. Variation of ORP with oxygenation state. 

Figure 17. ORP trace patterns for OS24 and OD24. 

Figure 1 8. Comparison of percent volatile solids measured m TAD influent 
and TAD effluent durhg OS24,OD24, OD 1 8, OD 12, and 0D6. 

Figure 19. Cornparison of gram of total VS m e a d  during OS24. 
OD24, OD 18, OD 12, and OD6. 

Page 

4 

11 

16 



Figure 20. Aerobic digester percent VS reduction design curve. 

Figure 2 1. Prmiary and TAD SMge soluble chemical oxygen d e d  
concentrations during OS24 experiment. 

Figure 22. Riniaiy and TAD Shdge soiuble chemicai oxygen d e d  
concentrations d u k g  OD24 experiment. 

Figure 23. Primary and TAD Shdge soiuble chemicai oxygen demand 
concentrations during OD 1 8 e>cperrment. 

Figure 24. Primary and TAD Shdge sahible chemicai oxygen demand 
concentrations during OD 12 experhent. 

Figure 25. Primary and TAD Sludge soiuble chernical oxygen demand 
concentrations during OD6 expriment. 

Figure 26. Variation of specifx F A  production rate with feed VS 
concentration durhg OD24. 

Figure 27. Percent VFA distniution during OS24. 

Figure 28. Percent VFA distribution during OD24. 

Figure 29. Percent VFA distniution in OD 1 8. 

Figure 30. Percent VFA ~ i u t i o n  m OD 1 2. 

Figure 3 1. Percent VFA distnhtion in OD6. 

Figure 32. Increase m ammonia nitrogen m thermophilic aerobic reactors. 

Figure 33. Cornparison of soluble organic carbon to amrnonia nitrogen ratios. 

Figure 34. Percent soli& capture m centrifige. 

Figure A 1. Glycolysis 

Figure A2. The Enhier-Doudoroff Pathway. 

Figure A3. The Pentose Phosphate Pathway. 

xii 



LIST OF TABLES 

Page 

Table 1. Average Infhient Prjmary SMge Solids Concentrations with 
Standard Deviations 

Table 2. Solids Loadhg to Thermophilic Aerobic Digesters 53 

Table 3. Maximum w g e n  RequiRment Based on Vohtile Solids Oxidised 54 

Table 4. TAD Discharge Gas Constituents 56 

Table 5. Comparison of Measured to Expected Total An<alinity 59 

Table 6. Quantity of Bicarbonate Alkalinity AvailabIe to Neutralise Additional VFA 62 

Table 7. Cornparison of pH Variations m the TADs 64 

Table 8. Calculateci TAD Temperature Detention TÏme Products for OS24 
OD24, OD 1 8, OD 12 and 0D6 69 

Table 9. Chernical Oxygen Demand Solubilization Efficiency 71 

Table 10. COD Specific Solubilization Rate as a Funaion of û?qge~tion State 
and Retention Time. 72 

Table 1 1. VFA Specific Production Rate as a Function of Oxygenation State 
and Retention Time 76 

Table 12. Average Percent Volatile Fatty Acids Constituents 79 

Table 13. Average Soluble Chernical m g e n  Demand Atûiiuted to the Resence 
of Volatile Fatty Acids 84 

Table 14. Un-ionized Ammonia Percentage versus Temperature and pH 86 

Table 15. Cornparison of SCVFA Production in TAD with o k  Conventional 
Fermentation Processes at Ambient Temperatures 93 

Table 16. Conipanson of Volatile Fatty Acids Composition Produceci in 
Various Full Scale and Pilot Projects 93 

Table 17. Average Composition of NEWPCC Wastewater 94 

xiii 



Table 18. Estimated Effects of TAD Supernatant Recycle on Influent 
Flow Concentrations 

Table 19. VoLitile Soi& Degradation m Dual Digestion Rocess 

Table Dl.  Supeniatant Recycle Volumes 

Table D2. Estimateci Effea of TAD Supernatant Recycle on Influent Flow 
Concentrations 

x i v  



CHAPTER 1 

INTRODUCTION 

The province of Manitoba has surface water quality objectives which define minimum 

levels of protection for dièrent uses. These uses mctude domestic coonimption, industrial use. 

a . c u h r a i  use, recreation and maintenance of aquatic species, wildlifé. and waterfowl 

(Williamson, 1988a). To protect both aquatic and wilme. objectives are included for 

numerous pammeters mcluding un-ionized ammonia (NH,), disso lved oxygen t oxic metais and 

pesticides. The maximum acceptable NH3 concentration is dehed by the ambient pH and 

temperature and ranges fkom 0.0184 to 0.05 mg/L in water with a temperatures of O to 30°C 

and a pH of 6.5 to 9.0. Currentky these lMits are ofien king exceeded in the Red and 

Assiniboine Rivers due to large quantities of arnmonia king released f?om the City of 

Wmnipeg's wastewater treatrnent fàcilities in combination with the pH. temperatme and low 

flow. 

In order to actualise the provincial regdations for un-ionized arnrnonk the City of 

Wmnipeg executed a study into the possibii of modis.tng their existing wastewater treaûnent 

plants to achieve nitrogen removaL A fidl sale study on nitrification was undertaken at the 

North End Wastewater Pollution Control Centre (NEWPCC). In spite of the fact that a hi& 

degree of nitrification was achieved, the long term sustai~bility of the process was found to be 

arduous Consequently, the city approached the Environmental Engineering Department at the 

University of Manitoba to mvestigate various possibilities of ammonia removal in pure oxygen 



reacton. Bench scale reactors were subsequentiy set-up and operated to study both nitrification 

using a closed smgle stage actnated sludge pure oxygen reactor, and nitrificationdenhification 

ushg a predenhi@q closed activateci shdge pure oxygen reactor. Results fiom the 

nitrifïcation-de~cation experiments Edicated that a carbon deficit hindered pre- 

denhification (OIeszkiewicz et al., 1995). 

According to literature. numerous carbon sources have k e n  used for denmincation ai 

other locations such as, brewery wastes. rnethanol and volatile fàtty acids V A )  produced 

through fermentation proceses. Methanol is used m many locations as a readily assimikble 

carbon, however, it has the drawback of continuous price mcreases. 

During many thermophilic aerobic digestion (TAD) studies reports of VFA 

increases have been made. For example. Baier and Zwiefelho fer ( 1 99 1 ) reported VFA 

increases of 146% fiom 2470 mg/L to 608 1 mg/L after aerobic thermophilic pre-treatment 

at the Thun Treatment Plant and Keily (1 990) working with an autothermal thermophilic 

aero bic digester (ATAD) at Salmon Ami. BC. found VFA concentrations of up to 10.000 

mgL were reached in the £irst stage digester. Shce this method of VFA production has no t 

been tùlly hvestigated, this study was initiateci ushg prirnary siudge obtamed korn the 

NEWPCC. Ahhough not examined in this study, the VFAs produced would potentiaily be used 

as a carbon source for denitrifÏcation In order to achieve this goai, the effects of retention t h .  

oxygen dehery and sent characteristics on the conversion of volatile solids to short chah 

volatile htty acids and nitrogen release are examined. 



CHAPTER 2 

2.1 BIOLOGICAL NITROGEN REMOVAL P ROCESS 

2. 1.1 F o m  of WItrogen 

Nitrogen occurs in water and wastewater in four forms: organic nitrogen, ammonia 

nitrogen (Ni&--N), &e (Na], and nitrate (NO3'). The hamiful effécts of ammonia nitrogen 

and nitrate nitrogen on the receiving body of water are well documented by rnany researchers. 

The negative effwts mclude: deoxygenation due to nitdication of ammonia, toxicity by un- 

ionized ammonia and an increase m algae blooms causing water qualiry deterioration 

Signifiant concentrations of nitrates m drinking water also cause a condition known as 

methamogiobinaernia in &ts (Metcalfand Eddy, 199 1 )  

2 1.2 Ineory of Niogen Remval 

Nitrogen removal during wastewater treatment is genedy accomplished by one of 

three methods: assimilation, denitdication. and volatilization (as ammonia gas with pH 

increase) (Oleszkiewicq 1 995-a). The seps involved in biological nitrogen remval are 

illustrateci in Figure 1 .  



- - -  
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Figure 1. Nitrogen cycle m biological Nwgen removal. Rocess invohw four biochemical 
steps: hydrolysis & deamination, assimilation, nitrification and denitrification (Metcalf and 
Eddy, 1991). 

Nitrification is carried out by autotrophic micro-organisms which use inorganic carbon 



as the carbon source. The reaction is in two steps as folows (Metcalfand Eddy. 1991): 

1)  ûxidation of ammonium to nitrite by the members of the genera Nitrosornonas and 

Nitrosococcus 

2)  Oxidation of nitrite to nitrate by the members of the genera Mtrobacter and 

iVitrosocystis 

Denhification is accomplished by fàcuhative heterotrophs (e.g. Pseudomonas) which 

use organic carbon as a source of energy and carbon and NO3- as the W electron accepter. 

The following is a typical stoichiometric equation for deMcation @PA, 1 993): 

Assumnig that anoxic conditions are maintaineci, the denitrification rate is so leiy iimited 

by the amount and nature of the carbon source. The slowest denivification rates correspond to 

endogenous a b o n  (carbon derivecl for ceil lysis) and the highest are reported for rnethanol 

(Oleszkiewicz, 1995-b). Henze et al. ( 1  994) mdicated that the denitrification rates for directly 



metabolisable COD (e.g. acetic acid) are 10-20 mg N/g VSS-4 easdy degradable (e-g. lower 

amino acids) are 2 - 4 mg N/g VSS-h and the slower degradable components of the wastewater 

(e.g. corriplex wbohydrates, prote&) are 0.2 - 0.5 mg N/g VSS-h Oleszkiewicz (1995-b). 

proposes that a typical specific rate is 1 0 mg NOi-N/g VSS h 

Fass et al. ( 1 994) evaiuated the possiiiiay of wastewater denitrification ushg VFAs as 

the sole wbon and electron source in an activated sludge culhire continuously fed with a 

mixture of acetate, propionate, buîyrate and valerate. They concMed thac acetate, propionate. 

butyrate and valerate can all act as carbon sources m denitrification The five predominant 

s t n k  m the de- basteriai biomass were Ochrobactnim anthrupi. M o r d l a  lacunuta. 

Pseudomonas testmteroni, Paracoccus denihijicans and Pastetaella gr. EFX Acetate. 

butyrate and vderate and the mixture of the 4 gave identical denitrification rates (20 mg NO,-- 

N/g SS-h) and identical carbon conslmiption rates (60 mg C /g SS-h). Whereas propionate was 

alrnost not metabolised (3 mg NOi-N Ig SS. h and 8 mg C /g SS- h). 

Similarfy, Æ s q .  A and H. adegaard, ( 1994) investigated how efficient@ biologically 

hydroiysed sludge is utilwd as a carbon source. Their results showed that only the volatile Einy 

acids m the hydrolysed sludge were utilûed as a carbon source. Their maximum denitrification 

tate was 23.6 mg NO3--N /g VSS-h 

The required carbon to nitrogen ratio is reported to range dependmg on the design and 

type of treatment process. The o p t d  C M  ratio is generally agreed to be 0.94 to 1.05, when 

rnethanol is useci as the carbon source (Narkis et al., 1979. Smith et al.. 1972 and Timmermans 

and Van Haute, 1 983). EPA ( 1 993) report values for methano1 utilisation fiom 2.5 to 3 .O g 

methanol per gram of nitrate nitrogen reduced. Caponetto and Oleszkiewicz (1 993) found that 



the ratio of carbon utiliseci to be approximately 1 g SOC/g N03'-N. 

The stoichiometric collsu~~lption ratio between soluble COD and nitrate was found to 

be 4.5 5 0.6 mg CODJmg NOi-N by Æ q .  A and H. 0 d e g d  ( 1994). Abutàyed and 

Schroeder (1986) recormnend a COD/N ratio of greater than 7 for an efficient denitdication 

process. A C/N ratio of 4-6 g BODdg total N was suggested by Rusten and ELiassen (1 993). 

23.3 S- 

Nitrogen has many hamiful effects on the receiving body of water. including the 

toxicity of amnonia, eutrophication. and deoxygenation. In the ~cation-denitrïfication 

proces, denitrification is solely limiteci by the nature and amouni of carbon assuming that 

anoxic conditions are maintaineci. Acetate, propionate, butyrate and vaierate can all be used as 

a carbon source in denitdication Acetate. butyrate and vaierate however. have higher 

denitrification rates (20 mg NO,--N /g SSoh) and carbon consumption rates (60 mg C /g SSh) 

over propionate (3 mg NO3--N Ig SS-h and 8 mg C lg SS- h). The amount of carbon required to 

nitrogen varies depending on the design and eeatment process. In general a COD/N ratio of 

greater than 7 is required for efficient denitrification 

2.2 DUAL DIGESTION PROCESS 

2.2 l Technologv Dewlopmwî 

Anaerobic mffophüic digestion of primary and secondary sludges frorn waçtewater 

treatment has been a common practice m Europe for more than 35 years. However. king 



deniands in shidge quality for agricuhral land application left the sludge produced unable to 

met the sludge standards. hial digestion, which is also known as aerobic themiopMc pre- 

freatmnt (ATP) was consequently developed by the Union Carbide Corporation m 1975 

(Messenger et al., 1989) to meet this rishg demand and is now widely used in Europe as a 

mearis of effect ive pasteurisation of shidge (Baier et al.. 1 99 1 ). 

2 2 2 Treatmenî Conflgwatcon 

The dual digestion process consists of a thermophilic aerobic digestion (TAD) reactor 

upstream of the conventiod mesophilic anaembic digester. The TAD reactor operates at 

elevated temperatures, which nieans fàster rates of biologicai reactions, fàster sludge 

stabilisation, shorter retention times, d e r  tanks, lower capital costs. and a pasteurised 

product. TAD reacton operate at short retention times of normally 1 day or l e s  (EPA 1990). 

The operation cycle is discontinuous; several times per day the aeration and mixing are stopped 

and stabilised sludge is discharged fiom the reactor to the sludge/sludge heat exchanger thus 

lowering the level in the reactor (EPA 1990). Gravity thickened cold raw sludge is then fed to 

the second chamber of the exchanger. TAD sludge is thickened prior to digestion to minimise 

the required tank size and to limit the energy requirements for mixing and heating (EPA 1990). 

In the exchanger raw sludge is preheated while the TAD reactor effluent cools down to 

mesophilic temperatures (40°C). The preheated raw sludge is then transferred to the TAD 

reactor where m i o n  and mD<mg start agah No additionai raw sludge is fed for a period of 

time to maintain the Undisturbed detention required for disinfection The period of undisturbed 

detention time depends on the temperature and is controkd by the tirne-temperature 



requirements for dismfection This type of féeding avoids short circuithg and contammafion of 

the pasteurised siudge. Depending on the operathg conditions, TAD reactors may be either 

autothemial (ATAD) or an extenial source of heat may be r e q d .  

The cooled TAD effluent is then fèd to the mesophilic anaerobic digester which 

operates with a 8 to 1 0 day retention period. S horter retention periods can be ac hieved as 

cornpareci to the conventional mesophilic digester since the feed is p a r t i e  treated and 

"conditioned" . 

62.3 S- 

The dual digestion or aero bic themphilic pre-treatment process consist of an 

thmphi l ic  aerobic digestion reactor with a + lday retention period upstrearn of a 8 to 10 day 

rnesophilic digester. Shorter periods in the rnesophilic digester are achievable as compared to 

the conventional mesophilic digester since the sludge has k e n  pre-treated in the TAD reactor. 

2.3 THERMOPHILIC AEROBIC DIGESTION ENVIRONMENTAL AND 

OPERATIONAL PROCESS CONTROL PARAMETERS 

Thmphil ic  aerobic digestion products are inarkedly afkted by the characteristics of 

the wastewater and environmental and operational parameters. Environmental and operational 

parameters include dissolved oxygen (DO), pH, temperature, oxiàation- reduction po tent iai 

(ORP), solids retention time (SRT), hydraulic retention time (HRT), and solids lodmgs. 



23.1 Temperature 

Akhough both chernical and biochemid reactions are likeiy occurring in TAD 

reactors, biochemical reactions are assumed the predorninant chemistry. Smce bacterial growth 

and sequential sludge degradation rates respond to temperature, Hamer and Bryers ( 1985) 

proposeci the division of five regmEs of growth as follows: 

1 ) Psychro p hilic 

2) Mesophilic 

3) Themtolerent strains 

4) Thermophilic 

5 )  Caldoactive 

h aerobic processes, for temperatures up to 40°C. the reaction rate behaviour of a 

biological process is usually expressed m the foiiowing fom: 

where, 

KT = reaction rate constant at ternperanire. T 

KT,,.. = reaction rate constant at reference terriperature 

O = temperature activity coefficient. 

T = temperature, O C  

Tref = reference temperature, OC 



Typical reported values of O range h m  1 -00 to 1.08. This relationship results roughS in a 

doubling of the reaction rate of a biological proces with an hxease of lO0C m temperature 

(Metcalfard Eddy, 1991). Kambhu and AndRw (1969) report that at temperatures beyond 

45°C the reaction rate does not foilow the Arrhenius relationship but is e x p d  as a senes of 

connected straight line segments with a maximum occurcing at 5S°C and decreasing to zen, at 

a temperature of 75OC as shown in Figure 2. 

Temperature (OC) 

Figure 2. Gro wth reaction rate constant as a function of temperature. Reaction rate constant is 
assumeci to be 0.094 day' at 20°C with a temperature coefficient of 1.047 (Kambhu and 
Andrew, 1 969). 



In aerobic processes, optimal temperatures exist but because of the hrge number of 

bacterial strains, no clear optimums are apparent (Grueninger, 1 984). As with aerobic 

processes, the act* m obligate anaerobic processes mcreases, but to a lesser extent. It is 

genedy accepted that two optimum activities are observed at 3S°C and at 53°C. 

Sonnleitner and Feichter ( l983a) found that as the temperature increases in the 

thermophilic range, the number of corrrpeting strahs decreases. For example. 100 to 1 O00 

tHnes fewer organisns could grow at 70°C than at 50-SOC. in addition, at these higher 

temperatures (70°C) the maintenance energy needs are relative@ high for repair and 

repiacement of cellular structures destroyed in the high temperature environment. For this 

reason LOU (1984) suggests that an aerobic thermophilic degradation system should not be 

operated above 65°C (decay rate mcreases as the temperature increases above 65OC). 

n3.z rnfruentso~a 

2.3.2.1 Soli& Retention Times 

The soiids retention time (SRT) is the average time aiiowed for a micro-organism to 

remain in the reactor. The SRT is an operational parameter which can be used as a selective 

k t o r  by in iposhg a stress on bacterial conmiunities (ElefSiniotis. 1993). TAD reactors operate 

at short retention tmies of normally 18 to 24 hours (Baier and Zwiefelhofèr, 199 t ). However, 

longer detention times have k e n  used. For example, Messenger ( 1989) at Milnerton utilised a 

h t  stage thermophilic reactor wiîh a 1.25 day retention period Similariy, the pre-treatment 

reactor at Thun operated with a 1.57 day residence tHne and at the same time experienced VFA 

mcreases of 146% kom 2470 to 608 1 mgL. 



2.3.2.2 Soli& Concentrations 

The EPA ATAD Design Manuai recommends that sludge is thickened to 4-6% TSS 

(of which at Ieast 2.5% is mody  biodegradabie volatile so tids) (EP A, 1990). Ho wever. this 

guideiine is based on heat production rather than VFA production This concentration can 

usually be accomplished by gram thickening. In previous dual digestion çtudies. average total 

solids (TS) concentrations rangeci f?om 3.0% (Pagilla et al.. 1996) to 3.8% and volatile soli& 

(VS) concentrations were approximateiy 3.0% (Messenger et al. 1989). 

2.3.2.3 Soli& Loadings 

Solids loadings for thermophilic reactors have been reported to Vary. Loading rates of 

12-1 5 kg Wm3-d are considered mtermediate (Jewel et al., 1982). However. loadings as high 

as 30 kg ~ ~ / m ' - d  m pre-treatment kicilities have been reported (Kelly, 1990: Messenger. 

1989). 

23.3 m g e n  RequVements 

The amount of oxygen consumed to volatile solids oxidised is dependent on the 

composition of the volaule solids. Theoretical oxygen requirements are about 2.9 kg Q k g  of 

fats (palmiepic acid), 1.65 kg @ k g  of protein ( C A  0i2N). 1.6 kg aikg  of carbohydrate 

(glucose) and 1.4 kg 0-g of  biomass (Elefhiotis, 1993). For the typicai ratio of Fats. 

protek, and carbohydrates m municipal sludge the design oxygen requirement is concMed to 

be about 2 kg Or/kg VS destroyed (Keily, 1990). For cornparison sake. Morgan et al. (19û4) 

reports values nom 2.03 to 2.60 kg Ozkg VS destroyed, Jeweil(1978, 1 979) reports values 



h m  1.57 to 4.59 kg M g  VS destroyed, and Lon (1984) and Woif(1982) suggests vahm of 

0.7 to 1 .O kg a k g  VS destroyed. 

It is weil known that higher temperatures h x a s e  the vapour pressure, d 8 k k Ï t y  and 

ionization of many compounds, and decrease viscosity and gas solubility (Zeikus 1979). Hamer 

and Bryer (1985) however. showed on the basis of work by Scheibel(1954). that the oqgen 

diffusion coefficient m water mcreases markedly with mcreasing temperature and the iricrease 

iargely compensates for the reduction in oxygen soiubilicy with mcrestsing temperatures 

Oxygen transfer efficiency (On) in ATADs has ofien proven to be higher than that 

measured with the standard ASCE aeration tests. Jewell and Kabrick ( 1 980) found the oxygen 

transfer eficiency was ody 2-3% when measured at 60°C m water using the DeLaval aerator. 

Ho wever. during operation at design temperatures with sludge. OTE ahvays exceeded 1 2% 

and was sometimes as high as 23%. Jeweil and Kabnck concluded that the ASCE standard 

tests do not necessu@ reflect OTE in ATAD systems. Boulanger (1995) reports OTE of 3 1% 

under anoxic conditions and 67% under aerated anaerobic conditions. Due to the diaiculty in 

measuring OTE, design is usually based upon empirical values such as air flows with a given 

type of aeration system (Boulanger, 1 995). 

2.3.4 &ihWùn Reductin Potential 

ûxidation reduction potential (ORP) is a rneasurement of the acthity of oxidation- 

reduction mictions in an aqueous environment. ORP in a sewage sludge solution is affècted by 

many parameters, mcluding pH , DO, NOx and PO4 concentrations (Peddie et al.. 1988). 

The ORP c m  aiso indiCate the aerobic state of a solution as reported by Boulanger 



(1995) and Koch et al. (1988). Kochet al. (1988) showed that for a Bio-P pilot plant. 50 to 

100 mV could be interpreted as aerobic respiration or oxygen reduction -75 to -225 mV 

interpreted as  anaetobic respiration (anoxic) or nitrate reduction, and -300 to -450 mV 

hterpxted as anaerobic fermentation or organic reduction Boulanger ( 1995) set target ORP 

values as foiIows: oxygen-deprived: ORP I -200 mV; oxygen-satkfied: -200 < ORP 5 100; 

oxygen-excess: ORP à 1 00. Figure 3 illustrates m e a d  values of ORP relative to various 

shidge digestion regmies. 



Figure 3. Measured ORP vahies relative to various sludge digestion regimes. The operathg 
conditions d e s c n i  by ORP are represented by the cross hatched diagonal. From lefi to ri@ 
m descending values of ORP, biological activity changes fiom aero bic respiration to anaero bic 
respiration and fermentation processes. In TAD reactors, oxidised salts such as nitrates are 
either unavailable or limiteci and anaero bic respiration would not be a domniant reaction as 
shown (KeUy, 1 990). 



23.5 pHandAkalUtay 

pH is defmed as the negative log of the activity of the hydrogen ion in solution The 

concentration range suitable for the existence of most biologid lifè is quite namw and critical. 

In wastewater the optimum pH is neutral and shouid be controiled over a range of about 6 to 9 

(Sawyer and McCarty, 1967). Low pH Bihibits bacterial actMty and most bacteria cannot h e  

below pH 4. 

Alkalinity is defined as the ability of a wastewater to resist changes in pH caused by the 

addition of acids. An<almay results fiom the presence of hydroxides. carbonates, bicarbonates. 

borates. silicates, phosphates and other bases (Metdand Eddy, 1 99 1). 

In the British Columbia studies, the an<alinay was always found to be high and 

increased to over 2.000 mgR. CaCO, (Kelly, 1 990). The alkalinity Bicrease is believed to be 

iargely m response to ammonia formation. A r n e  when released into the buIk liquid. 

creates alkaluiity by forming a weak base (the weak base buf5ers acids in a pH range of about 8 

to 10). Sears ( 1 995) reports that the conversion of non-amrnonia TKN to anrmonia adds 3.59 

mg of an<alinity per mg of a m n i a  forrned. 

pH depressions that couid occur in a m g  environment are not typicaily 

experienced since nitrification is suppressed at themphilic operating temperatures and since 

the TLID process is immediatety self-buffering through -nia akdhity. Wfi a feed sludge 

pH of 6.5, pH values in the TAD reactor are typicaily near 7.2 @eeny, 1991). Matsch and 

Drnevich (1 977) f~und that at thermophüic ternperahms, the pH of the digested sludge 

increased wiùi detention the.  This increase in pH is thought to be fiom -nia butfering. 

ûther bufferhg compounds likely present are weak acids such as phosphoric acid (pH range 6 



to 7), carbonic acid (pH range 6 to 8) and acetic acid (pH range 4 to 6) (KeIly, 1990). 

Kelly (1990) indicates that when poor d o n  is used, akabity may be needed at 

start-upaswasthecaseatSalmonArmwherelimewasquiredatstart-lrpmthe~ 

generation ATAD @ester. Therefore, it appears that the addition of alkalinity is not necessary 

nor does the process becorne acidic ifnot maintaineci in balance as long as there is proper 

aeration, 

In contrast to thermophüic aerobic digesters, acidic conditions are obsewed m 

mesophilic aerobic digesters due to the nitrification of the amnonia Akahity requirements are 

7.1 mg of (CaCO3) akahity per milligram of w * - N  oxidised (Oleszkiewicz 1995-b). 

Consequently, the A ions created during nitrification may result in pH depressions as low as 

3 .S. In anaerobic digeste% the production of methane and carbon dioxide (bicarbonates) 

provides the required akhityalkalinS This occurs once the digestion process is in balance. 

2.3.6 Surnmary 

Thermophilic aerobic digestion products are influenced by the wastewater 

characteristics, the enwonmental paramet ers and the operational parameters. Thermo philic 

tempenitmes range h m  50-70°C while mesophilic temperatmes range fiom 1 5-35OC. Beyond 

45OC the reaction rate does not follow the Arrhenius rehtionship but is expressed as a senes of 

straight lines with a maximum occurring at 55OC and decreasing to zero at 75OC. 

The solids retention time may be used as a selective fàctor by imposing stress on a 

bacterial community. in TAD reactors the retention time is nomiany 18 to 24 houm althougk 

retention periods as high as 1.57 days have been reportecl. The fèed soüds concentration is 



normdy quite hi& and ranges fkom 3% - 6% TS of which at least 2.5% is biodegdable VS. 

Soiids loadings to pre-treatment reactors are also hi& and are m the 30 kg 'Wrn3-d range. 

The amount of oxygen consumed to VS oxidised is dependent on the composition of 

volatile solids. For an average municipal sludge the design oxygen requirement is about 2 kg 

Q k g  VS destmyed. At the higher temperatmes, oxygen û l e s  soluble m water despite the 

increased oxygen diffusion coefficient. Standard ASCE aeration tests have proven to be 

unreliable m TAD systerns and consequently the design is usually based upon values such as air 

flows with a given type of aeration system Reporteci oxygen transfer efficiencies have ranged 

kom 12% to as hi& as 67% at thermophilic temperatures. 

The ORP is fiqueni& used to indicate the aerobic state of a TAD solution As the 

ORP decleases fiom 100 mV to below -3 00 mV, the aero bic state changes fkom aero bic 

respiration to anaerobic respiration and fermentation processes. 

Ln TAD reactors the an<alinny mcreases due to ammonia formation. pH depressions are 

not experienced due to the ammonia setf-bufEering and since nitdication is suppressed at 

thennophilic temperatures. Consequentiy, pH values in a TAD reactor are typically around 7.2. 

2.4 THERMOPHILIC AlEROBIC DIGESTION PERFORMANCE 

2.4.1 Organic Carbon Transformation 

2.4 1.1 Volatile Solids Rehction 

ûrganic material m either soluble or solid form is degraded by microbial activity 

during thermophilic pre-treatment. In a completely mixed reactor it is generally believed that 



the degradation rate is controlled by the availabiiity of oxygen, temperature. and by the 

residence tirne. This rate can be adjusteci accordingly by the mixing characteristics the presence 

of inhibitors and sludge nature (Ponti et al., 1995). 

If aero bic sludge conditioning is a rault of oxidation reactions. it fo Uows that the 

extent of condifioning might be controled by the rate of oxygen consumption or, equivalently, 

by the rate of biologicai heat generation, and that these rates should be maximiseci for 

optimum conditioning. in keeping with this id- Hawash et al. (1 994) report that volatile 

solids reduction rates increase with hcreasing air flow fkom 0.16 to 0.50 m'/m31min 

Boulanger (1 999, on the other hanci, reports that total VS reduction is not affected by 

d o w  rate. ATAD units operated in oxygendeprived conditions dïd however possess higher 

concentrations of dûsohred volatile solids m the supernatant than the ATAD units operated in 

owgen-satkfied or oxygen-excess conditions. This suggests that the rate of oxidation of 

dissolved substrate under oxygendeprived conditions are the same as under oxygen-excess 

conditions even though the solubhtion rates are accelerated under the oxygen-depnved 

conditions (Boulanger, 1995). 

Likewise. Mason (1987) demonsûated that oxygen Mation in an aerobic 

thermophilic reactor enhanceci particdate solubilization and hence, condaioning. Mason 

obtained the highest suspended sotids removal rates of approximateiy 18 and 1 1 g/L-d under 

the oxygen M e d  condition at residence times of 0.6 and 1 .O days respectively. Under oxygen 

excess conditions, very Iow total suspended soli& rernovai rates were measured 

(approximateiy 0.25-6 g/L.d). 



2.4 1.2 Chernical C-ygen Demand Solubilizrtion 

Chernid oxygen demand (COD) is defineci as the oxygen equivaient of organic 

matter that can be oxidised by using potassium dichromaie in an acidic medium using a siiver 

sulphate cataiyst at elevated temperatures (Metcalf and Eddy. 1 99 1 ) . During the determination 

of COD? organic matter is converted to carbon dioxide and water regardles of the biological 

assWmilab0i of the substance. Consequently, the COD test is unable to differentiate between 

biologidy oxidisable and biologically inert organic matter. 

During the test amm0 nitrogen is converted to ammonia nitrogen Eastman and 

Ferguson (1 98 1 ) report that organic nitrogen accounts for 9.5 8 g COD/g organic N. The COD 

test is not &er=ted by the ammonia concentration unles sigmf~cant concentrations of 6ee 

chlonde ions are present (which is usuaily not the case with domestic sewage) (Boulanger, 

1995; APHA et al, 1992). Nitrite however can produce 2.2 g CODlg nierite. Volatile fatty 

acids contriiute to the COD as foilows (Eastman and Ferguson, 198 1 ; cited in Boulanger. 

1995): 

Acetic acid 1 .O66 g COD/g acid 

Propionic acid 1.5 12 g COD/g acid 

Butyric acid 1.8 1 6 g CODlg acid 

Valeric acid 2.037 g COD/g acid 

Boulanger (1995), reports h t  total COD reduction is not affeçted by d o w  rate. 

ATAD units operated in oxygendeprived conditions produced higher concentrations of 



dissolved COD m the supernatant than the ATAD units operated m oxygewsatisfÏed or 

oxygen-exces conditions. Similar to Boulanger's VS reduction results. this suggests that the 

rate of oxidation of dissolved substrate d e r  oxygendeprived conditions is the çame as under 

oxygen-excess conditions even though the solubilization rates are accelerated under the 

oxygen-deprived conditions (Boulanger. 1995). 

Wfi their pilot scde ATAD system, Ponti et 01. (1995a) noticed an mcrease in COD 

rernoval with a rise m the feed COD content. A strong reduction m degradation efficiency was 

experienced when sewage sludges with COD concentrations below 20 kg/m3 were used and 

concentrations of up to 60 kg/m3 COD were used without affiècting the bacterial degradative 

efficient y. 

2-4.2 Volatile Fatry Ac& 

in biochemical decomposition of organic matter a wide Vanety of saprophytic bacteria 

hydrolyse and convert the complex materials to low-molecular weight compounds. Among the 

low molecular-weight compounds formeci are short chah fitty acids. such as acetic. propionic, 

butyric and to a lesser extent valeric and iso-valeric. These low molecular weight htty acids are 

termed volatile acids because they can be distillai at atmospheric pressure. 

Due to the M e d  oxygen suppiy, the concentration of soluble degradable organic 

compounds such as volatile acids is normally high in ATP reactors (EPA 1 990. Baier 1 989. 

Sixi 1987, Schaad 1988). For example, Baier and Zwiefelhofer ( 199 1 ) reported VFA 

hcreases of 146% Erom 2470 mg/L to 608 1 mgL d e r  aerobic thermophilic pre-treatment 

at the Thun treatment plant. About 54.5% of the total VFAs were comprised of acetic acid and 



32.6% king propionic acid. KeIly ( 1 990) working with an autothemial thermophilic aerobic 

digestion system at Salmon Ami. BC, f o d  VFA concentrations of up to 10.000 mgR. in the 

fkst stage digester. Hamer showed an accumuiation of up to 6000 mgR acetate and 800 mgR 

propionate m experiinents mvohing biodegradation of yeast ce& by thermophilic bacterial 

populations m a iaboratory scale bioreactor (Harner, 1 987). Pagilk et al. ( 1 996) discovered 

that the volatile fàtty acid concentration m the TAD pre-treatment reactor mcreased to 

approxmiately three times the volatile acid concentration m the mixed sludge feed. 

Chu et ai. ( 1994) conducted a 2 stage pilot scde TAD process wiih a 6 day retention 

thne, and air flow rates of 0.126 m3/m3/h (anaerobic condition), 0.28 m3/m3/h (rnicroaerobic 

condition) and 0.6 m3/m3/h (aero bic condition). The lowest aeration rate of 0.1 26 m3/m3/h 

gave the highest acetate and total VFA concentration When flow rates are increased. the net 

acetate concentrations feu rapidly. Likewise, Boulanger ( 1 995) found m her experiments with 2 

ATAD reactors in series with a 6 day HRT, that the concentration of acetic acid was greater in 

the oxygendeprived experiment than with the higher d o w  rates. 

Mason et ai. (1 987) discovered that at thermophilic temperatures very Little change in 

dissolved organic carbon (DOC) occurs under oxygen excess conditions but sigruficant 

Uicreases in DûC occurred at aii residence tirnes (0.6 - 5 days) when oxygen was limited. The 

largest DOC increase was with the 1 day residence time nom approximately 900 to 4 1 00 mgl. 

No carboxylic acids were found under oxygen exces conditions. The amount of each acid 

produced VaRed with residence tirne. although clearly. acetate was produced in the highest 

concentration Msson et al. (1987) obsewed acetate levek of approximately 2700 Irign and 

total VFAs of approximateiy 3300 mgL. The acetate concentrations were therefore 5 to 10 



thm the concentration of aIl other carboxylEc acids m their TAD process. 

Hamson and Pirt (1966) shided the &ence of dissolveci oxygen concentration on 

the metabolism and respiration of growing Mebsiella aerogenes NCTC 80 1 7 using a 

conhuous-flow culture technique under themiophüic temperatureS. Ln the limitecl owgen state 

@O indistmguishable £kom zero & dissohed oxygen tensions below about 10 mm Hg). a 

decreasing oxygen nipply resuited m increased production of fermentation products 

(butanediol, acetic acid, ethano1 and Iactate). Very large amounts of voiatile acids ( 1 280 mg 

carbon&,) were fomied at pH 7.4 under oxygen limitai conditions. WahBi the oxygen limited 

state, acetic acid accounted for the highest percentage of volatile acids, but with decreased 

oxygen arppiy, fonnic acid production mcreased until it accounted for about halfas much 

glucose carbon as the acetic acid (Le. the number of molecules of formic acid and acetic acid 

produced were equal). 

2.4.3 Ammonià N i g e n  

A m n i a  nitrogen e&s in an aqueous solution as either ammonium ion or ammonia 

m accordance with the following equilibrium reaction: 

The e q u i l i h  is affecteci prmcipally by temperature and pH: For example, Speece (1 996) 

reports that at a pH of 7.0 the percentage of un-ionized armnonia is 0.6% at 25OC and 3.6% at 

5S°C. At a temperature of SOC, the percentage of un-ionjzed amrnonia is 1 -2% and 27.4% for 



pH vahies of 6.5 and 8.0 respectively. 

Resuhs fiom studying yeast cek by mixed thermophilic bacterial cuitures mdicate that 

at mst midences times W - - N  accumulated under ail conditions although at short residence 

thes  this was bar@ detectable (Mason et al .. 1989. DurEig midies conducted by Mason et 

al. (1987) ammonia concentratio of 500 to 1 O00 mg/L in the feed mcreased to twice this 

amount m the 1.5 to 3 day SRT digesters and three to four thes this amount in the 5 day SRT 

digesters operating at 60°C, 6S°C and 70°C. ui Boulanger's ATAD pilot piant. the dissolved 

nitrogen increased wah decreased airfIow (Boulanger, 1995) 

The presence of ammonia cannot be avoided during themiophilic aerobic degradation 

because ammonia is released by biological organiçms during digestion Ammonia is not 

subsequentiy nitrifieci because nitri£ication is suppressed at thermophilic teniperature. Nitrates 

were not found present in any reports of operating digesters. 

24.4 SeffIeabP&dkv&erabil' 

There have been a number of conflicting reports on the effect of high temperature 

digestion on dewaterability. Pmkasam et al. ( 1990) measuring the capiUary suction time (CST) 

at various polymer dosages found that mesophilic sludge required a Iower poiymer dosage than 

did the thermophilic sludge (1 0 vs. 22.5 kgdry tonne) to achieve the minimum CST. Similarly. 

Jeweii et al. ( 1 978) m a smgle stage ATAD observecl that the sludge dewaterability 

detenorated signiscantfy at aii HRTs tested (3-8 days). W h  thickened primary and WAS. 

long periods of aeration were required m the ATAD system to achieve significantly increased 

de~aterability~ 



However, accordmg to Bakr and Zwiefelhofer ( 199 1 ), dewaterability is improved with 

themiophilic treaûnmt. They rationalise thaî the main hindrances to the water escape are non- 

un%orm particle & distribution and nokoptirnal operation of siudge thickeners. A sludge with 

a high standard deviation of the gaussian particle size distn'bution c w e  wiil not release fi-ee 

water efficientiy, because inter-particle volume is high and water release charnels are clogged 

easily. Thermophilic treatrmit by making particle size udorm, enhances fke water release. 

Smce the hydrolysis rate for aerobic themphilic organisrns is an order of magnitude higher 

than anaerobic mesophiles. ceils exposed to hi& temperatures show a weakening of ceii w d  

srnicnire and an hcrease in membrane permeability. As a resuh. mtracellular water is set ike 

(Baier and Zwiefeho fer. 1 99 1 ). 

According to Deeny ( 1 99 1 ), gravity thickening performance of hot ATAD e a e n t  

sludge is poor innnediately after treatment because of t h e d  convection currents that occur in 

a thickening tank. If  the sludge is dowed to cool, thickening performance is usually 

satisfactory. Values of 6% to 9% total solids by gravity thickening are typical for ATAD 

effluents and repeatedly, values up to 10% to 14% and even 18% have been reported (Deeny. 

199 1). 

Keiiy ( 1990) concludes that the ability to dewater sludge appears to be d è s t e d  in 

the sludge itself regardless of the digestion process. He came to this conclusion based on three 

British Co lumbii studies: Lady& showed improved dewaterability fo llo wing digestion of 

primary sludge. Gi'bsons showed no change in dewaterabiiay following digestion of rnixed 

primary and biological waste sludge, and Salmon Arm showed a worsening in dewaterability 

following digestion of mMed primary sludge and biologicai waste siudge. nie British Columbia 



studies indicated bi when siudges contain a high hction of biological waste sludge. 

dewaterability worsened (Kelly, 1990). 

Although there were conflicting reports on the ease of dewatering heat-treated sludge, 

afl researchers who studied the characteristics of dewatered, heat-treated siudge agreed thai 

kat-treated shidge exh"b'ied a higher resisfance to shear than did the dewatered mesophilically 

digested sludge (Woodley, 1 96 1 ; Kelly, 1 990, Prakasan et al., 1 990). For example. Woodley 

(1 96 1) as reporteci in KeUy (1 990) compared the dried solids characteristics of both rnesophilic 

and thermophilic aerobidy digesteci shdges. In these studies, which compared 15 to 35 day 

digestion periods, the 35°C mesophilic digested sludges when dowed to dry. were granular 

and quite easy to break apart. The 52OC themphilic sludges after drymg were hanci, fibrous, 

and ditFcult to pulverise. Likewise, the three TAD sludges tiom the British Columbia 

demonstration f'acilities, when dewatered on sand. Iefi a feh-iike odourless residue which was 

easy to iif€ as one smgle mat d e r  oniy a few minutes of drying (Kelly, 1990). 

2.4.5 Mu:tobkal Mefabofh in TAD Reactor 

A number of investigators have attempted to explain the diffierent steps and pathways 

involved in VFA production m low oxygen-tension reactors. However. TAD is still considered 

a bblackbox" phenornenon In low oxygen tension reactors, both oxidation and fermentation 

are occuming through the presence of fàcuhative rnicroorganisms. The active thermophilic 

micro flora in aero bic themmp hilic sludges is very homogeneo us and consists nearly exc lusiveiy 

of themphilic Bacilli, of which more than 95% have k e n  classifiai as type of Bacillus 

stearothemophiZus (Sondeber and Fiechter, 1 983 b). 



Fennentutim is an energy yieIdÏng process in &ch organic molecules serve as both 

electron donors and acceptors. This is in con- to Respiration which is an energy-yieldgig 

proces in which an electron donor is oxidised using an inorganic electron accepter. 

Fermentation accounts for muc h of the formation of organic acids. alco hols aldehydes and 

ketones as  by-products dong with C a  and &O. h contrast. when no oxygen is present 

carbon and dphur compounds wiU be used as electron acceptoa to produce methane or 

reduced sulphur biogas. This o c c m  m obtigate anaerobic digestion reactors (Kelly. 1990). 

Before rnetabolisrn c m  commence. the organic matter is hydroiysed by extracellular 

enzymes. The reaction rate is greatiy affected by the pH and operating conditions Cornplex 

carbohydrates such as cellulose and starch are hydrolysed to simple sugars protek to amino 

acids, and Iipids to long-chain fàtty acids. 

Chu et al. ( 1996) developed a mode1 to explain the f'undarnentals of substrate 

metabolism m TAD. To illustrate the mode!, an example of E. coli utilismg glucose will be 

examined as shown m Figure 4. 

Regardles of the presence o r  absence of oxygen the first step in glucose metabolism is 

transport into the ce1 and subsequent c a t a b o h  mto ppvate (the breaking down of larger 

molecules into smder ones with the release of energy). This may be accomplished in either the 

Embden-Meyerho f (gIycolytic), the pentose phosphate or the Entner-Doudoro ff pathways m 

which nicotinamide adenine dinucleotide (NADH) is generated (Appendix A). It is the M e r  

m e t a b o h  of pyruvate that differs between aero bic and anaero bic conditions. 



Figure 4. Biochemical mode1 of iicetate production m TAD under (a) microaerobic and (b) 
anaerobic conditions (Chu et al.. 1996). 



In the microaerobic enWomnent, NADH genemted by both the glycolysis pathways 

and the tricarboxyiic acid cycle (TCA) is reoxidised by the operation of the electron aanspon 

chah Figure 4a). In the absence of a, NADH is no t usuaiiy oxidised by the electron transport 

chin because no external electron acceptor is available (Figure 4b). The TCA cycle and 

pyruvate dehydrogenase reaction that generate large amounts of NADH are moperative. Yet 

the NADH produced m the giycolytic pathway must std be oxidised back to NAD- or 

giycolysis will stop. Therefore, many micro-organisrns to achieve a proper fermentation 

balance. slow or stop pyruvate dehydrogenase actRity and use pymvate or one of its 

derivatives as an electron and hydrogen acceptor in the reoxidation of NADH (Prescott et al., 

1993). 

Under microaerobic conditions. the NADH produced during the oxidation of 

substrates can be reoxidcidized by operation of the electron transport chain The flow of carbon is 

therefore uncoupled fkom the necessity to maintain redox balance via fermentation. Since the 

terminal electron acceptor, owgen is lirnited in a microaerobic environment. the rate of 

transport of electrons down the respiratory chain is limited and in tum the rate of oxidation of 

NADH to NAD- is limited. In response to the limited capacity of the respiratory c h a h  the 

bacteria m a TAD process prefèrentially shuttle acetyl-CoA through an acetyl-phosphate 

intermediate to acetate, tramfierring the high energy phosphate bond to adenosine diphosphate 

( ADP), thus generat ing adeno sine 5 '-triphosphate (ATP) . These react ions generate energy 

without the reduction of NAD+, as would be the situation if acetyl-CoA would have fed 

directly into the TCA cycle. Thus, by employing substrate level redox reactions and a Limited 

flow of carbon through the TCA cycle, bacteria in a TAD process could lnnit the NADH 



produced to rneet the liniited capacity of the respimtory chah to transport electrons; at the 

same time. they codd maximise ATP production by cheiIing exces acetyl-CoA to acetate. 

If excess acetyCCoA was not chamelleci to acetate, the limitations of the respiratory chah 

woukl resuh m the accumulation of NADH and lima the supply ofNAD-. 

In a shidy by Varma et al. (1993) (cited m Chu et d, 1996), under mcreasing Oz 

hbt ion ,  4 cntical growth rates were revded m which changes in by-product secretion 

patterns comcided with changes m metabolic pathway utilisations. The redox potential was 

identifid as a likely trigger that led to sMts m metabolic rates- 

Doelle et al. (1 982) (cited m Chu et al., 1996) suggested that the accumulation of 

NADH switches carbon fIow towards acetic acid. 'ïheir resuits suggested that hi& ghicose 

feed concentrations repress enzymes in the TCA cycle and electron transport chah This 

condition results in high accumulatecl intracellular NADH concentrations. which uttimatev 

switch the carbon flow m the direction of acetate production 

2.4.6 Surrunwy 

ûrganic material in either soluble or solid fotm is degraded due to microbial activity. 

There have been codlicting reports on whether total carbon çolubilization is atfected by 

airflow. TAD units operated under the oxygen-deprived conditions nevertheles possess higher 

concentrations of dissolved COD and VS m the supernatant, suggestjng that solubiluation and 

degradation rates are accelerated under the oxygen-deprived conditions. COD removal is 

reported to increase with mcreasing COD concentrations m the feed up to 60 k g h d  COD. 

Short chain volatile fâtty acids (e.g. acetic, propionic, butyric and vaienc) are forrned 



during the biochemical decomposition of organic manm. Due to the IÏmÏted oxygen suppiy. the 

concentration of VFAs is normaüy quite high in TAD reactors. Of the VFAs formed. acetate is 

ahways m the highest concentration foliowed by propionate. Total VFA and acetate 

concentrations are reported to decrease with mcreasing aeration rates. 

The presence of ammonia nitrogen in TAD reacton cannot be avoided since a m n i a  

is released by biological organisms as a result of digestion and is not subsequentfy nitrified. 

A m n i a  nitrogen accumulations were found to mcrease with increasing retention tirne and 

decreasing airflow. 

There have been conflichg reports on the dewaterabiiity of thermophilic aerobic 

digested sludges as  cornpared to mesophilic digested sludges. Some researchers have found 

that the dewaterabilïty of TAD sludges deteriorates signiscantiy whde others have fond that 

the dewaterabilky increases and attriiute this mcrease to a more hornogeneous particle size and 

a release of mtracelluiar water. The intracelidar water is said to be released due to the hi& 

temperature weakening of cell w d  structure and increasing membrane permeability. 

Nevertheless. TAD sludge mats exhibit a higher resûtance to shear. 

TAD rnetabolism is still considered to be a "bkck box" technology, dthough several 

researchers have suggested models. Ln TAD reactoa both oxidation and fermentation are 

occurring by facultative micro-organisms under oqgen limaed conditions. 



CHAPTER 3 

WSEARCH OBJECTIVES 

As discussed m Chapter 1, volatile fàtty acid generation has mostly been obtained by 

fermentation Very few studies bave examllied vo latite hîty acid production in the- philic 

aerobic digesters. Dw to the apparent need for an bdepth investigation of VFA production in 

themphilic aerobic digestion of prEnary siudge, this study was initiated. AIthough not 

examinai in this study, the VFAs produced would be used as a carbon source for a full-sale 

de-g wastewater treatment plant. To achieve this goal. the following objectives were set: 

I ) To detemime the quantity and type of volatile fàtty acids that could be produced in 

an aero bic thermophilic reactor operating at dEerent ooxygenation states and 

retention times. 

2) To determine to what extent the nitrogen contained in the sludge would be released 

into solution in a TAD reactor operatmg a different oxygenation states and retention 

times. 

3) To investigate the effect of influent characteristics on VFA production 

4) To estimate the fùil d e  implications of experimental resuhs. 

5) To detemime to what extent the TAD shidge is conditioned for f i d e r  mesophilic 

digestion 



ClCiAPTER 4 

EXPERIMENTAL DESIGN: METHODS AND ANALYTICAL PROCEDURES 

4.1 EXPERIMENTAL SET-UP AND OPERATION 

41.1 Slu&eSource 

Primary shidge was used m this study as a feed source and was obtahed h m  the City 

of Wninipegfs North End Pollution Control Centre. The primary sludge, whose total solids 

content rangeci f?om 2.9% to 8.1%- was collecteci three tirnes per week (Monday. Wednesday, 

Friday) fiom the primaiy clanner underflow hes. 'Ihe sludge was then jmmediately shipped to 

the University of Manitoba's Environmental Engineering Laboratory. The sludge was 

subquentiy passed through 0.5 cm meens and transfened to 20 L plastic containers for 

storage at 4OC. While at 4OC, this shidge was continuousiy mixed using a mechanical mixer 

located in a refiigerator. 

4.1.2 Sysiem Configuration 

Two laboratory-scale, semi-contbuous reactors as depicted in the TAD schernat ic 

(Figure 5) and the -or set-up photograph (Figure 6) were used in this research Each 

compIetely d e d  cylindricai plexiglas reactor had a total reactor volume of 6 L and an 

operating volume of 3 L. Each reactor was equipped with an on-liw Canlab Baxier ORP probe 

mserted through the lid. The ORP probes were hooked up to a Fisher Scientific Accumet 



Mode1 50 pH meter. Each reactor was aiso equipped with an eflhent ssludge overflow at the 3 

L leveL The efhent U-shaped Tygon tubing with a 1.6 cm b e r  diameter ~reafed an air block 

s a h g  the ceacton. E f i e n t  removal to waste buckets was by gravity. 
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Figure 5. Themphilic aerobic digester schematic. 

Pure oxygen was fèd mto the headspace of the reactors while the pressure was 



controiled to 5 cm of height through manorneter gas vent systenis. Oxygen fiow was controled 

by Cole Parmer 0-7 d m i n  flowmeters. 

The reactors were rnixed by mechanid mixers and head gas recirculation Each &er 

consisted of a 6 to 600 rpm Cole Parnier pump (cat. number 7553-00) with an attached mixnig 

rod. The rotation rate of the miwig rod was maintaineci at 400 rprn by a Cole Parmer 

MasterfIex speed controller. The head gas was recirculated to the bottom of the reactors at two 

locations located 1 80° fkom each other. Head gas recirculation was done to improve the 

mixing, to increase the oxygen yield, and to rnniimise vent gas heat losses. 

-- - 

Figure 6. Themophilic aerobzdigester set-up. 



Shdge was pirmped h m  the reegerator mto the reactos by Robins and Meyers 

Moyno 500 progressive cavity pumps (model 20502). Two bras  swing Oap check valves were 

used in sequence m the feed line to each m t o r  to prevent the reactor contents h m  k e n  

siphonecl out. The head space recirculation purnps, the miWig pumps and the Moyno pumps 

were dl controiled by Paragon EIectric Company Lnc. singie-channel electronic time controllers 

(model EC 4OO4/ 120). 

Reactors were located m a water bath which acted as  the prirnary heat source. Heat 

was also obtained fiom biologid actMty and mechanical mi>ang energies. 

4.1.3 Qwt&n 

From June 1995 to September 1995 two 3 litre TAD reactos were operatecl m a semi- 

continuous mode at 55°C. A total of 5 runs were conducted to mvestigate the effects of 

selected operational and environmental parameters on the volatile fàtty acid production during 

TAD utilismg primary sludge. The research evolved into 2 stages, each explorhg the duence 

of a particular parameter. 

in Stage 1 the role of the o.genation state was investigated while the solids/hydraulic 

retention t h e  was maintained at 24 hours. Oxygenation states were dehed by a combination 

of ORP patterns, oxygen input per volume of sludge per hour and DO trace pattern. Two 

oxygenation states were induced m the TADs as fonows: 

1 ) Oxygen-Satisfied (OS): microaerobic aerated I anoxic - flow rate: 0.14 m'/m3-h; 

ORP: between O to -225 mV; and DO greater than O mg/L 



2) ûxygen-Depriveci (OD): m b i c  aerated condition - 9 flow rate: 0.025 m3/mLh: 

ORP: les than -300 mV: and DO equal to O mgR 

Discharge gas was also sarnpled to codhn the difference m oxygenation States. Stage 

1 reactors were seeded with mesophilically digesteci shdge obtahed fiom the City of 

Wmnipeg's North End Pohtion Control Centre. 

Stage 2 focused on the effècts of soIids/hydrauiic retention thne on VFA production 

Retention thes of 24, 1 S. 1 2 and 6 hours were studied under the oxygendeprived condition 

(notated as OD24. OD 1 8, OD 1 2 and 0D6 respective&). To achieve these nominal retention 

times, the digesters were fed every 3 hours a volume of 375.500.750 or 1 500 ml for a 24 

hour. 1 8 hour, 1 2 hour or 6 hour retention time respective@. 

In both stages the reactors were fed every 3 hours to maintain the minimum 2 hr 

retention time required for disinfection at 5S°C. Head gas recirculation pumps and m k h g  

pumps were tumed off 1 minute pnor to feeding to ailow for the rotational rnovement to 

dissipate. Prirnary sludge was then pumped lkom the refkigeraîo r to the TAD reactors. MMQig 

and head gas recirculation resumed 10 minutes d e r  feeding. This lag period dowed the 

. .  . 
excess sludge to o v d o w  before the mWng started and minunized the contamination of the 

pasteurised sludge with the newly fed contamiriated sludge. Achial solids retention tirnes rnay 

be siightly larger than nominal hydraulic retention times due to slight settling which may occur 

during feeding. 



4.2. 2 Si-e Smpihg 

Samples of TAD sludge were taken every &y or every second day prior to feeding to 

avo id contamination Samples were taken h m  the port located at the 2 L leveL The sample 

port was k t  rinsed with a representative çample of the treated sludge before collecting the 

çample. Feed sludge samples were also taken at this t h e  fiom the refrigerated 20 L containers. 

Ail shdge sample volumes were 200 mis. Sludge samples were then W s e d  for dissolved 

oxygen, pH, alkalinity, total solids and volatile soli&. 

Approxhately 1 00 mis of the 200 ml sludge samples were then centrifuged for 1 5 

minutes m a DamonEC Division IEC HN-S centnfuge. Next the supernatant was transferred 

to 1.5 ml test tubes and cenaaUged for an additional 1 2 minutes in a DamodIEC Centra-M 

centrifuge. The centrate was then coiiected and fütered through 0.45p-n filters. Lastly. the 

filtrate was analyseci for volatile fàtty acids. chernical oxygen demand and ammonia nitrogen 

4.22 Discharge Cm SampIlUig 

One millilitre discharge gas samples were collected 2 hours &er feeding. Samples were 

coilected \i;ith a syringe through a connecter located m the gas recirculation line which was 

sealed with a rubber bung. 



4 3  LABORATORY ANALYSIS AND DISCUSSION OF METHOD ERROR 

4.3.1 SOM 

4 3.1.1 Anabsis Method 

Total and volatile soli& were meamed, rather than the more usuai suspendeci çolids 

fiactions because of the djfliculty m filtering TAD samples. The total solids were found by 

measltring a known volume (5 mi) of sample into a ceramic cmcible which had been previousiy 

f k d  and cooled m a desiccator for 1 hour and weighed. The samples were then cirieci for 4 

hours in a Fisher Isotemp (Mode1 230F) oven at 1 W0C before beÎng cooled m a desiccator for 

1 hour and then reweighed. M e r  weighting, volatile sol& were determincd by igniting the 

residue at 550°C for 1 hour m a Perfect Fire mu£Ele fimace (mode1 DTP-56 PN-ESK). 

Samples were subsequentiy cooled and re-weighted. Solids analysis was performed as outiined 

in Standard Methods 25408 and 2540E (APHA et al, 1992). 

43.1.2 Me fhod Error 

Method Error is a measure of the magnitude with which multiple analyses of a given 

sample disagree with each other (APHA, 1993). The rnethod error was determineci by fim 

calculating the coefficient of variation for the two solids measurernents taken per sarnple. Next 

the average coefficient of variation for each type of sludge was calculated and plotted (Figures 

7 and 8). Prknary sludge showed the highest variation between measwernents with a volatile 

solids and non-voktile solids coefficient of variation of about 5% in the 0D6  experiments. This 

high variation resuited because of the non-hornogenous texture of primary sludge even d e r  



blendhg. The primary sludge total solids error was usually less than 2%. The error of the TAD 

sludge TS and VS measurements were usuaüy l e s  than 3%. 

OS24 OD24 OD18 OD12 OD6 
Expe rime nt 

F3rl-S O vs O NVS 
L- -- - - - 

Figure 7. Average emor of priniary solids measurements. 

TAD SIudge 

1 

Figure 8. Average error of TAD solids measurements- 



4.3.2 Dhotved axygm 

4.3.2. I Anabsis Method 

Dissolveci oxygen concentrations were measlired ushg a YS1 model 5 1 B oxygen meter 

and YS1 oxygen probe. The probe was d'brated each tirne saniples were taken using the 

W d e r  method. 

43.2.2 Method Error 

The YS1 model 5 1 B oxygen meter and YS1 oxygen probe was deemed unsuitable for 

such an application At such low riissolved oxygen levels (les than 0.5 mg/L) the meter and 

probe were not accurate and the readings fluctuated Accuracy as stated by the nianufàcturer is 

* 2 percent of the reading within 5 to 40°C. 

4.3.3 Dkharge Gas - Mèthane, Carbon Diaride d A i r  

4.3.3.1 Analysis Method 

Gas sanrples were mjected m a Gow-Mac gas chromatograph which was standardised 

each day prior to use. The gas chromtograph used helium as the carrier gas. The gases were 

identifid by cornparing their retention tirnes to standard gases. Concen~ons were estimateci 

by comparing the peak with known standards. Injections were done in duplicate. Method used 

was as outlineci in Standard Methods 2720 C (APHA et al., 1992). 

3.3.3.2 Method Error 

Figure 9 shows the average enor obtamed for discharge gas constituent 



detenninations. The error for gases which d e  up a Large percentage of the total gas vohune 

was very accunite at les than 3%. For gases &ch mide up a percentage of the total 

discharge gas, the error values were either zen, or very hi& as was the case for the C G  

cornponent in OS24, and the C h  component m 0D24 and OD 18. The reason for this is that at 

low values, d discrepancies result m iarge coefficient of variation values. For example. if 

one rneasurernent is 1 and the second is 2. the error is 47.1 %; if one rneasurement is 90 and the 

other 9 1 , the mor is 0.8%; if bo th rneasurements taken are equal to 1. the error is 0%. 

Discharge Gas 

0D24 OD18 OD12 0 D 6  
Experiment 

Ci CH4 O CO2 

Figure 9. Average error of discharge gas rneasurements. 



4.3.4 pH and AkdUIi@ 

4 3 - 4 1  Anulysis Method 

Both pH and alkaiÏnity were rneasured using a Fisher Accuniet mode1 230 pWion 

meter. The meter was calt'brated daily, prior to measurements. using NO standard b&er 

solutions of pH 4.0 and 7.0. The probe was cleaned thoroughfy wïth distilleci water and drKd 

der each sample. The reading was adjusted for 55°C. 

Total an<atinity was measrtred by titra- the simples to an endpoint pH of 4.5 with 

0.06 N sulphurÎc acid. An<alinay was meanired accordmg to Standard Methods 2320 

potentiometric titration rnethod to preselected pH (A.P.H.A. a al.. 1992). 

4 3.4 2 Method E m  

pH probes were checked severai times ag& other pH probes and meters in the 

laboratory and believed quite accurate. 

43.5 SduMe ChemCcai m g e n  Demand 

43.5.1 Anuiysis Method 

Soluble chernical oxygen demand (SCOD) adp i s  was done in duplicate with dilutions 

of 1 : 1 0 and 1 :20 according to Standard Methods Closed Reflux. Colorimetric Method 

( k P . H . k  et al., 1 992). Primary sludge SCOD dilutions were ahvays 1 : 1 0 because of its lower 

SCOD values while düutions of both 1 : 10 and 1 :20 were used for the TAD sludge. Samples 

intendeci for SCOD anaiysis were preserved by acidification with suiphurïc acid and digestive 

acid to below pH 2. Once digested, the sarrq>Ies were allowed to sit for no more than 2 weeks 



4.3.5.2 Method Error 

Primary siudge SCOD measurements had an error of less than 4% as show in Figure 

10. The error of the TAD siudge was higher at 2.1% to 6.4%. The reason for the -ter 

variab* m TAD shidge SCOD measurements m OD18.OD12 and 0D6 is unknown 

TAD Shidge Primary Shdge 
. - 

Figure 10. Average error for SCOD measurements. 



43.6 Voktik Faaiy Ac* 

4.3.6.1 Anaiysis Me fhvd 

CentriIiiped and mtered samples were dihded 1 :10 with distilleci water m dupticate. 

Volatile htty acid determidon was conducted ushg an Antek 3000 gas chromatograph 

equipped with a flame ionization detector (FID). H e h  was used as  the Camer gas. When 

samples couid not be mimediatek adysed, they were presemed with one drop of phosphoric 

asid and then Eoen in 1.5 mi test tubes At the t h e  of anaiysis, the samples were thawed at 

room temperature and mixed thoroughS. VFAs measured were acetic, propionic. iso-butyric. 

butyric, iso-valeric and valeric aciâs. 

4.3.6.2 Method Error 

The cali'bration of the gas chromatograph was checked daily uskg standard solutions. 

Baseci on the standard solutions, the Antek 3000 G.C. appeared to be accurate within 5% in a 

range of 1 to 600. Due to the high concentration of VFAs king mea~u~ed. problerns were 

encountered wRh build-up on the column. To counteract this effect, distilled water was injected 

mto the G.C. after every second or third sample to rime the columr~ 

4.3.7 Ammonia Rrdrogen 

4.3.7.1 Anaiysis Method 

Amrnonia samples were diluted 1 :5 and preserved with sulphuric acid to a pH of Iess 

than 2. Sarriples were then stored at 4OC for no more tban 7 days before analysis- Ammonia 

nitrogen was an- ushg a Tecator Kjehec Auto 1030 A d y s e r .  Before e i s  the pH was 



adjusteci by sodium hyhxide addition Aiialysa were pertiormed as olrtliaed in Standards 

Methods Automateci Phenate Method Section 4500 (A.P.H.A. et ai.. 1992). 

43.7.2 Method Error 

The Tecator Kjeltec Auto Analyser was standardised daily. Based upon technician 

experience with this arialyser, the test is accurate to within *2 percent. 

4.3.8 Sl-e Dewaierabrl?@ 

1.3.8.1 Andysis Method 

A centrifuge was used to evaiuate dewaterability on a few grab samples. To accomplish 

thk, total solids tests were conducted on th .  non-cenaifuged sludge. Next 25 mi sludge 

samples were piaced under 2550 g (4380 rpm) m a DamonlIEC Division IEC HN-S Centrifuge 

for periods of 1 to 14 minutes. The centrate volume was then recorded and the total solids of 

the centrate was measured using the procedure outiined in Section 4.3.1 - 1 .  From these 

measurements, the percent soli& removal was calculated. 

1.3.8.2 Method Emor 

Method error was not calculated for the dewaterablhty anaiysis since it is expected to 

be simiIar to that found m Section 4.3.1.2. 



RESULTS AND DISCUSSION 

5.1 ACCLIMATION 

The or@d heterogeneous population m the bioreactor had to undergo acclimation to 

eosure successful and sustairÿible operation Acclimation is a th-dependant process which 

c m  be influenced by the type of seed useci. the characteristics of the feed and the chosen 

operational and environmental condit ions. Fo llowing the acclimation period, the micro bial 

populations reach a steady state condition in which their abundance is in relative equiliium 

with their environment. 

in this shidy, acciimation of the mesophilicaiIy digested sludge O btained 60m the 

NEWPCC in the TAD reactors was accomplished withm a period of 8 days (8 SRT/HRTs). 

The phenornenon was considered cornplete when the VFA production rate stabilîzed. The 

short acclimation peiiod observed can be attn'buted to the combined action of a number of 

factors such as the high temperatures suitability of the seed d the digestibiiity of the 

prbary sludge, fàvourable operathg conditions and the small reactor vo lum. Mer  achieving 

a steady-state condition, any M e r  operationai or environmental changes resuited in shoner 

acclimation periods of 4 days or les. Ahhough the biomass was at a "steady-state" condition, 

fluctuations were s a  okwed due to fluctuations in feed quality. 



5.2 ENVIRONMENTAL AND OPERATIONAL PROCESS CONTROL 

PARAMETERS 

5.2.1 Influent Solids 

5.2.1.1 Influent Solids Concenitutions 

The average Ïnfluent priinary siudge solids concentrations are shown in Table 1 while 

Appendk B contains the experimental data Average volatile sotids ranged h m  2.17% to 

3.67% for the different experiments with an average of 2.88%. The average percent voiatile 

soi& is higher than the minimum value of 2.5% recomrnended by EPA for ail experiments 

except for OD6. The volatile solids fiaction varied h m  53 .U% to 72.4 1 % with an average of 

6 1.64%. The standard deviations are quite high because of the considerable merences in the 

quality of the siudge used. 

Figures 1 1 to 15 illustrate that throughout the experhentation penod there was a wide 

variation m the influent prhary soiids concentrations to the TAD reactors. One of the rasons 

for this variability is that the experiments were conducted during the summer rnonths when the 

North End Pollution Control Centre experiences a great variabiiity m influent flows and soiids 

concentrations caused by wet-weather flow. Another reason is that the primary sludge was 

obtained f?om the prhary hoppers in which the sludge blanket level varies. If the sludge 

blanket level is hi& the soiids at the bottom of the hoppers are more compact. 



Table 1. Average Influent Priniary Sludge Soiids Concentrations with 
Standard Deviations 

PRIMARY SLUDGE 
Total Solids Volatile Solids Volatile Solids 

Fraction 

(=w (%) 

(a) Standard Deviation 

+ Total Soiids -.- Volatile S&S 
- -  -- - - - 

+ NowVohtile Sous  

Figure 1 1. Influent primary solids concentrations during OS24. Volatile solids ranged fiom 
25000 to 37740 mg/L with an average of 27837 mg/L throughout OS24. 



Date (montWdaylyear) 

+- Total SofEds -m- Volatile Solids + NomVohtile SoMs 

Figure 12. Influent primary so tids concentrations during OD24. Volatile so iids ranged 
fiom 22570 to 37740 mg/L with an average of 28234 mgL throughout OD24. 

Date (montWdaylyear) 
, 

1 + ~ota l  SOMS - VO~& SOUS t ~ o m ~ o i a t i l e  SOMS i 
1 

Figure 1 3. Influent primary solids concentrations during OD 1 8. Volatile solids ranged 
Eom 21 570 to 39230 mg/L with an average of 29342 mglL throughout OD18. 



Date (rnontWdaySear) 

-e- Total SoWs - Volatile SoMs 1 Non-Volatile SOUS 

Figure 14. Influent primary solids concentrations during OD 12. Volatile solids ranged 
f?om 34070 to 39230 mglL with an average of 36727 m g L  throughout OD 12. 

, Date (montWday&ear) 
1 - - .  
1 

1 + Total Soliris -m- Volatile S o W  + Non-Volatile SoMs 
1 - -  - - - -  - 

Figure 1 5. Influent primaiy soiids concentrations during 0D6. Volatile so tids ranged from 
16690 to 28650 mgR. with an average of 21 690 mgL throughout 0D6.  



5.2. l .  2 Soliah Loading 

The average TS and VS Ioadings to OS24,OD24. OD 18,OD12. and OD6 are show 

m Table 2. The total solids loadmgs ranged Eom 38.44 to 144.69 kg ~ s / m ~ - d .  These loadings 

are higher dian is typically experienced. For example, the highest reported value m literature is 

30 kg ~s /m ' -d  (Kelly, 1990; Messenger. 1989). The hi& loadings encountered in this study 

are the resuh of short retention t k s  and the high solids concentrations experienced in the 

TAD reactors. 

Table 2. Solids Loading to Themphilic Aerobic 
Digest ers 

Exp. Total Solids Volatile Solids 
(kg ~ ~ / m ' * d )  (kg ~ ~ l m ' - d )  

5.22 Oxygen S q p &  

The TAD reactors were aerated with 100Y0 pure oxygen by volume. The oxygen flow 

rates during these experiments were 0.14 m3/m3.h for the OS experiment, and 0.025 m3/m3-h 

for the OD experiments. B a d  on the amount of volatile solids oxidised (Section 5.3.1.1) and 



die amount of oxygen supplied, the m;ucimum possible oxygen requirement (kg O& VS) was 

calculateci (Table 3). The m;ucimum oxygen requirernent was 0.95 kg M g  VS destroyed 

during the OS e-nt and ranged h m  0.18 to 0.55 kg (&/kg VS destroyed diiring the OD 

expermients The actuai the oxygen requirement (amount of oxygen utilised) is much less since 

the oxygen d e r  efficiency is not 100%. By cornparison the values reporteci m litexatm 

range f?om 0.7 to 4.59 kg M g  VS with an average of about 2.0 kg û$kg VS. 

Table 3. Maximum Oxygen Requirement Baseci on 
Volatile Soiids ûxidised 

Expriment Maximum Oxygen Requitemen t 
(kg: Oz@ VS) 

OS24 0.95 
0D24 0.27 
OD18 0.23 
OD12 O. 18 
0D6 0.55 

Since the theoretical oxygen requirements exceed the amount available in the OD 

experHnents both oxidation and fermentation must be occurrsig in the reactors through 

fidtative micro-organisns. Even though one would expect to see some sort of trend under 

the OD conditions, this was not the case, most lïkely due to the heterogeneous nature of the 

priniary sludge. 



Even though the xnaximum oxygen requirernent during the OS experiment was within 

the range reported, the actual oxygen requirement would be much l e s  due to the oxygen 

traDsfër efficiency. ûxidation is most iikeiy the prHnary metabolic process occurring m the OS 

reactor although femientation may also be occwing on a lesser scale. 

5.23 DhIved W g e n  

Dissobed oxygen values were taken for the fÏrst 4 weeks of experimentafion, and 

subsequedy stopped due to the unreliable nature of the results been obtained. DO probes 

developed for use in biological systerns do not have adequate temperature compensation above 

45OC. In addition, it was observed that at low DO concentrations ( les  than 1 mgL) the probes 

were inaccurate. Likewise, Boulanger ( 1995) found that the interference by carbon dioxide 

d e d  in inaccurate DO leveis below 1 m g L  

5.2.4 TAD Discharge Gm 

Discharge gases were measured as another means of dehing the aerobic state. 

Microbial degradation of organic rnaterial in an anaerobic environment is linked with the 

production and release of biogas. Table 4 iists the average percent by volume of Nz. CO? and 

C& measured in the TAD discharge gas grab samples throughout the experiments. In the 

oxygen-satisfied experiment no methane was present indicating that excess oxygen was been 

fed hto the reactor (oxygen may have a 'toxic effect' on methanogens since they require an 

anaerobic environment). Since methane was found in ail  oxygen-deprived reactors, this 

illustrates that there was a clifference in microbii populations present m the oxygen-deprived 



and oxygen-satûfied reactos due to the oxygenation state. 

The relative@ low gas production obtained indicates that methanogenesis was 

successfuny suppressed at the retention times studied. The resuits presented in Table 4 do not 

mdicate any trend m constituent values wRh respect to the different oxygen retention times 

studied. 

Table 4. TAD Discharge Gas Constituents 

5.2.5 -n Reduction Potential 

Figure 1 6 shows examples of daily ORP variations with oxygenation state. The oxygen 

flow rate o f  0.14 m3/m3-h produced ORP values which ranged between -225 mV and - 1 0 mV. 

This range fàlis within the anoxic state and somewhere between the anoxic and aerobic dates 

as d e s c r i i  by Koch et al. (1988). B a d  on Boulanger's (1995) target trace ORP pattern this 

state would be considered oxygen-satisfied. Immediately after feedsig the ORP would decrease 

drasticaiiy and then slowly rise over the fouowing 2% hours. Under senilar operating 



conditions Chu et al. ( 1 994) reporteci an ORP range of  approlrimately -250 to 60 mV during 

their mimaero bic aerated state. 

3 3 The oxygen flow rate of 0.025 m lm -h consistently exhiibited simüar ORP trace 

patterns as those reported by Boulanger (1995) and Chu et al. (1 994). OEW values rernained 

relatively constant between -330 to -390 mV. This range W wahui the anaerobic state defined 

by Koch et al. ( 1  988) and the oxygen-deprked condition as  defined by Boulanger (1 995). 

FEED , FEED 

O 30 60 90 120 150 180 210 240 270 300 330 360 

Time line (minutes) 

Figure 16. Variation of ORP with oxygenation state. 

ûxygen transfer greatly increased as the rotational speed of the mixers hcreased for a 



given oxygen flow. This is due to the d e r  air bubbles which are formed as a KSI,& of the 

greater shearing of oxygen fIows. This phenornenon occurred m the OS24 experiment. lnit~ally 

the mixer rotational speeds were set at 200 rpm however, the ORP values obtained h m  the 

OS24 reactor were considered too negative for the oxygen been supplied. At this time it was 

decided to mcrease the rotational speed to 400 rpm. With this mixer speed increase, the ORP 

values showed a dramatic bxrease as shown beyond 7/3 1/95 m Figure 17. 

I Date (month/day/year) 

+- OS24 
- - 

+ 0D24 

Figure 17. ORP trace patterns for OS24 and OD24. Mial mixer speed of 200 RPM and final 
mixer speed of 400 RPM. 



5.26 AlMhity 

Table 5 summarises the total aikahhy concenirations recordeci during the experhents. 

Also show is the theoretical change m alkalinity expected fiom the mcrease m ammonia 

concentration (Section 5.3.3.1). 

Table 5. Cornparison of Measured to Expected Total Alkalniby 
. . 

Exp. ; Total Alkalinity 
Primary Sludge TAD Sludge - Measured Theoretical 

Measu red Increase Expected 
Increase 

:(m& as CaCO3) (mgL as CaCO3) (mgL as CaCO3) (m@ as CaCO3) 

OS24 i 1257 23 94 1137 70 
0D24 1526 250 1 975 1266 

The alkalinj. appears to mcrease with an mcrease m oxygenation The m u n t  of 

aIkaluuty produced m OS24 was far greater than what was expected from ammonifkation 

alone. Additional research is required to e x p h  the ciifferences between the theoretical 

expected increase and the measured an<alinity values presented in Table 5.  

The dkahity also mcreased ni ali OD experiments. This krease is most iikely 

rnetabolism-generatd, which is the increase in an<alinity in a wastewater d i n g  f?om the 



metaboh  of an organic compound with the release of a cation (Speece. 1996). Metaboiism- 

generated a0<alinity is detefllljned by measlairig the concentration of degradable cation- 

releasing organic compownts (such as protek), the salts of organic acids or soaps and 

sulphatehiphite reduction If no cation is released fiom the organic durùig biodegradation. no 

a k a h t y  wdi be genemted as is the case with carbohydrates, sugars, organic acids. aldehydes. 

ketones and esters (Speece, 1996). 

Totd alkaluiay increased during the OD experiments, as expectd smce the 

biodegradation of nitrogenous organic cornpounds m an anaero bic or aerobic proces result m 

an haease in aikalinity which is proportional to the quality of ammonium released. The 

an<alinrty generated fiom protem or amino acids is as folows: 

RCHNHzCOOH + HzO + RCOOH + + C a  + 2 I z  (6)  

Ammonium bicarbonate is then generated. which in turn helps maintain a neutral pH in the 

system The conversion of non-amnia TKN to ammonia adds 3.5 mg of allcalinity per mg of 

-nia fonned. 

The largest aa<aliniry increase due to ammonia occurred in the OD24 experiment and 

decreased as the retention time decreased. This is as expected since a longer digestion thne 

results in greater hydrolyzation of organic nitrogen to armnonia 

Bicarbonate alkalinity (B AI . )  is the total alkalinity minus the alkalinay of the salts of 



VFA (due to neutralized VFA) with oniy the b i d n a i e  alkalinity available to neuaalize 

additional VFA. Bicarbonate alkalinity is s h o w  as follows, with the VFA expresseci as acetic 

acid (Speece, 1996): 

B Alk = Total Aik - (0.83 )(0.85)(VFA) 

w here, 

0.85 = 85% of VFA titrateci at pH of 4.0. 

0.83 = 50 E.W. CaCOJ60 E.W. of HAc 

E. W. = Equivalent Weight 

VFA = 60 expressed as HAc 

HAc + H + Ac- 

Acetate Sait = An<alinity 

Any cation except K keeps Ac- m the an<alinity f o m  A significant b t i o n  of the bicarbonate 

alkalinay may be allocated to neuûdke the C02RizC03 with ody the excess available for 

neutralizmg an mcrease in VFA. The concentration of bicarbonate an<aliniry available to 

neutralize additional f?ee VFA is know as the reserve bicarbonate akdhity (Speece, 1996). 

The theoretical calculated bicarbonate concentrations are shown in Table 6. 

The bicarbonate aIkalinity concentrations increased under the higher oxygenation rate 

and decreased d e r  the lower oxygenation rate due to the VFA concentrations (discussed m 

Section 5.3.2). Although the bicarbonate an<alinity concentration de& under the OD 



conditions, the concentrations are still hi& enough to bunér the system pH and have additionai 

an<alinity adable for the subsequem mesophilic anaerobic digestion step. 

Table 6. Quantity of Bicarbonate AO<alinity Available to 
Neufralize Additional VFA 

Exp. I Bicarbonate Aikalinity 
! I Primary Sludge TAD Sludge 

Pfeffer ( 198 1 ) discussed the effect of elevated temperature on the pWalkalinity/gas 

composition The temperature effect d i s  itself in two ways: 1 ) by a change in the 

equili'brium constants for the bicarbonate system, and 2) by a change in the vapour pressure of 

water (cited in Speece, 1 996). The lowered sohibility of COz in water results in only about 

halfthe concentration at 60°C as at 35OC. The reduced COz solubility consequently reduces the 

an<alinity requirement at thermophilic temperatmes. Pfeffer illustrated that a reactor operat h g  

at 40°C and producing a gas c o n t e  40% COÎ would require an aIkalinity of about 2250 

mg/L to maintain a pH of 7.0. The same reactor operating at 60°C wodd require only 1300 

mg/L of a i k a h y  to maintain a pH of 7.0, due to the temperature dependent solubility of CO2. 



5.27 pH 

The pH of a biological system dictates to some extent the possïbiiity of stmivai and the 

reproduction rates of mimbial species present. It is however, the rnicro-organisns thenisehm 

m many systems who dictate the pH. Table 7 shows the changes m pH between the TAD 

inthent and ef3iuent. Ln al1 experIments the pH remainecl neutrai and did not require a d . t  

supporthg the findings of Deeny et a1.(199 1). The pH increased during the oxygen satisfied 

experhent and either remaineà the same or slightly decreased during the oxygen depriveci 

experiments. The " e q u i l i i '  pH range attained is a hction of the relative co~~:entrations of 

proteins and amino acids utilised during the digestion process and the generation of VFAs. 

During the oxygen-satisfied experiment the !ow VFA concentrations combimed with higher 

ambation resuhed in an mrrease m pH. Likewise, Elefkiniotis ( 1993) while studying acid phase 

digestion discovered that VFA concentrations below 400 rng/L r e d e d  in an mcrease m pH. 

and no appreciable variation m pH (les than 0.3 un&) occurred at concentrations rangkg h m  

400 to 750 mg/L. 

The lower pH values rnay be due to the build-up of volatile fàtty acids. For example. 

acetic acid was present m the OD reactors m high concentrations (discussed in Section 5.3.2) 

and bflers in the 4 to 6 pH range. The pH depressions that could occur in a nm-ifymg 

environment were not experienced smce the thermophilic operatmg temperatures m the 

reactors nippressed nitdication 

No correlation of pH to detention time was observed. This is m contrast to the d s  

reporteci by Matsch and h e v i c h  ( 1 977) who reported a pH mcrease with detention time. 



Table 7. ComDarison of PH Variations m the TADs 
1 Exp- / Primary Sfudge TAD Sludge 

j Range Average Range Average 

OS24 1 5.70-6.15 5.93 6.80 - 7.40 7.06 
0 ~ 2 4  1 5.70 - 6.50 6.14 5.90 - 6.40 6.15 

OD18 / 6.00 - 6.5 6.26 5.75 - 6.15 5.98 
OD12 1 6.00 - 6.30 6.13 5.85 - 6. IO 5.93 
0D6 / 5.90 - 6.95 6.32 5.90 - 6.20 6.02 

5.2-8 Summuy 

The average total solids in the feed ranged kom 3.62 to 6.9% while the average 

volatile solids ranged fiom 2.1 7 to 3 -67% with an average of 2.88% throughout the dxerent 

experiments. Due to the short retention times the soiids loadings were rnuch higher than those 

reporteci m literature for ATP systerns. 

The two different oxygenation States were primady disthguished by the Werent ORP 

trace patterns and the oxygen supply to the reactoe. DO measurements proved to be unreliable 

at 5 5OC and at low DO concentrations. The oxygen flow rate of 0.14 m'/m3 h redted m an 

ORP range of between -225 mV and - 10 mV which is defined by other researchers to be 

anoxie, microaerobic. or oxygen-satisfied. The oxygen flow rate of 0.025 m3/m3-h produced 

ORP values in the range of -330 to -390 mV which is dehed as anaerobic or oxygen-deprived 

by other researchers. The discharge off gases v d e d  the oxygemtïon state in each experiment 

mamty though the presence or absence of methane gas. 

The alkallluty increased under aü conditions studied and was found to mcrease with 



increasing oxygen suppiy and retention trme. The alkalinity mcrease durhg the OD experiment 

was mst likely rnetabolisn generated an<alinity h m  the nitrogenous organic compounds. The 

aIkalgiity Bicreased with mcreasing retention time since the longer digestion tirne r d e d  m 

greater hydrolyzation of organic nitrogen to ammonk Alkalinity was also f o d  fiom the 

s& of organic acids, however, this akahdy is not available to neutralize additional VF A. The 

bicarbonate an<alsiity concentration mcreased under the higher oxygenation rate due to the low 

VFA productions and decreased under the lower oxygenation rate due to the hi& 

concentration of VFAs produced. Akhough the bicarbonate alkalinity concentration decreased 

d e r  the oxygen-deprived conditions, the concentration was still high enough to b a e r  the 

system pH m the neubal range and s a  have additional all<alinay available for a future 

rnesophilic anaerobic digestion step. By operating at thermophilic temperatures the ne& for 

supplemental an<alinity is reduced. In ail experiments this an<alinity increase is a strong incentive 

due to the retativeiy high costs of supplementai alkalinity. 

5.3 THERMOPHILIC AEROBIC DIGESTION PERFORMANCE 

5.3.1 PCVfiCulate O q p k  Carbon TransfonticdiOn 

5.3.1. I Volatile Solîak Reduction 

For substrate degradat ion both hydro lysis and so lubilization of the CO mpounds mus 

occur. The rate of hydrolysis gen- depends upon the terzlperature, pH, nature of the 

biornas, particle size, type of substrate, and the ren*iining concentration of the biodegradable 

~spended matter (Eastman and Ferguson, 1 98 1 ). Substrate solubilization c m  be estirnated 



h m  a number of non-specinc parameters such as sohible COD, filtered TOC, TSS. and VSS. 

Evidence that degradation took pkce is mdicated by the decreaçe in particulate organic 

carbon as show m Figures 18 and 19. The TAD reacton did very linle as fàr as VS 

reductions. Figure 18 ilhistrates the reductions calculateci by comparing the Îduent p m  

sludge and the digested sludge VS concentrations. The iargest reduction of 1 5 -3% was 

achieved in the anoxic reactor (OS24). The voiatile solids reductions varied fi-orn 6.4 to 12.3 

percent m the anaerobic aerated reactors (OD24, OD 1 8, OD 12, and OD6). It is evident that 

the retention time variation plays a minimai role m the degradation of particulate matter. at least 

m the range hvestigated. 

. - 
H Influent 

. - -  -. 
O TAD Effluent 

F i  18. Corriparison of percent volatile solids meanired m TAD Muent and TAD etnuent 
during OS24,OD24, OD 1 8,OD12, and OD6. Percent reductions are located above 
CO rresponding experiment . 



Figure 19 also shows the volatile solids reductiom calculated for the OS24.OD24. 

OD 18,OD12, and OD6 expehn t s -  In this case however. the dcuiations are based upon 

grams of total VS oxidised, rather than the difference m primary shidge and digested sludge VS 

concentrations to avoid errors h m  water evaporation. Detailed caiculations are provided in 

Appendk C. The largest reduction of 17.0% was achieved m OS24. The volatile solids 

reductions varied fkom 6.7 to 12.4 percent in the OD reactors. The VS remval appears to 

increase with an increase in oxygen çuppiy. This fbdhg is simïlar to those d s  reported by 

Hawash et al. ( 1 994). 

Solids degradation mcreased with decreasing SRT/HRT until a &um was reached 

at 12 hours. Based on this trend f appears as though solids degradation increases with an 

increasmg solids loading. The 6 hour SRTRIRT exhibited the d e s t  VS reduction most 

likeiy mdicating that at the shorter SRT/HRT the hydrolyns mechanisms or the production of 

extracellular metabolic intemediates limit the VS degradation rate (see Section 5.3.1.2). 



OS24 0D24 OD18 OD12 OD6 

Experiment 

H Influent O TAD Effluent 
I 
Figure 19. Comparison of grarm of total VS rneasured during OS24.OD24.OD18.OD12. 
and OD6. Percent reductions are located above correspondmg experhent. 

To evaiuate these results temperature detention tirne products were calcuiated 

(Table 8) and compared to the EPA design cuve shown m Figure 20. The results of this study 

exceeded those values predicted by the EPA Design Curve m all instances. For example. for a 

system temperature - detention time product of about 55. the EPA Design Curve predicts a 9% 

VS reduction The 5 5°C - day d u e s  obtained in thk study are 1 7.0% and 1 0.4% during OS24 

and OD24 respectiveS. Likewise, for a 13.8 temperature - detention time product in this study 

(OD6) a 6.7% VS reduction was observed while for the same temperature - detention time 

product, the EPA Design Curve predicts about only a 1 % VS reduction The relativeky high 

percent VS reductions obtained hdicate that the TAD process is very proficient with respect to 

soli& removal. 



Table 8. Calcuiated TAD Temperaime Detention T i  
Roducts for OS24,OD24, OD 18, OD 12 and OD6 

1 Exp. 1 TAD Temperature Detention 
l Time Product 
! 
! ( O C  days) 

OS24 1 55.0 
OD24 i 55.0 

1 

OD18 i 41.3 
OD12 i 27.5 

l 0D6 i 13.8 

EPA Design Cuwe 

I Temperature ("C) x Sludge Age (days) 
I 

Figure 20. Aerobic digester percent VS reduction design curve. Greater VS reduction for every 
1 

temperature detention time product studied were achieved than those values p d c t e d  by the 
EPA Design Curve @PA, IWO). 



53.1.2 Chernical Oxygen Dernund Solubiliution 

The extent of organic carbon transformation c m  be viewed fiom the perspective of 

soluble chernid o v e n  demand (SCOD) creation Table 9 shows how the percent SCOD 

increased under the OD conditions and decreased under the OS condition The SCOD Increase 

during the oxygendeprived experiments is the resuh of substrate conversion 6om a particdate 

to a soluble state. The SCOD decrease under the oxygen-satisfied conditions is the resuh of 

slow solubilization of solid COD combmed with VFA conversion to CO2. Likewise. Boulanger 

(1995) found that the solubilization of solid COD occurred fister under oxygen-deprived 

conditions than under oxygen-excess conditions. 

The SCOD percent increase during the anaerobic aerated (OD) experiments increased 

with mcreasing residence time fkom 65.9 % at a 6 hour residence t h e  to 95.1% at a 24 hour 

residence t h e .  The large increase m SCOD is attributed to the volatile fat- acids (Section 

5.3.2). The renihs show that a 12 hour retention tÏme provided adequate t h e  for volatile solids 

conversion to soluble substrate by the biornass. Increasing the retention time beyond 12 hours 

did not improve the solubilUation of organic particdates signincantly. With a 6 hour 

SRTRIRT, the solubilization efficiency was much lower. It is most likely that with a 6 hour 

SRTRIRT, the rnicrosrganisrrs are not remaining in the system long enough to reach their 

optimum soluble substrate production efficiency . 

In comparison with re& fiom mesophilic fermentation of prirnary sludge, Elefiinio tis 

(1993) found a sharp drop in the solubilization efficiency as the SRT reached 5 days and a 

plateau was achieved at longer SRTs of 10 and 15 days. 



Table 9. Chernical en D e d  Sohibization Efficiency 
p .  Primnry Sluz: T M  Slodge Solubilizatioa 1 

OD24 1 3638 7097 95.1 
0D18 / 35 18 686 1 95.0 
OD12 1 4490 8683 93.4 
0 D 6  ; 2453 4070 65.9 

+ 

* Solubilization Eaiciency: net SCOD as percentage of feed SCOD 
* * Decrease in SCOD concentration 

The SRT/HRT has a profound e f f i  not only on the net SCOD concentration but also 

on the specinc solubilization rates of COD expressed as mg of net soluble COD per mg of VS 

per day as sho wn in Table 1 0. The specific solubilization rates were greatly iduenced by the 

oxygenation state. During the OS experiment, the rate of orcidation of disso lved substrate was 

rnuch higher than the solubiition rate resulting m what appears as a negative COD specific 

solubilization rate. During the OD experiments, the solubilization rates were much higher. 

Likewise, Boulanger ( 1 995) also discovered that so lubilization rat es are accelerated under 

oxygen-deprived conditions. 

The specific çolubilization rate was also affêcted by the retention time since the 

solubilization rate increased with mcreasing retention the.  The low rate at the 6 hour residence 

time rnay Badicate that either the short residence time is imposing a stress on the metabolic 

activity or that the time available is too iimited for substrate assimilation 



Table 10. COD S@c Sohibïbîion Rate as a 
Function of Oxygenation State and Retention Time 

1 ExP COD Rate 1 
! (mg COD/mg VSd) 

OS24 N/A. 1 g6: , ;;g 1 
*Decrease in soluble COD concentratilon 

Figures 21 to 25 illustrate the variations in influent and effluent SCOD throughout the 

different experiments. There was a great variabiIity m the inmient SCOD concentrations. This 

var iab i i  may be due to the varying hydraulic Ioads to the North End Sewage Treatment Plant 

throughout the surnrner months and the difbent retention times occurring m the hoppers 

where fermentation is occurring. 



Figure 2 1. Priniary and TAD sMge soluble chexnical oxygen demand concentrations during 
OS24 experiment. SCOD concentrations decreased m TAD reaction 

Date (month/day&ear) 

1 - - .  

Figure 22. Rmiary and TAD shidge =lubie chernical oxygen d e d  concentrations during 
0D24 e>rperiment. SCOD concentration mcreased in TAD reaction 



Da te (month/day&ear) - Prinrary Shdge - TAD Shdge 

Figure 23. Priniary and TAD shidge soluble chexnid oxygen derrand concentrations during 
OD18 experiment. SCOD concentration Sicrpased in TAD reaction 

- - - -  - - - -- -- - - 

Figure 24. prEriasr and TAD shdge soluble chernid oxygen demand concentrations during 
OD12 experiment. SCOD concentration increased m TAD reaction 



Figure 25. Pritmy and TAD siudge soluble chernical oxygen demand concentrations during 
OD6 experiment. SCOD concentration mcreased m TAD reaction 

DLumg both the OD and OS experiments the solubilization product concentrations in 

each reactor folIowed r o w  the same trend associaîed with the strength of the primary 

sludge. No correlation was found between the COD removal and the concentration of COD in 

the feed as was reported by Ponti et al. (1995a). 

5.3.2 VoWe Faity Ac& 

5.3.7 1 Volatile Fay  Acid Production 

Both the soluble organic compounds hithMy present m the sludge and the ones 

generated m the solubilizaiion process are used by the acidogenic bacteria to produce a wide 

variety of compounds. The comunds produced are rnamly m the form of short chah volatile 



fàtty acids (CrC5). 

Ail VFA sampfes were collectai at the end of the feed cycle. At this thne the ORP in 

the OS expt.riment was at Îts highest and the O W  in the OD experSnents was still below 

-300 mV. High increases m VFA concentrations occrned m the OD experiments while VFAs 

were consumeci during the OS experiment as shown m Table 1 1. Simikir results have been 

found by numerous re~eatchers (Chu et al., 1994; Boulanger. 1995: and Mason et al.. 1987). 

The change in VFA production m each experiment foUowed ciosely the same pattern 

observed during the solubüization process. The net VFA specifïc production rate (as acetic 

acid) expresseci as mg VFA/mg VSd, at steady-state operation is a h  presented m Table 1 1. 

Table 1 1 .  VFA Specsc Production Rate as a Function of m g e t i o n  State and Retention 
Time 

Exp. 1 Primary Sludge TAD Sludge 
Total VFA V F M S  Total VFA VFANS Specitk 

(mg HAc/L) (mg HAc / (mg HAclL) (mg HAc / Pmductioo 
mg VS) mg VS) Rate 

(mg HAc 1 

* Decrease in VFA concentration 



W& an average d u e n t  VFA concentration of 0.0% mg HAdmg VS. the 24 hour 

oxygen-deprived condition d e d  m the highest average specific production rate of 0.057 mg 

W d m g  VS-d. The VFA production rate decRased under the OS24 condition due to the large 

VFA oxidation rate. 

The specific production rate is also affecteci by the retention tirne. The VFA production 

mcleased with increasing retention thne. As with COD çolubilization. the msucimum occurs in 

the 24 hour oxygen-deprived e x p e k n t .  The low rate at the shorter retention times rnay 

mdicate that the short SRT is Ûnpsing a strong stress on the metabolic activity of the 

acidogenic bacteria ancilor that the available thne is too iimited for substrate assimilation The 

reduction in specific production rate increstse between the 24 hour and the 18 hour retention 

time may be due to the conversion of soluble VFAs to gaseous products or the conversion rate 

maybe reachmg a plateau The specific VFA production rates appear to be more dependent on 

the retention time than was COD solubilization Perhaps the pathways utilised in VFA 

production 60m soluble products are more influenced than those utilised in hydrolysis. 

The specific production rate did not appear to vary with the Sifluent volatile solids 

concentration as  shown m Figure 26. 



$ ioooo - 
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Specific VFA Production Rate (mg HAdmg VSd) 
-- 

Figure 26. Variation of specific VFA production rate with feed VS concentration during 
OD24. No relationship appears to exkt between the two parameters 

5.3.7 2 Volatile Fniry Acid Composition 

IdentiSmg individual acids f o d  in the TAD reactors may fumish valuable 

information on both the suitabiiity to act as a carbon source for deniaification and the 

metaôolic pathways involved in the process. The VFAs identifid include: acetic. propionic. 

butyric, iso-butyric, vaieric, and iso-valeric. 

Acetic acid is formed direct iy fkom the fermentation of carbohydrates and proteins. as 

well as the anaerobic oxidation of l-ipids via a number of metabolic pathways (Elefiiniotis, 

1993). Ropionïc acid is formed p h d y  fÎom carbohydrates, but it can also be produced in 

the digestion of proteins and lipids to a lesser extent. Butyric acid is rn* genenited in the 



digestion of protek and iipids. Iso-butyric acid and the isomers of valeric acid are mostly 

associated with the fermentation of protek (ElefsHiiotis, 1993). 

There are some notabIe différences m the composition of the VFAs produced between 

the two oxygenation states. The OS condition produced an average of 30.3% propionic acid 

whereas the OD conditions produced an average of 1 7.20/0. This higher propionic acid 

concentration found m the OS experÏment îs balanced by a lower concentration of butyric and 

valeric acids as show in Table 12. This is in contrast to Chu et al. ( 1997) who found that as 

aeration rates decrease. propionate accumulation mcreased. The percentage of acidic acid was 

the highest of all VFAs and comparable for both oqgenation states studied. Similar renilts 

have ken found by other researchers who discovered that the amount of each acid produced 

varieci with residence k, although acetate was produced m the highest concentration (Chu 

et al.. 1 994; Hamer, 1 987; Mason et al., 1987). This is expected due to the average organic 

composition of volatile solids in primary sludge reported m literature (carbohydrates - 3 8%; 

proteins - 27%. lipids - 27%; other - 8%) (Elefkiniot~ 1993). 

Table 12. Average Percent Volatile Fatîy Acids Constituents 
Experiment / Acetate Propionate Iso-Butyrate Butyrate Iso-Valerate Valerate 

Average (OD) 1 62.3 17.2 3.4 9.3 5.5 2.3 1 
*AU values expressed as acetic acid quivalence. 



It is interesthg to note that Kelly (1 990) reports acetic acid vahes of 70% diiring his 

ATAD shidies at Salmon Ami while the renilts h m  this study mdicate that the percentage of 

acetate ranges h m  59.6-64.3%. This ciifference may possibly be explamed by the different 

sludges used or pom'bly by the ciifference in pH. At Salmon Am, pH d u e s  of 6.8-8.6 1 were 

obtained while during this study pH d u e s  fangeci 60m 5.75 to 6.4. AccordSig to Danesh 

(1997) the reduction of wastewater pH causes a drop m the percent acetic acid component and 

pro fùsion of other acids such as butyric and deric. 

In the range shidied the percent VFA distriiution was not atfécted by retention tirne. 

The speculaiion can therefore be made that the rnajonty of the acid-producing bacteria are 

equdy inthenced by retention time variations between 6 and 24 hours. 

Figure 27 shows that under the OS condition there is a SM towards acetic and 

propionic acid. While Figures 28 to 3 1 illustrate that under the oxygen depriveci conditions 

there is a shift towards acetic acid and the isomers of butyric and valeric a d .  Although the 

percent VFA distri'butions are somewhat simila. in the OS and OD experiments. it is important 

to remember that the VFA concentrations are much srnaller m the OS experiment than in the 

OD experiments. During the OD e x p e h n t s  the SM towards the higher rnolecular weight 

acids can be prbady  attniuted to an hcreased protem fermentation rate due to the tàvourable 

environment as compared to the prÏmary c M e r .  
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Figure 27. Percent VFA distri'bution during OS24. Percentage of acetate and propionaîe 
increased d e r  themphilic aerobic digestion 

Iso- Butyrate Iso- Vale rate 

B w t e  Vale rate 

Volatüe Fatty Acid 
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Figure 28. Percent VFA distriiution during OD24. Percentage of acetate and the isomers of 
butyrate and valerate increased after themphilic aerobic digestion 
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Figure 29. Percent VFA distriiution m OD 1 8. Percentage of acetate and the isorners of 
butyrate and vderate mcreased &er t h ~ p h i l i c  aerobic digestion 
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Figure 30. Percent VFA distnion m OD12. Percentage of acetate and the içomers of 
b+e and valerate hcreased der  thennophilic aerobic digestion 



Acetate 

. . -- 

Figure 3 1 . Percent VFA distfi'bution m OD6. Percentage of acetate and the isomers of butyrate 
and valemte kreased &er thermophilic aerobic digestion 

53.2- 3 Volatile Fatty A cid Contribution to Chernicol Oxygen Demand 

Using the conversion htors developed by Eastman and Ferguson (1 98 1 ). the average 

amount of SCOD attniuted to VFAs. was calculaîed as shown m Table 13. These r&s 

suggest that the SCOD content of the oxygen-depriveci supematant is easily biodegmdable 

wah SCOD percentage due to VFAs of over 60%. in cornparison, VFAs accounted for only 

2.4% of the SCOD content of the oxygen-satisfied supematant. This suggests that the soluble 

COD content may not be easily biodegradable. 

The percentage of SCOD due to VFAs mcreased with increaSing residence tirne, 

however, beyond the 12 hr SRT/HRT the change was not substantial. This suggests that the 

rate of metaboiism of soluble extracellular intemiediate products to VFAs is independent of the 



residence time above a certain minimum vahie and consequently. the conversion rate of soluble 

substrates to VFAs may have reached a phteau. The srnader percentage of volatile acid SCOD 

observeci at the 6 hours SRT/HRT, indiates that the acid generation mec- are more 

affected by shorter SRTRIRT than are the hydroiysis mechanisms or the production of 

extraçeiiular metabolic intennediates. 

Table 13. Average Soluble Chernical Oxygen Demand Attniuted to the Presence of 
Volatile Fatty Acids 
- - pp - 

Exp. 1 Avenige SCOD Average SCOD % SCOD due to VFA 
Concentration due to Concentration 

VFA (mglu 

Muent Effluent Influent Effluent Influent Effluent 

5.3.3 Ammonia Nitrogen 

5.3.3.1 Ammonia W o g e n  Production 

The variation of influent a m n i a  niaogen concentrations varied minimally from about 

200 mg/L to 290 mg/L during the Merent experiments as shown in Figure 32. It was found 

that ammonia nitrogen accumulatecl under al1 conditions studied, however, more so with 



decRasmg oqgen supply d increasing retention tirne. For example. at a 24 hour residence 

time the percent arrrmonia nitrogen hcrease was 8.6% and 142.8% for the OS and the OD 

eI<periments respective&. During the OD experiments the ammonia nitrogen m m  ranged 

from 4 1 -6% during 0D6 to 1 42.8% during OD24. Boulanger ( 1 995) found that the same trend 

existeci. Smiilar resuits were also found by Mason who observed that the ammonium ion 

(NEL-N) accumuiated under all conditions although at short residence t k  this was hardIy 

detectable. 

0 TAD Shdge 
I 

Figure 32. Increase of anrmonia nitrogen m thennophilic aerobic reactors. Percent krease 
rehtionship to the influent concentration shown above respective experïment . 



Armnonia nitrogen production is mdicative of the deamination of the niaogen 

containhg W o n  of the biornass and thus an increase m armnonia nitrogen content shodd 

reflect the extent of protein solubilization This process pro babIy occurs somewhat slower than 

the o v e d  ~Iubilization of the organic matter, hence the Iow level of accumuktion of 

amrnonia nitrogen at short ddence times. The longer residence tirnes d e d  m consistently 

higher protein dissimilation Some ammonia nhogen was lost by stripping in the exhaust gases 

(strong animonia odour was giwn off ffom manorneter gas vent condenser water) and thus the 

rneasureci concentrations cm only be considerd indicative of efféctive solubilization 

Anrmonia ionization is controlled by pH and temperature (Table 14). With a pH of 

7.06, the arnmonia nitrogen concentration during 0D24 was most iikeiy comprised of about 

4% un-ionized arnmonia and 96% ionized ammonia Durmg the OD experiments the pH was 

Iower and rangeci h m  5.93 to 6.1 5. Consequently, the equil'brium would have shifted even 

more towards the ammonium ion and the un-ionized ammonia concentration would have been 

les than 1 %. 

Table 1 4. Un-ionized Amrnonia Percentage versus 
Temperatine and pH 

l Temperature (OC)  

PH 25 35 55 
6.5 ! 0.2 0.4 1.2 
7.0 0.6 1.1 3 -6 
7.5 1.7 3.4 10.7 
8.0 1 5.3 9.9 27.4 

Source: Speece, 1996 



5.3.3.2 Soluble Organic Carbon to Ammonia Ratio 

The suitabihy of a wastewater for biologicai nutrient removal is usually dete& by 

the CODN ratio. In reaiiîy however, the micro-organians mvolved m the denhification 

process a h r b  or@ the avaiiable soluble fiaction of the total COD. Therefore. total COD data 

may be misleadmg uniess adequate time is provided in the treatment process for the 

so lubilization of particdate organic rnatter. Consequentiy soluble organic carbon to a m n i a  

nitrogen ratios (SOC: MI3-N) have been presented here (Figure 33). 

OS24 0D24 ODZ8 OD12 

Experiment 

Ei Primary Sludge O TAD Sludge 

Figure 33. Comparison of soluble organic carbon to ammonia nitmgen ratios. Percent change 
m SOC:NH,-N ratio show above respective experiment. 



The influent sohible organic carbon to ammonia nitrogen ratio (SOC: NHj-N) ran@ 

ody slightly fiom 4.67 to 5.86. The SOC:MIi ratio m the TADs varied largeiy depending on 

the oxygenation state and retention time. It was observeci that the SOC:NH3-N ratio decreased 

with an inmashg oxygen supply and increashg SRTRIRT. Only during the 0D6 experiment 

did the SOC:NH+Iincrease to greater than that of the influent sludge. This is due to the low 

level of accumulation of NH3-N at the short residence t h .  Although the SOC:NH3-N ratio 

decreased under most conditions studied, it is important to remember that after thermophilic 

aerobic digestion the carbon is in a more readily assimilable forni. 

5.3.4 S d e u b i l .  /Dewaterabili#y 

Dewaterability as d e t e d e d  by solids capture utilising a centrifuge increased with 

increasing centrifugation time but with varying degrees depending on the type of sludge 

(therrnophilically digesteci. mesophilically digested, or primary). Both the primary sludge and 

mesophilicaily digested sludge (obtained fiom the North End Water Pollution Control Centre) 

exhibiteci better dewaterabw characteristics than did the themophilidy aerobic digested 

sludge fiom the fbst stage TAD reactor (Figure 34). In addition, there appeared to be no 

relatiomhip between the TAD reactor oxygenation state and residence t h e  to dewaterability. 

These resuits are in agreement with those reporteci by Prakasam et al. ( 1 990) and Jewell et al. 

(1 978). These resuits however are questionable smce centrifuge renilts did not correlate 

directiy with CST meannements for Salmon Arm or with the actual obsewed dewaterability 

(Keiiy, 1990). 
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Figure 34. percent solids capture m centrtfùge. Digested sludge h m  TAD reactor exhiiied 
poorer dewatering chteristics than did meso philically digested or primary sludge. 
*Mesophiiically digested sludge 

5.3.5 S- 

Volatile soi& removal appeared to hcrease with hcreasllig oxygen supply. The 

percent reduction was 17% m the OS experhent and ranged fiom 6.7% to 12.4% in the OD 

reactoa. The solids rernoval appears to increase with an heasing solids loadhg (decreashg 

HRT). However, at the 6 hour SRTRIRT, remuval dropped and it appears as though the 

hydroiysis mec- or the production of extracellular rnetabolic intemiediates are limited at 

such a lower residence t h .  The VS reductions exhiiited during this research exceeded those 

predicted by the EPA design cuve under all conditions studied indicating that the TAD 

process is very pro ficient with respect to soiids removaL 



The percent SCOD increased lmda the OD conditions and decreaçed under the OS 

cooditiom. The percent increase for the OD experiment mcreased with hcreasing residence 

time fiom 65% (6 hours) to 95.1 % (24 hours). Beyond the 12 hour SRT/HRT. however the 

hcrease was kigdicant. This large matase is attriïbuted to volatile fàtty acid production It 

appears as though the 6 hour SRT/HRT is too short and the micro-organisms are not 

remaining m the system long enough to reach th& optimum soluble substrate production 

efficiency. 

The specific solubilization rates were greatly influenceci by the oxygenation state. 

During the OS experhent the rate of oxidation of dissoived substrate was much higher than 

the solubilizaton rate resultmg in what appears as a negative COD specîfic solubilization rate. 

DiirBig the OD experbents. the sohbilization rates were much higher and hcreased wÏth 

mcreasing retention t h  fiom 0.075 mg CODImg VS-d at 6 hours to 0.123 mg COD/mg VSed 

at 24 hours. Once again there was a stress on the system at the 6 hour SRTkRT and h ie  

increase between the 12 and 24 hour SRT/HRT. 

VFA concentrations were high as long as  the oxygen deprived conditions existeci. Under 

the OS conditions, volatile fàtty acids were consumed. The change in VFA production during 

each experiment foilowed closeiy the same pattern observeci for the çolubilization process. 

VFAs accumuiated unda ail OD experiments studied with the production rate increashg with 

inrreasnig retention time k m  0.029 mg HAJmg VS-d at 6 hours to 0.057 mg HAdmg VS-d 

at 24 hours. 

The acetic acid concentrations in the OS and OD experiments were comparable and 

always the highest of all VFAs (59.6% - 64.3%). The OS condition exhibiteci a much higher 



propionic acid concentration (30.3%) then did the OD experhents (average of 1 7.2%). This 

higher propionic acid concentration found m the OS experiment was balanced by a lower 

concentration of butyric and vaieric acids. In the range studied the percent VFA distriion 

was not afEècted by retention time. The niajority of the acid producing bacteria are therefore 

rnostly likely equ- Hitluenced by the retention time variation between 6 and 24 hours. 

The SCOD content of the OD siIpematants are easiiy biodegradable due to the high 

percentage of SCOD due to VFAs. The pacentage of SCOD due to VFAs gicreased with 

mcreasing retention thne during the OD experiments however beyond the 12 hour SRTRiRT 

the change was not substantial, 

TKN was metabolised to a m n i a  nitrogen which accumuiated in the reacton under 

all conditions studied, but more so with a decreasing oxygen supply and increasing retention 

time. Due to the pH, the ammonia nitrogen concentration would have been mostly comprised 

of ionized a m n i a  

The SOC:NH3-N ratio decreased with an increasing oqgen supply and mcreasing 

retention time. Albeit the SOC:NIK3-N ratio decreased under rnost conditions, the TAD carbon 

is stiii more readily assimilable. 

TAD sludge from the fkst stage reactor exhibited slower dewaterability rates than 

mesophilidy digested sludge or prirnmy sludge. However, the solids could still be separateci 

out leaving a VFA rich supernatant. 



CHAPTER 6 

ENGINEERING SIGNIFICANCE 

6.1 FULL SCALE IMPLICATIONS OF EXPERiMENTAL RESULTS 

61.1 Compmiron of TAD Results w&h Cunvenfionai Fe~nentation Frocases 

This section corripares the supernatant quality detemiined in this iaboratory d e  study 

with d s  h m  other studies (lab, pilot and full scale). The kinetics of fermentation depend 

on temperature, SRT, HRT, and type of prirnary sludge. Table 15 compares the VFA 

production between the TAD process and the performance of more conventional anaero bic 

pre-fennenters at arnbient temperatures. Comparativeiy, the results fiom this study mdicate that 

the TAD process is capabIe of producing greater quant& of VFAs at lower SRTs. 

Table 16 compares the composition of volatile acids produced in various fidl scale and 

pilot projects with the resuhs of this study. Under microaerobic conditions, the characteristic 

VFA pattern is quite different than that typical of the fermentation processes. In the TAD 

studies? the percent acetate was between 6 1.5% to 80% of the total VFAs produced. During 

the fermentation-type processes, there was a relaiively even distribution between acetate and 

propionate accumulation Seeing as how propionate when used as a carbon source for 

denitrification possesses a lower denhification and carbon co~lsulllption rate than acetate. 

butymte, or valerate, it seem that the TAD process is a more appropriate proces for this 

application. 



Table 1 5. Comparison of SCVFA Production in TAD with other Conventional Fermentation 

/ VFAPmducedper SRT Source 
1 Sludge COD (4 

Lab d e :  55°C 
Lab d e :  55°C 
Piiot scaie: 1 8-22°C 
Pilot scale: 12- 1 4°C 
Baich lab sçale: 20°C 
Lab d e :  20°C 
Full d e :  1 4-23°C 
F d  d e :  14-23°C 
Lab d e :  1 8-22OC 
Lab scale: 1 8-22°C 
PiIot scale: 25°C 

i (gHAdgCOD) 
/ 0.87 (SCOD) 1 .O THIS STüDY (TAD-OD24) 
: 0.112@ergVS) 
; 0.09 
/ 0.07 
i 0.125 
> 

i 0.17 
1 0.45 
1 0.45 
i 0.05 @er g VSS) 
: 0.1-0.13 
i 0.18 

THIS STUDY (TAD-OD24) 
2- 10 Rabmowitz ( 1985)* 
2-10 Rabinowitz(l985)* 
6-9 Wentzel et ai. ( 1989)* 

Lilley et a(. (1990)* 
1.7 Skalsky & Daigger ( 1 995)* 
2.1 
5 Elefsiniotis (1 993)* 
10-20 Elefsiniotis (1 993)* 
2.2 Daigger et al. ( 1 993) * 

'Source: Oleszkiewicz and Bsunard 1995 

Table 1 6. Comparison of Volatile Fatty Acids Compost ion Produced in Various Full Scale 
and Pilot Rojects 

Variables Salmon THIS UBC Pentictonv Kelownav 
Arm' STUDY Pilotv (Fermenter) ( F m n t e r )  

, (ATAD) (OD24- (TAD) 
TADI 

VFA' (mgn) 
TSS4 % 
SRT fd) 
HRT (h) 
gHAc/gTSS-d 
Acetic % 
Ropionic' % 
Butyric* % 
valeric* % 

1620 950 
4.3 (TS) 1.8 
1 .O 3 
24 72 
0.038 0.018 
61.5 81 
18.5 Il 
11.6 7 
8.4 O 1 

'AU values e x p s e d  as =tic acid equivalence 
'Solids expressed as % dry weight 
' Source: Chu ei al., 1994 



b L 2  1- of Sqmmtant &cy& to Treatmenf P h t  

The quality of supernatant returned h m  a sludge digester to the head of a wastewater 

treatment plant gRatly affects the various loads to the plant. Although the retum volume is 

generaiiy low, it oflen contains high concentrations of suspendeci solids COD and annnonia 

nitrogen, 

The impact of plant recycle flows on secondary treatment was cdcuiated by a simple rnass 

balance. The amount of flo w to be retumed was based upon rnaintaining a total so lids 

concentration of 7% in the mesophiïc fèed to avoid mkÏng problem. The flow to the TAD 

reactor was assumed to be 1 % of the total duent  flow. In these calculationç. the average 

NEWPCC raw characteristics as obtained fkom studies conducted by George ( 1996) were used 

(Table 1 7). Caiculations are contained in Appendk D. 

Table 17. Average Composition of NEWPCC Wastewater 
Parameter Typical Concentration 
COD 1 08 
TJ.@J (ml3m 32 

w3-N (mgfi) 28 
soc OWl) 38 

ADdnity (mg/' as CaCO3) 322 
pH 7.13 

Source: George. 1996 



Mass balance results mdicate load increases of 7% to 25% for COD. and 2% to 8% 

for NH3-N dependmg on the solids loadsigs to the TAD reactor. In addition SS loads to the 

plant would be mcreased. The estsirates in Table 18 are rough since they do not mcorporate an 

iterative method. The greater COD loading would cause an increase in biological sludge 

production and a subsequent increase in recycle load. 

The denitrification proces would be increased due to the high concentration of readily 

assirratable carbon in addition aeration requirements in the aeration tasuis wodd be increased 

due to the higher carbon and niûogen loadings. 

Table 1 8. Estimated Effect of TAD Supernatant Recycle on Influent Flow 
Concentrations 

Parameter Influent Alte red Load Change 
(m@) Influent (O/o) 

mm 
0D24 COD 1 08 135.2 25 

NH3-N 28 3 0.2 8 
COD/NH3-N 3.9 4.5 

OD18 COD 1 08 122.2 13 
NHyN 28 29.1 4 

COD/NHyN 3 -9 4.2 
OD12 COD 108 1 15.7 7 

NH3-N 28 28.5 2 
CODINH3-N 3 -9 4.1 

0D6 COD 108 126.9 18 
NH3-N 28 29.2 4 

COD/NHyN 3.9 4.3 



6 1.3 Appl'kubüity of Lrrb Scale Resulis to Fuü *ale Resultr 

The lab sale reactors were very weil mixeci systems, which is not always the case in 

full scale installations. This merence is common when comparing lab and pilot sale reactoa 

with full d e  reactors. Consequently, tank and equipment s k i n g  wouid be sornewhat krger 

(by a dety factor) than is mggesteci by these smaller scaie results. 

6.1.4 S v  

The TAD process is capable of producing greater quantties of VFAs at lower 

retention t h s  than are the more conventional anaero bic pre-fermenters at arnbient 

temperatureS. Also. when compared to conventional ferrnenters the TAD process is capable of 

producing a lower concentration of propionic acid thereby resulting in a greater percentage of 

VFAs which possess a higher denitrification and carbon consurnption rate. By retuming 

supernatant to the plant influent the COD CO ncentration (in particular the VFA concentrat ion) 

would increase resulting in a higher COD/NH3-N concentration to aid in the denitrification 

process. 

6.2 BENEFITS OF DUAL DIGESTION PROCESS 

62.1 Particullate ûïguuiic Carbon Transformafation 

Baier and ZwiefeIho fer ( 199 1 ) indicate that the duai-digestion process enhanced VS 

degradation by 25% as compared with mesophilic digestion alone and therefore dual treatment 

plants produce a sludge with l e s  organic materiai and a higher degree of stabilisation. Resuits 



of Baier's and Zwiefehofer's studies are Iocaîed in Table 19. Likewise, Pagilk et al- (1996). 

rneasured a greater volatile solids reduction m the ATP m e m  over the mesophilic anaerobic 

digested sludge by 6%. 

KeIly ( 1990) concluded that the duaidigestion process is a better stabilisation rnethod 

tban long penods of thermophilic digestion For example. at Laclysmith for detention timff of 

up to 30 days and a degree-day product of 1400°C-days, VS reduction ranged between about 

38 to 53 percent and COD duct ions ranged between 35 and 64 percent. For smiilar overall 

detention times. the dual digestion process at Gibsons had VS reductions of between 52 and 80 

percent and COD reductions between 54 and 79 percent. The overall degree-day products 

were similar for the two kilities. 

Table 19. Vohtile Solids Degradation m Dual Digestion Rocess 
1 Retention Time Biologid Degradation (VS) 

Treatment HRT HRT With Aerobic Thermophilic i Without 
Plant j (d) (4 Pre-treatment i Pre--nt 

Reactor Digester ; Reactor Digester Total 1 
1 AVS (%) A v s  (%) Avs (%) 

Broc* 1 1.4 80 10 47 57 N.A. 
Ebersdoff 1 1.0 25 10 81 83 1 N A  
Furthof? 1.4 43 6 5 1 56 : 48 

28 12 45 Lachen' 56 j N. A. 
Marstellen' 30 i 24 3 1 48 j 48 
Milnertoni 1.25 20.4 ' 4.1 5 I .5 55.6 ' N.A. 

1 

Thun' ' 1.6 27 14 45 53 i 47 
14 t - - 59 1 

1 
53 

Regional" , I l I 

' Baier and Zwiefehofèr ( 1991 ) (Vahies m % of sludge féd to the respective step) 
' Messengers (1 989) 
' PagiUa et al. (1 996) 



Lïkewise. Pagiua et al. ( 1 W6), found that the duai-digestion supernatant COD was 

consistentiy l e s  than the mesophilic ariaerobic contml supernatant COD. The average 

supeniatant COD concentration m the dual-digested sludge was 12340 mg/L coqared to the 

average supernatant COD concentration of 19080 mg/L found in the fidi scale contrai. 

622 Pizthogen Redudion 

Land application of sludge creates a potentiai for hurnan and anirral exposure to 

pathogens both through direct and mdirect contact. In sorne countnes (e.g. Switzerland, the 

United Kingdom and the USA), concem regardhg the hygienic quality of treaîed sludge has 

resuited in legislation that requires waste sewage sludge that is to be disposed of on iand. to be 

vntuaHy free of pathogenic organisms (pathogen Uidicator) (Bruce. 1990: Kelly. 1990: Baier, 

199 1 ; Federal Register, 1 993). 

Heat inactivation a process which is non-specific and irrevesible. has been used 

wherever there was a need to convert sludge mto a product k of potentiaüy pathogenic 

organisms. The pathogenic organisms present in the proces feed are subjected to a marked 

temperature shock that deactivates them (pathogens are irreversibly damaged above 50°C). 

Heat treated shidge is classified by the USEPA Sewage Sludge Use and Disposal 

Reguhtions (Part 503 Standards) as Class A sludge. Class A pathogen reduction alternatives 

render the sewage sludge vnhiayl pathogen-fke afker treatment. Treated sludge can then be 

applied to the iand. ATP systems are also classified by the Swiss and Germans as a process that 

rneets the criteria for the production of a disinfected sludge. Recent regdation in the United 

Kingdom also includes ATP systerns as a means of pasteurisation, providing bat the domestic 



sludge is digested for 7 days and providing that it has reached 55OC for at les t  4 hours (Bruce. 

1990; Kelly, 1990). 

Studies der taken  concerning the destruction of pathogens through high temperature 

digestion have been numerous and report the destruction of pathogenic organhns such as 

Salmonella sp., Ascaris ova enteric viruses, viable helrninth ova taenidae eggs. f d  

coliforms, etc. Investigatos reporthg hi& temperaturP shidge pasteurisation mchde Kennedy 

et al. 1 994; Baia and Zwiefelhofer, 1 99 1 ; Messenger et al. ( 1 989); PagiIla et al. ( 1 996) and 

Ponti et al. (1 995b) among others. 

Swiss and German regdations concentrate on three groups of organisms regardeci as 

mdimtor organism for hygienized sludge: enterobacteriaceae (EBC), salmoneh, and 

ascaridae and taenidae eggs (Baier. 199 1 ). Over 500 samples of raw. thermophilic. digested. 

and stored sludge across Europe were analyzed for EBC. Raw sludge usually contains 10' to 

10' counts of EBC/g, and in the themphilic reactor they are reduced by a factor of about 10' 

to 1 0'. In the followlig mesophilic digester the level of EBC is detected between 1 to 50 

EBC/g which mets  the stringent Swiss legislathe requirernents of a maximum of 100 EBC/g 

of wet, stabilised sludge. This concentration stayed stable m consolidated and cold-stored 

sludge for up to 1 year. in dual-treated sludge, saknoneUa counts rem& below detection levels 

and have never been found regardles of the concentration in the raw sludge. Parasitological 

investigations of pre-treated and digested sludge have fàiled to h d  any viable worm eggs 

(Baier, 1991). 

Messenger et al. ( 1 989) investigated the disinfection capacity of the dualdigestion 

proces at Milwrton This 45 m3/d fàcility, which treats a blend of prllnary and humus sludge 



h m  a biofiiter works, is batch fed with each batch mterval king at least 2 hours (the minimum 

required time for &&on at S O C ) .  Messenger's results hdicate that the reactor completely 

destroys Ascaris ova and Faecal colifomis are reduced by about 8 orden of magnitude 

aitbugh slight regrowth occurs m the digester. 

62.3 Digester FwmUig C o d  

Mixeci sludge containing Nocardia laden WAS. when fed to anaerobic digesters may 

cause severe surface foam build-up leading to solids profile mversion, tipping of digester 

floating covers. blockage of gas mixing devices, and clogging of gas collection systems (Pin 

and Jenkhs, 1990). PagilIa et al. ( 1 996). studied the a b i i  of aerobic themphilic pre- 

treatment to control the Nocardia present m the waste activated siudge. and hence prevent 

foaming in the nibsequent aoaerobic digestion ATP was able to control Nocardia to below 

detectable levels. whereas the Nocardia levels in the control (mesophilic digestion alone) were 

> 10' mtersectiodg VSS when both were fed mixed sludge containkg Nocardia -nt 

counts m excess of 1 O' intersectiondg VSS. 

62.4 Digeste Cas rikld 

Biogas is a mixture of colourless, flammable gases produced by anaerobic digestion of 

organic waste materials (Garba, 1996). The composition of biogas is: rnethane (CK) 50-70%, 

carbon dioxide ( C a )  3040% and minor quantifies of hydrogen (Hz). hydrogen sulphide 

(HzS), nitmgen (N2).  and oxygen (a) (Garba, 1994). It is also saturateci with water vapour 

(EPA). Biogas when generated can be used to supply energy for iighting, water heating, 



eledricity generatio~ water pumping etc. 

Var- resuhs have ken found with respect to digester gas production rate m an ATP 

digester versus a conventionai mesophilic anaerobic digester. Messenger et al. (1989) found 

that in the ATP digester at Milnerton the specifïc gas yield was 0.92 m'kg VS removed. This 

shows the ATP digester methane yield is slightly higher than what one would expect kom a 

conventional mesophilic anaerobic digester (specifk gas yield: 0.75 m'/kg VS removed). 

Smiilarly. Baia and Zwiefelhoier (1991) mvestigated 4 plants in which rnesophilic 

digesters were operated identically before and d e r  mtmduction of pre-treatment into the 

sludge treatment scheme. Their studieti indicate that ahhough there was significant VS 

reduction m the thermophilic reactor, in none of the four investigated digesters was a reduction 

of the volume of specific biogas production found. The amount of biogas produced was stable 

or enhanced as compared with digestion alone. Accorde  to Baier and Zwiefelhofer ( 199 1 ). 

sludge pre- treatment by aero bic t h e m  philic hydro lisation aiters the amo unt and composition 

of orgmic rnaterial fed into the digester. ûnly part of these products is metaboiised by 

themiophilic bacteria, and the majority is lefi m the sludge as a substrate for anaerobic digester 

organisms. 

Pagilla et al. ( 1996). on the other hand found that the average gas production rate kom 

their ATP digester was 0.761 m3/kg VSS destroy and the average gas production fiom the 

mesophilic digester was 0.9 1 8 m3/kg VSS destroyed. Pagilla et al. ( 1996) did however find 

that the C& content of the ATP digester was consistently higher than its counterpart's, while 

it's H2S concentration was considerably lower. The lower H2S concentrations may be due to 

air stripping of HÎS in the aero bic thmphil ic  stage. If so, this could be beneficial since the 



large vohime of anaerobic digester sMge gas produced would not require scrubbmg to 

m v e  H2S before bewficial use or flarmg and the small volumes of ATP reactor gas couid be 

treated for H2S removal before amiosphenc re1ease. High concentrations of H2S m the reactor 

gas makes t l e s  suitable for Daring or reue because of the S 0 2  formation potentid resulting in 

air pollution (Pagilla et d. 1 996). 

625 Dewîüerability 

Pagilla et al. ( 1996) compared the dewaterabihy of dual digested sludge (TAD pre- 

treatrnent plus meço philic digestion) to meso philic digested sludge (control) using a centrifuge 

under the sarne operating conditions. When 1.2% TS mesopMc digested sludge was 

centrifugai, a 30% TS sludge cake was produced. SimiIar experiments with 0.8% TS dual- 

digested sludge provided sludge cake with soli& concentration of 32-36% TS. These 

observations are m agreement with Baier and ZwiefeIhofer ( 199 1 ), who found that dual- 

digested sludge produced a 1540% increase in TS concentration coqared with the 

mesophilic anaerobically digested sludge, when both were statically thickened for the sarne t h e  

periods. The increase m dewaterabiiay was a t t n i e d  to the more d o m i  particle size 

distrilution in duaidigested sludge. 

62.6 Swnnrary 

In addition to aiding in the denitrification process, thermophilic aerobic digestion would 

serve other purposes. Improved pathogen kill and dewatering, enhanceci sludge stabilisation 

and control of filamentous foaming m the anaero bic digester are some of the advantages of the 



sequential process. Shce the siudge is conditioned and sohibilized durhg the aembic treatment 

phase, thk should enhance anaerobic digestion and act as an absorber for shock loadings which 

rnight be detrinienta1 to the more sensitive anaembic digester. 



CONCLUSIONS AND RECOMMENDATIONS 

7.1 CONCLUSIONS 

The feasïbiiity of a thennophüic aerobic digestion pre-treatment reactor to produce 

volatile fà.tty acids to act as a carbon source for denitrification was investigated m this study. 

The parameters examineci m the S O C  reactor fed with primary so iids O btained fiom the 

NEWPCC were oxygenation state, SRT/HRT. and iduent solids characteristics. Based on the 

resuhs of this researsh, the foilowing conclusions couid be made: 

1) The aerobic themphilic pre-treatment process was f o n d  to be capable of producing 

large quantities of short chah vo iatile fàtty acids as long as oxygen-deprived conditions 

existed. VFA concentrations decreased under the OS conditions and accumulated 

under all OD conditions stuclied. Under the OD conditions, the production rate 

mcreased with increashg retention time fiom 0.029 mg HAc/mg VSd at 6 hours to 

0.057 mg HAJmg VSd at 24 hours. 

2) Acetic acid concentrations in the OS and OD experiments were comparable and always 

the highest of al1 VFAs (59.6% - 64.3%). The OS condition exhiiited higher propionic 

acid concentrations (3 0.3%) then did the OD experiments (average of 1 7.2%). This 

higher propionic acid concentrauon m the OS experiment was baianced by a lower 



concentration of butyric and valeric acids. In the range studied (6 to 24 hours) the 

percent VFA distri'bution was not affécted by retention t h .  The majority of the acid 

produchg bacteria are therefore rnostly likeiy equany influenceci by the retention t i .  

variation 

3) ûrganic nitrogen was metabolised to amnonia nitrogen which accumulated in the 

reacton under al conditions studied, but more so with a decreasing oxygen suppiy and 

mcreasing retention tirne. The OS experiment exhibiteci a 8.6% hcrease in arnrnonia 

nitrogen concentration whde the OD experiments exhïed a 41.6% increase at 6 hours 

SRTIHRT which increased to 142.8% at a 24 hour SRT/HRT. 

4) The VFA specific production rate did not appear to vary with the influent solids 

concentration 

5 )  The SOC:NHi-N ratio of the TAD effluent decreased with an increasing oqgen mpply 

and mcreasing retention tirm. Although the SOC:NH3-N ratio decreased under most 

conditions. the carbon is more readily assrmilable. 

6)  The TAD process is capable of producing greater quantities of VFAs at lower SRTs 

than are the more conventional anaero bic pre-fermenters at ambient ternperatures. For 

example, 0D24 produced 0.1 12 g HAc/g VS while a conventional fermenter operathg 

at 25OC with a 0.9 day SRT produced 0.05 g HAc/g VS. The TAD process is capable 

of producing lower concentraiions of propionic acid as compared to the more 

conventional fermenters. 

7) Retuming TAD supernatant to the plant influent would increase the f i e n t  

COD/NH3-N concentration to aid in the denitdication process. 



8) The specinc sohibktion rates were greatly Binuenced by the oxygenation state. 

hiring the OS cent the COD specific solubilizallon rate decreased and during 

the OD experknents, the solubilization rates mcreased with increasing retention time 

ftom 0.075 mg COD/rng VS-d at 6 hours to 0.123 mg COD/mg VS-d at 24 hours. 

The SCOD content of the OD supematants are easily biodegradable due to the hi& 

percentage of SCOD due to VFAs (60% - 71.3%). 

9) Volatile solids removal appeared to mcrease with increaSing oxygen suppiy. The 

percent reduction was 17% m the OS experiment and ranged nom 6.7% to 12.4% in 

the OD reactors. As with COD solubktion and VFA production. there was a stress 

on the system at the 6 hour SRT/HRT and little increase between the 12 and 24 hour 

SRTHRT. 

10) The aIkalindy increased under aU conditions studied and was found to mcrease with 

mcreasing oxygen supply and retention time. The total alkalinity increased by 1 137 

mg& as CaC03 during the OS experirnent and ranged ftom 385 mgR as CaCO, 

during 0D6 to 975 mg/L as CaCOl diiring OD24. The a k a h d y  hcrease during the 

oxygendepmied experiments was m a  likely due to metabolismgenerated alkalùiay 

f?om the nitrogenous o r g e  compounds. An<alinity was also formeci fiom the salts of 

organic acids however, this aBcalinity is not available to neutralize additional VFA. The 

bicarbonate aIkalinity was hi& enough to buf5er the system pH in the neutral range and 

stiU have additional aIkalinity avaüable for a fùture mesophilic anaero bic digestion step. 

In addition to aiding in the denitrification process, there are rnany other advantages to 



employing thermophik aerobic digestion as the fkt step m a two-step process. By adcihg an 

aembic thennophilic pre-treatment step to existing anaerobic sludge treatment fàcacilities. the 

treatment capacity cm be mcreased as a result of improved performance and a shorter retention 

time for anaerobic digestion tn addition, miproved dewatering, enhanced sludge stabilization 

shidge pasteurkation and control of filamentous foa- m the anaerobic digester are some of 

the other advantages of the sequential process. 

7.2 RECOMMENDATIONS 

This research has proved that a themiophilic aerobic pre-treatment reactor is capable of 

producing large quantities of VFA and would increase the CODMI-N ratio of the influent 

wastewater, creating more amiable conditions for denitrification Many questions however still 

remain which require additional research Recommended future areas of research are as 

folows: 

1) Conhn  the results of this study m a full scale system, subjected to a greater flow 

variability . 

2) Dete& the effect of TAD supernatant of fidl scale denhdjing plant (including a 

nitrogen niass balance around whole system). 

3) Perform a cost analysis to compare the TAD process with the more conventionai 

fermenters and chernid addition. 

4) Perform a heat balance around the system to determine energy requirements. 



5) Assess the TAD reactor perfionnance at difb-ent operational temperatures ranging 

h m  50°C to 65°C. 

6) Investigate of the dewaterability characteristics of the dual digested siudge. 
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APPENDIX A 

PATHWAYS 
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Figure Al. Glyco iysis. The Embden-Meyerho f pathway for the conversion of glucose and 
sugurs to ppvate. 
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Figure A 2  The Entner-Doudoroff Pathway. 
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Figure A3. The Pentose Phoshate Pathway. 
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DATA 



APPENDIX B: DATA - Solids Measurements 

Date 

Average OS24 

Prirnary Sludge 
Total Vo iat iIe 
Solids So lids 
(6) (mg/L) 
52340 36320 
32980 22980 
3 8040 25440 
47340 29980 

54760 33640 
56600 31 100 
48480 29480 
52220 36880 
3 1340 23260 
33300 24800 

MD Sludge: OS24 
To ta1 Volatile 
So lids Solids 

(Wm ( m g m  

TAD Sludge: 0D24 
Total Volatile 
Solids So lids 
m g w  (mg/"L) 
4 1760 27560 
36280 23600 
37620 25200 

Note: Double line indicates mixer speed increase fiom 200 RPM to 400 RPM. 



APPENDIX B: DATA - Solids Measurernents 

Experiment 2 1 
Date Prirnary Sludge 

Total Volatile 
Solids Solids 

( m m  (mgW 
42750 27860 
35 180 21570 
4 1400 25200 
5 1780 30610 
46280 27460 
54400 3 1740 
50830 28680 
46620 27240 
43 1 O0 25370 

TAD Sludge: OD18 
Total Vo lat iie 
Solids Solids 

( m a >  ( m d u  
40130 25550 
39420 23350 
44300 24230 
49 140 26860 
50770 280 2 0 
63070 32350 
65950 32000 
63 1 70 29600 
60720 28780 

Average 0 ~ 2 4 1  43061 28234 1 

Experiment 3 
Date 

8/26/95 
8/27/95 
8/28/95 
8/29/95 
813 0195 
813 1/95 

Average OD 1 8 
Average OD 12 

Primary Sludge 
Total Volatile 
Soiids So lids 

mm ( m g l u  
81010 39230 
72550 37800 
68030 37750 
64000 35460 
64520 36050 
63850 34070 

TAD Sludge: 0D24  
Total Vo kit ile 
Solids Soiids 

(mg/L) (mgW 
39720 254 1 O 
38 180 23750 
4 1960 24880 
45080 25430 
49070 26750 
53810 29230 
54640 27680 
53890 27330 
49230 25690 
4253 1 25807 

TAD Sludge: OD18 
Total Volatile 
So lids So iids 

(mgn) (mg/L) 
66510 3157 
66580 33490 

TAD Sludge: ODl2 
Total Vo lat ile 
Solids Solids 

( m m  (mg/') 
63900 30900 
61880 3 1960 



APPENDIX B: DATA - Solids Measurements 

Date 

1 Average 0D6 

Primary Sludge 
Total Vo lat iIe 
S O lids Soiids 

(mg/L) (mg/L) 
30260 16690 
28820 16970 
28480 17230 
38990 23890 
4 1 940 28650 
48550 26710 
36 173 2 1690 

rAD Sludge: 0 D 6  
Total Vo latiie 
Soiids Soiids 

( m g m  (mgR) 
30870 16530 
53120 26610 
343 10 18870 
25780 15800 
34630 20990 
38380 23000 



APPENDLX B: DATA - Discharge Cas Measurements 



APPENDFX B: DATA - ORP 

Date TAD Sludee: OS24 

Average OS24 

M D  Sludee: 0D24 

Note: Double h e  indicates mixer speed increase fiom 200 RPM to 400 RPM. 



APPENDIX B: DATA - ORP 

Date 

Average 0D24 

TAD Sludge: 0D18 

Experiment 3 
Date 

Average OD 1 8 
Average OD 12 

TAD Sludee: OD24 

rAD Sludge: OD12 
ORP (mV) 

-3 14.5 
-378.8 
-347.0 
-398.0 
-398.0 



AP PENDIX B: DATA - ORP 

Experiment 4 
Date TAD Sludge: 0 D 6  

(mV) 
-350.0 
-36 1 .O 
-306.8 
-309.1 
-3 14.9 
-3 3 7.0 



APPENDIX B: DATA - Alkalinity and pH Measurements 

Date Prirnary Sludge 
Aikalinity pH 

Average OS24 

rAD Sludge: OS24 
Alkaiinity pH 
( M a s  
CaC03) 
3540 6.15 
3528 6.80 
2640 6.3 5 
2664 6.85 
3 144 7.10 
3360 7.60 
3420 7.00 
3060 7.50 
1920 7.40 
2100 7.30 

2136 7.1 O 
2400 7.40 
2004 7.15 
1 644 7.20 
1 704 7.20 
1464 7.00 
1608 7.30 
1620 7.00 
1524 6.80 

l'AD Sludge: OS24 
Alkalinity PH 
(mgk 
CaC03) 
2880 6.40 
2760 6.30 
2544 6.15 
2544 6.10 
2808 6.20 
3000 6.30 
2820 6.00 
2820 6.00 
1716 6.15 
1 776 6.15 

2736 6.15 
2940 6.30 
2340 6.15 
1 704 5.90 
1920 5.95 
1956 6.05 
2148 6.15 
2400 6.10 
3700 6.30 

Note: Double line indicates mixer speed increase fiom 200 RPM to 400 RPM. 



APPENDM B: DATA - Alkalinity and pH Measurernents 

Experiment 2 
- 

Date 
-- - - 

Primary Sludge 
Alkaiinity pH 
( W f L  
CaC03) . 

1380 6.25 
1224 6.40 
1356 6.50 
1848 6.10 
1680 6.10 
2028 6.30 
1824 6.40 
1908 6.40 
1524 6.40 

Primary Sludge 
Oate 1- 

M D  Sludge: OD18 
Alkalinity pH 
(mgL as 
CaC03) 
2220 6.15 
2292 6.15 
2676 6.10 
2712 6.1 O 
2640 6.10 
3276 6.00 
2640 5.80 
2580 5.85 
2748 5.90 

l'AD Sludge: OD18 
Alkalinity pH 
( m u  as 
CaC03) 
3000 5.75 
33 12 5.85 

- -  - 

ITAD Sludge: 0D24 
Alkalinity PH 
(mgn. 
CaCO3) 

TAD Sludge: ODX2 



APPENDIX B: DATA - Ablini ty  and pH Measurements 

Date Primary Sludge TAD Sludge: 0 D 6  
Aikalinity pH Alkaluiity pH 



APPENDIX B: DATA - COD Measurements 

Date 

Average OS24 

Prïmary Sludge 
Soluble COD Soluble COD 

(mgn) 
4920 
7750 

 AD ~ l u d F 0 ~ 2 4  
Soluble COD 

(W) 
4838 

Note: Double h e  indicates mixer speed increase t?om 200 RPM to 400 RPM. 



APPENDIX B: DATA - COD Measurements 

Date 

8/ 1 4/95 
8/ 1 5/95 
8/ 1 6/95 
8/ 1 8/95 
8/19/95 
8/2 1/95 
8/22/95 
8/23/95 
8/24/95 

Primary SIudae 
Soluble COD 

TAD Sludge: OD18 
Soluble COD 

(mg/L) 
6975 
5350 
6000 
6950 
7150 
6500 
7400 
6600 
7000 

TAD Sludge: 0D24 
Soluble COD 

Primary Sludge 
Soluble COD 

TAD Sludge: OD18 
Soluble COD 

TAD Sludge: 0D12 
Soluble COD 



APPENDIX B: DATA - COD Measurements 

Date 

Average 0 D 6  

Primary Sludge 
Soluble COD 

1560 
2000 
1975 
2900 
2855 
3425 

rAD Sludge: OD6 
Soluble COD 

(mgk) 
2687 
3668 
3963 
4060 
4555 
5488 



APPENDM B: DATA - Volatile Fatty Acids Measurements 

Average OS24 

Acetate 

(mg/L) 
906 
864 
956 
848 
1599 
1080 
906 
1158 
817 
777 

1055 
846 
940 
790 
805 
848 
914 
1015 
850 
896 

Propionate 

( m m  
418 
378 
513 
472 
586 
530 
43 1 
413 
319 
369 

568 
596 
608 
500 
502 
50 1 
542 
527 
477 

Butyrate 

( m m  
247 
303 
334 
277 
393 
381 
173 
153 
223 
265 
307 
267 
267 
217 
222 
2 16 
248 
249 
225 

LTotal VFA expressed as acetic acid equivalence 

qote: Double line indicates mixer speed increase &om 200 RPM to 400 RPM. 



APPENDM B: DATA - Volatile Fatty Acids Measurements 

Date TAD 

Average OS24 

Acetate 

m g f u  
1122 
1333 
1682 
1167 
463 
1039 
578 
568 
3 84 
387 
32 
40 
14 
9 
5 
17 
14 
17 
16 

Propionate 

( mg/L) 
260 
155 
152 
116 
7 
79 
13 
1 
2 
O 

Iso- 
Butyrate 

( W m  
130 
187 
222 
209 
213 
216 
202 
138 
63 
122 

'Total VFA expressed as acetic acid equivalence 

Butyrate 

222 
350 
325 
243 
61 
8 
O 
O 
2 
1 
1 
2 
O 
O 
O 
1 
1 
1 
1 

Total 
VFA* 
(ml@) 

1752 
2074 
2466 
1833 
954 
1480 
1002 
827 
513 
630 
48 
66 
24 
16 
7 

26 
23 
28 
25 
29 

Vote: Double iine indicates mixer speed increase nom 200 RPM to 400 RPM. 



APPENDM B: DATA - Volatile Fatty Acids Measurements 

- 

Date 
Acetate 

(mg/L) 
1938 
1974 
2207 
1647 
2879 
1981 
2381 
2893 
1368 
1453 
1964 
2045 
1994 
1951 
1885 
1876 
1884 
1973 
1701 

TAD Sludge: OD24 

m m  

L 

Propionate 

(I-ng/L) 
806 
724 
857 
818 
792 
827 
837 
683 
410 
567 
897 
883 
880 
83 1 
70 1 
730 
820 
826 
807 

Iso- 
Butyrate 

(mgW 
226 
203 
195 
220 

O 
225 
182 

O 
55 
4 1 
207 
180 
185 
200 
190 
220 
220 
210 
188 
. . 

kTotal VFA expressed as acetic acid equivalence 

- -  -- 

Butyrate 

(mg/L) 
689 
603 
569 
483 
469 
627 
503 
240 
226 
305 
600 
605 
448 
343 
216 
257 
423 
504 
47 1 

Iso- 
Valerate 

(mgW 
438 
41 7 
360 
311 
349 
424 
360 
278 
239 
298 
418 
402 
330 
294 
274 
272 
347 
3 84 
342 

Total 
VFA* 

(ml@) 
3568 
3438 
3722 
3054 
4137 
3598 
3829 
3833 
2087 
2379 
3580 
3627 
342 1 
3253 
2968 
3030 
3278 
3438 
3075 



APPENDM B: DATA - Voiatile Fatty Acids Measurements 

Experiment 2 
Date 

Average 0D24 

Acetate 

(mg/L) 
634 
486 
503 
873 
919 
998 
740 
810 
729 

Pro pionate 

( m m  
372 
225 
21 1 
488 
52 1 
493 
409 
407 
386 

Iso- 
1 Butyrate 

(mgn) 
10 
50 
38 
85 
60 
63 
63 
30 
50 

Butyrate 

160 
86 
63 

238 
209 
178 
190 
1 72 
208 

Total 
VFA* 

(mg/L ) 
1116 
802 
782 
1589 
1620 
1656 
1319 
1349 
1298 

Iso- 
Valerat e 

mm 
70 
48 
48 
97 
88 
88 
74 
72 
79 

'Total VFA expressed as acetic acid equivalence 

Valerate 

( m m  
40 
23 
19 
73 
74 
72 
54 
49 
57 

Experimen t 2 1 
Date 

8/ 1 4/95 
8/ 1 5/95 
8/ 1 6/95 
8/ 1 8/95 
811 9/95 
8/2 1/95 
8/22/95 
8/23/95 
8/24/95 

TAD Sludge: 0 D 2 4  
Acetate 

(mgW 
1631 
1595 
1573 
1603 
2256 
2169 
201 7 
2025 
1651 

Iso- Butyrate Zso- 1 Butyrate 1 ( Valerate 
Vaierate 

(mg/L) 
97 
89 
1 O6 
1 1 1  
131 
90 
86 
111 
121 

1 Total 
VFA* 

(mgW 
2633 
2498 
3508 
2745 
3370 
3092 
2946 
3068 
2649 

*Total VFA expressed as acetic acid equivalence 



APPENDM B: DATA - Volatile Fatty Acids Measurements 

Experimen t 2 
Date M D  Sludge: OD18 

- 

Acetate 

(mw") 
1640 
1484 
151 1 
1982 
2029 
2052 
2102 
1921 
1763 

Propionate 

(mgW 
569 
5 17 
472 
694 
83 1 
716 
678 
639 
638 

Total 
VFA* 

(mg/L) 
2550 
2363 
2342 
3188 
3358 
3 192 
3220 
2974 
2808 

rso- 
Vderate 

(mgW 
258 
240 
233 
317 
297 
295 
29 1 
287 
266 

Valerate 

87 
1 O4 
115 
138 
147 
156 
155 
13 1 
132 

*Total VFA expressed as acetic acid equivalence 

Experimen t 3 1 

Date 
Propionate 

(mgfu  
528 
530 
696 
666 
705 
490 

I so- 
Butyrate 
( m g m  

69 
75 

1 O0 
112 

O 
O 

Butyrate 

( m g m  
362 
359 
457 
40 1 
368 
397 

Iso- 
Valerate 

(mgW 
87 

102 
135 
120 
111 
118 

78 

Valerate 

( m g W  
76 
78 

111 
1 O 4  
91 
99 

56 

Total 
VFA* 

(mg/L) 
1767 
1774 
2313 
2129 
2236 
1882 

*Total VFA expressed as acetic acid equivalence 

Average OD 1 8 
AverageOD12 

780 
1101 

415 
603 

54 
59 

202 
39 1 



APPENDM B: DATA - Volatile Fatty Acids Measurements 

Experiment 3 1 
Date ITAD Sludee: OD18 

'Total VFA expressed as acetic acid equivalence 

8/26/95 
8/27/95 
8/28/95 
8/29/95 
813 0195 
813 1/95 

4verage OD 1 8 

- 

Experimen t 3 1 

Acetate 

(6) 
1828 
1936 

1 84 1 

Date 

Average OD 1 2 

TAD Slu 5ge: OD12 
Pro pionate ~ 
( m m  ' 762 

888 
942 
968 
Il36 
698 

- -- 

Ise- 
B utyrate 
(mg/.)  

140 
188 
196 
183 

O 
200 

Butyrate 

(mg/L) 
463 
623 
546 
616 
679 
666 

*Total VFA expressed as acetic acid equivalence 

Total 
VFA* 
( m m  
2970 
3332 
3764 
3697 
4320 
3318 
3567 

Iso- 
Valerate 

240 
302 
320 
344 
321 
344 
3 12 

Vaierate 

(mgW 
112 
135 
156 
168 
154 
152 
146 



APPENDM B: DATA - Volatile Fatty Acids Measuremeats 

-- pp - 

Experiment 4 1 
Date 

Acetate Propionate 

(mg/L) 
207 
161 
185 
324 
336 
462 

Iso- 
Butyrate 
(mdL ) 

130 
O 
O 
O 

30 
O 

*Total VFA expressed as acetic acid equivalence 

Butyrate 

(mgAJ 
80 
117 
145 
162 
203 
242 

Valerate 

(mgm 
19 
21 
26 
3 1 
37 
45 

Total 
VF A* 
(mgW 

793 
59 1 
663 
1 O68 
1124 
1416 

Experiment 4 1 
Date ~TAD Sludee: OD6 

1 Acetate 

Average 0D6 1 996 

Iso- Butyrate Iso- 
PropioMte 1 Butyrate 1 1 Valerate 

Valerate 

'Total VFA expressed as acetic acid equivalence 



APPENDIX B: DATA - Ammonia Measurements 

Experiment 1 
Date 

Average OS24 

Primary Sludge 
Arnmonia Nitrogen 

mm 
282-4 
255.1 
270.4 
290.0 
337.9 
330.1 
2 17.0 
225.3 
223.8 

IrAD Sludge: OS24 
Armnonia Nitrogen 

m g w  
729.0 
648.3 
641 .O 
650.7 
707.0 
646.5 
653.5 
554.0 
381.1 

TAD Sludge: OS24 

Note: Double line indicates mixer speed increase fiom 200 RPM to 400 RPM. 



APPENDEX B: DATA - Ammonia Measurements 

Date 

Average 0 D 2 ~  

~ r i k a r ~  slÜdge 
Ammonia Nitrogen 

( WdL) 
2 12.2 
153.5 
159.8 

Experiment 3 
- - 

Date 

Average OD 18 
Average OD 12 

Primary Sludge 
Amrnonia Nitrogen 

(mg/L) 
262.0 
283.0 

- -- --- - 

TAD Sludge: OD18 
Ammonia Nitrogen 

495.9 
470.7 
499.3 
583.8 
545.1 
5 12.4 
568.9 
544.7 
524.0 

TAD Sludge: OD18 
Arnmonia Nitrogen 

0W-u 
539.0 
641 .O 

rAD Sludge: 0D24 
Ammonia Nitrogen 

T A D  Sludge: OD12 
Amrnonia Nitrogen 

(mgfu  
492.0 
596.0 
638.0 
670.0 
664.7 
644.0 



APPENDIX B: DATA - Ammonia Measurements 

Date Primary Sludge 

Average 0D6 

-- .. 

Ammonia Nitrogen 
M D  Sludge: 0 0 6  

- 

Ansrnonia Nitrogen 
m m  
207.1 
198.2 
307.4 
278.2 
367.8 
3 17.0 
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APPENDIX C: BALANCES AND BALANCE ERRORS 

Sampk Cakulatioo 0D24 

P = 3 L  
TADS = 200 rnL 
TF = (4 + 273)"K 
TTAD = (55 + 273)"K 
44 = 1000 kg/m3 
$55 = 986 kg/m3 
ho= 988 kg/m3 
OF24 = 0.4 17 l i tdmin  
AAT = (21 + 273°C) 
ATT24 = (53.9 + 273°C) 
AïTl 8 = (52.9 + 273OC) 
AïTl2 = (51.8 + 273°C) 
AïT6 = (50.8 + 273°C) 
PPATT24 = 15303 Pa 
PPATïl8 = 14533 Pa 
PPA'lT12 = 13686 Pa 
PPATT6 = 12916 Pa 
R = 8.3 144 jodeKrmle 

Vohime of thickened prïrnary shdge féed 
Volume of TAD sludge m v e d  by samplsig 
Air temperature of refkigerator at feeding thne 
TAD temperatu~ before féeding 
Density of water at 4°C 
DensUy of water at 55°C 
Density of water at 20°C 
ûxygen flow 
Average ambient temperahne over past 24 hours 
Average tempemtm in TAD over past 24 hours 
Average temperature m TAD over past 24 hours 
Average temperatlire m TAD over past 24 hours 
Average tempaature m TAD over past 24 hours 
Partial pressure of water vapour at average TAD24 temp 
Partiai pressure of water vapour at average TAD 1 8 temp 
Partial pressure of water vapour at average TAD 12 ternp 
Partial pressure of water vapour at average TAD6 temp 

1. Calculaîion of volume lost with saturateci off-gas 

Gout = PPATT24-OF24 . (0.0 1 8 kghole) 
R-An24  

= 0.061 kg/day (Mass ofwater m air out of TAD24) 
GTAD24 = GTAD24 

h o  
= 0.062 litedday (Volume of water lost m O ff-gas fiom TAD24) 

2. Calculation of shdge volumes m and out at 20°C 

Vin = Influent h= 3036 mL 
ho 

TADS = TADS &= 199.6 mL 
0 2 0  

VOut = VLn - GTAD24 
= 2974 rnL 



TAD 0D24 Balance EITO~ = MeanVOut - MeanVIn - 100 
MeanVln 

= -2.0 Percent mor m liquid balance around 
TAD 0D24 



APPENDIX C: BALANCES AM) BALANCE ERRORS 

Sample Cakulation 0D24 

Appendix C2: Solids Balance 

Volatile solids destruction was detemewd by calculahg the percentage difference between the 
wan mass of  volatile solids entering the digester and the mea. m a s  of volatile soi& exit the 
digester. Example Mhies h m  OD24. 

VSD = OutVS - h V S  100 
rnvs 

Measurement errors for the solids balance were determineci by combining the calculateci error 
m the liquid balance with the coefficient o f  variance caiculated for the solids concentration 
measurements. 

The total sol& mass error a r o d  the TAD reactor was calculated as the sum of the f i e n t  
soi& concentration coefficient of variance. the TAD solids concentration coefficient of 
variance and the liquid balance percent error around the TAD reactor. 

EMassSystem = 1.2 + 2.0 + 2.0 
EMassSystem = 5 -2% 



APPENDIX D 

RECYCLE CALCULATIONS 



APPENDIX D: RECYCLE CALCULATIONS 

Sample Cakulation for 0D24 

Asslmiptions: 
1) 7% TS to be tnaintained m TAD shidge to be sent to mesophi7c digester. 
2) 1% of plant infiuent flow goes to TAD digester 

where, 
VT= Total vohme of shdge entering TAD reactor (L) = 1 L 
VR = Volume of sludge recycled to plant influent (L) 
VM = Volume of sludge to mesophilic digester (&) 
Xr = Concentration of total solids entering TAD reactor (rng/L) = 4253 1 m& 
& = Collcentraton of total solKls recycled to p h t  Muent (m) 
& = Concentration of totai solids to mesophilic digester (II&) = 70000 @ 

S k e  VT is equal to IL and XT is qua1 to 4253 1 m. it follows that the amount of solids m 
VT is equal to 4253 1 mg. 
If & is negligile, the volume required to send a concentration of XKlOO mg/L to mesophilic 
digester is VM = 4253 1& = 4253 1/7ûûOO = 0.6 1 L 
Since VR = VT -VM, 
VR = 1 - 0.61 = 0.39 L 
If the flow to the TAD reactor is 1% of the total influent flow, and the volume assigned to it is 
1 L. then the influent flow is quai to 100 L. 

Wtirn, 
CO& = Combmed chemicai oxygen d e m d  of idluent wastewater and TAD 

recycle 
CO& = Chernical oxygen d e d  of innuent wastewater = 1 O8  mg/L 
C O b  = Chernical oxygen demant of TAD supernatant to be recycled to plant 

Muent =7097 mg/L 
VT = Total volume of wastewater (influent + recycle) = 1 00.39 L 
Vm = V01uu~ of influent waste-er (100 L) 
VR = Volume of supeniatant recycled to plant influent (0.39 L) 



Table D 1. Supernatant Recycle Volumes 
EXP. VT XT XM VM VR 

(I.1 mm (LI (LI 
OD24 1 .O 4253 1 70000 0.6 1 0.39 
0D18 1 .O 55433 70000 0.79 0.2 1 
OD12 1 .O 63814 70000 0.9 1 0.09 
0D6 1 .O 36182 70000 0.52 0.48 

Table D2. Estimated E ffect of TAD Supernatant Recvcle on Influent Flow Concentrations 
Parameter Influent TAD Altered Load Change 

Supernatant Influent (%) 
7097 135.2 25 
600 30.2 8 

4.5 
6861 122.2 13 
539 29.1 4 

3.2 
8683 1 15.7 7 

NH3-N (mg/L) 28 618 28.5 2 
' COD/NH,-N 3.9 4.1 

0D6 COD (rnglL) 1 08 4070 126.9 18 
NH3-N (mg/L) 28 279 29.2 4 

; CODINH3-N 3.9 4.3 
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