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ABSTRACT 

Currently the South African agricultural sector withdraws approximately 70% of the freshwater 

resources, which is of great concern considering the forecast increase in water withdrawals due to 

the expected increase in required food production.  The wine industry, in particular, produces large 

amounts of wastewater to produce 1 L of wine.  This winery wastewater legally requires treatment 

before it can be disposed of into the environment or be sent to municipal treatment plants.  Treatment 

is required for winery wastewater due to the high volumes of wastewater (seasonal production) and 

due to the winery wastewater’s chemical characteristics (high COD concentrations, high salinity and 

sodicity, high nutrient content, acidic pH and polyphenol concentrations) which are detrimental to the 

environment if discharged.  Treated wastewater should rather be used for irrigation to partially relieve 

the strain on freshwater withdrawals by the agricultural industry.  Re-using treated wastewater is an 

advantageous alternative to ensure freshwater sustainability.  Research and development are still 

ongoing to develop more cost effective winery wastewater (WW) treatment options.  Anaerobic 

digestion (AD) is a compatible and successful treatment option to treat this highly biodegradable 

winery wastewater.  Only some AD processes have, however, been successfully applied in the wine 

industry.  One specific process, the Anaerobic Sequencing Batch Reactor (AnSBR) is still under 

development, but has potential due to it’s kinetic advantage (alternating F:M ratios (food to micro-

organisms)), flexible mode of operation which is advantageous for varying wastewater production 

volumes (batch system (shorter feeding time) or fed-batch system (semi-continuous, longer feeding 

time) and due to it having good control systems, the effluent can be withdrawn from the process 

when it complies with legislation parameters.  This process therefore requires optimisation at a 

laboratory scale as the limited number of operational parameters in literature vary greatly.  Therefore, 

the main objective of this study was to investigate the feasibility of the AnSBR to specifically treat 

synthetic winery wastewater and to optimise the operational parameters that affect the efficiency of 

the process.  The study was sub-divided into different Experimental Phases (A – D).  The aim of 

Phase A and C was to investigate the feasibility of the novel AnSBR (14.7 L) to treat a synthetic 

winery wastewater substrate at COD’s ranging from 1 000 – 7 000 mg.L-1.  At a COD of  

4 000 mg.L-1 (Phase A) a 88% COD reduction occurred, the alkalinity was approximately at 3 000 

mgCaCO3.L-1, the total Volatile Fatty Acid (VFA) concentration at 125 mg.L-1 and the pH was 

effectively controlled at ca. 7.2 by the 2 M KOH chemical dosing system.  At a COD of 7 000 mg.L-1 

(Phase C) an 80% COD reduction occurred, the alkalinity was approximately at 3 000  

mgCaCO.L-1
3, the total VFA’s = 500 mg.L-1 and the pH was effectively controlled at ca. 7.2.  A central 

composite experimental design (CCD) was used to optimise three independent parameters at a five-

level design at COD = 4 000 mg.L-1 (Phase B) and COD = 7 000 mg.L-1 (Phase D).  The parameters 

investigated were: �  = pH; �  = feeding time (shorter feeding time (batch process) vs. longer feeding 

time (fed-batch process)) and �  = mixing frequency (mixing set for 10 s every �  min).  The data 

was used to fit a regression coefficient model from which response surface methodology (RSM) plots 
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were drawn to indicate an interaction effect with regard to a specific efficiency measurement.  The 

optimisation of the three parameters was measured according to these efficiency measurements:  

1) COD reduction; 2) Total Suspended Solids (TSS) content of the effluent; 3) VFA:Alkalinity ratio; 

4) Methane percentage; and 5) Polyphenol reduction percentage.  The results of Phases A and C 

showed that the AnSBR was capable of efficiently treating SWW at COD’s up to 7 000 mg.L-1.  The 

optimisation studies (Phase B and D) showed that the optimal operational conditions at an influent 

COD = 4 000 mg.L-1 and 7 000 mg.L-1, would be an influent pH of ca. 6.7 – 7.3 (pH = 7.3), a longer 

feeding time (possibly 240 min) and a less frequent mixing (10 s every ca. 110 min).   
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UITTREKSEL 

Tans onttrek die landbou sektor ongeveer 70% van die vars waterbronne, wat ‘n groot bekommernis 

is aangesien ‘n verhoging in water onttrekking voorspel word vir die toekoms weens die verwagte 

verhoging in voedsel produksie.  Die wynindustrie spesifiek produseer groot hoeveelhede 

wynkelderuitvloeisels om 1 L wyn te produseer.  Hierdie wynkelderuitvloeisels vereis behandeling 

voordat dit in die omgewing vrygelaat word of gestuur word na munisipale behandelingsfasiliteite.   

Behandeling is ‘n vereiste vir die wynkelderuitvloeisel weens die groot volumes wat geproduseer 

word (seisoenale produksie) en weens die chemiese eienskappe van die wynkelderuitvloeisel (hoë 

konsentrasies chemiese suurstof vereiste (CSV), hoë sout en natrium gehaltes, hoë nutriënt inhoud, 

suur pH en die konsentrasie polifenole) wat nadelig is vir die omgewing as dit ontslaan word.  

Behandelde afvalwater moet eerder gebruik word vir besproeiingswater om die landboubedryf se 

druk op die varswaterbronne gedeeltelik te verlig.  Die gebruik van behandelde afvalwater is ‘n 

alternatiewe metode om die varswater volhoubaarheid vir die toekoms te verseker.  Navorsing en 

ontwikkeling gaan steeds voort om meer koste-effektiewe afvalwater behandelingsopsies te 

ontwikkel.  Anaerobiese vertering (AV) is ‘n aanvaarbare en suksesvolle behandelingsopsie om 

hierdie hoogs bioafbreekbare wynkelderuitvloeisel te behandel.  Slegs sekere AV prosesse is 

suksesvol tot die industrie toegepas.  Een spesifieke proses, die Anaerobiese Opeenvolgende Lot 

Reaktor (AOLR) is steeds in ontwikkeling, maar toon die potensiaal deur sy kinetiese voordeel 

(afwisselende K:M verhouding (kos tot mikro-organismes)), buigsame wyse van werking wat ‘n 

voordeel is vir die varieërde volumes afvalwater produksie (lot proses (korter voer tyd) vs. semi-lot 

proses (semi-deurlopend, langer voer tyd) en deurdat dit goeie kontrole sisteme in plek het deurdat 

die behandelde uitvloeisel eers van die AOLR onttrek kan word wanneer dit aan die regulasie 

parameters voldoen.  Die proses op ‘n laboratorium skaal vereis optimisering aangesien die beperkte 

hoeveelheid operasionele parameters grootliks in die literatuur varieër.  Die hoofdoel van hierdie 

studie was om die herhaalbaarheid van die AOLR om spesifiek sintetiese wynkelderuitvloeisel te 

behandel te ondersoek, en ook die operasionele parameters wat die effektiwiteit van die proses 

affekteer te optimiseer.  Die studie is onderverdeel in verskillende Eksperimentele Fases (A – D).  

Die doel van Fase A en C was om die herhaalbaarheid van die nuut-ontwerpte AOLR (14.7 L) te 

ondersoek om ‘n sintetiese wynkelderuitvloeisel substraat te behandel by ‘n CSV reeks van  

1 000 – 7 000 mg.L-1.  By ‘n CSV van 4 000 mg.L-1 (Fase A) het ‘n 88% CSV reduksie plaasgevind, 

die alkaliniteit was ongeveer by 3 000 mgCaCO3.L-1, die vlugtige vetsure konsentrasie was by  

125 mg.L-1 en die pH is effektief beheer by ongeveer 7.2 deur die 2 M KOH chemiese dosering 

stelsel.  Fase C (CSV = 7 000 mg.L-1) het ‘n resultaat van ‘n 80% COD reduksie aangetoon, die 

alkaliteit was ongeveer by 3 000 mgCaCO3.L-1, die totale vlugtige vetsure was by 500 mg.L-1 en die 

pH was effektief beheer by ongeveer 7.2.  ‘n Sentrale saamgestelde eksperimentele ontwerp (SSO) 

is gebruik om die drie onafhanklike parameters te optimiseer op ‘n vyf-vlak ontwerp by CSV = 4 000 

mg.L-1 (Fase B) en CSV = 7 000 mg.L-1 (Fase D).  Die drie parameters wat ondersoek is: 
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 �  = pH; �  = voer tyd (korter voer tyd (lot proses) vs. langer voer tyd (semi-lot proses)) en �  = vermenging frekwensie (vermenging elke 10 s elke �  min). Die data is gebruik om in die 

regressie koëffisiënt model te pas waaruit reaksie oppervlak metodologie (ROM) grafieke getrek is 

om die interaksie effek waar te neem met betrekking tot ‘n spesifieke effektiwiteitsmeting.  Die 

optimisering van die drie parameters is gemeet volgens hierdie effektiwiteitsmetings:  

1) CSV reduksie; 2) Totale gesuspendeerde partikels inhoud van die behandelde water; 3) Vlugtige 

vetsure:Alkaliniteit verhouding; 4) Metaan persentasie; en 5) Polifenole vermindering persentasie.  

Die resultate van Fases A en C toon dat dit moontlik was vir die AOLR om effektief sintetiese 

wynkelderuitvloeisel by CSV’s tot by 7 000 mg.L-1 te behandel.  Die optimiserings studies  

(Fase B en D) toon dat die optimale operasionele kondisies by ‘n CSV = 4 000 mg.L-1 en  

7 000 mg.L-1 sal soos volg wees: ‘n pH van omtrent 6.7 – 7.3 (pH = 7.3), ‘n langer voer tyd 

(vermoedelik 240 min) en ‘n minder vermening frekwensie (10 s omtrent elke 110 min).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 
 

ACKNOWLEDGEMENTS 

 

I would like to express my deepest gratitude to the following persons and institutions for their 

contribution towards the successful completion of this study: 

 

Heavenly Father for granting me the necessary inspiration and motivation throughout the entire 

course of this study; for giving me hope after set-backs and keeping me safe. 

 

Dr. Gunnar Oliver Sigge, my supervisor, and chairman of the Department of Food Science, 

Stellenbosch University.  His work-ethic, dedication and balance set an inspirational standard 

towards which to strive.  His support, encouragement, patience and guidance are much appreciated. 

 

Dr. Corné Lamprecht for her optimism and interest, and for her advice regarding bioreactor 

operations. 

 

Prof. Martin Kidd (Centre for Statistical Consultation, Stellenbosch University) for statistical analysis, 

advice and for the willingness to repeat explanations of the statistics. 

 

Mr. Jason Smit, fellow post-graduate engineer working on the same type of project.  He started out 

as “the engineer”, and became a friend.  His design and construction of the anaerobic digester, his 

technical advice, motivation and help with endless questions are greatly appreciated. 

 

Department of Food Science Technical staff: Veronique Human; Petro Du Buisson and Megan 

Arendse, for their motivation and patience regarding queries about laboratory apparatus. 

 

Department of Food Science staff members: Ms. Daleen du Preez, Ms. Nina Muller, Prof. Marena 

Manley, Prof. Pieter Gouws, Mr. Eben Brooks and Ms. Natashia Achilles.  Their comical stories 

during lunch-breaks, their encouragement and support empowered me emotionally to complete this 

study.  Ms. Anchen Lombard & Dr. Paul (Paulus) Williams, for their friendship, and support during 

coffee-breaks and after-hours trail-running experiences.  Their encouragement, optimism, advice 

and friendship were a blessing. 

 



vii 
 
Fellow post-graduate friends: Kirsten, Wendy (Snr), Michellle, Carmen, Francois, Letitia, Jadri, 

Brandon, Zandré, Wendy (Jnr).  Their help, our shared coffee-breaks, their moral support and all the 

moments of shared laughter moments are greatly treasured. 

 

NRF (National Research Foundation) for financial support.  

 

Winetech for financial support. 

 

My parents (Johan and Aletta Laing) and brother (Johan-Albert Laing), for their unconditional love.  

Their moral support, financial support, encouragement, prayers, interest and willingness to listen to 

yet-another laboratory story are truly appreciated.   

 

My best friends: their support, motivation, interest and love made the journey worthwhile.  Trying to 

illustrate and explain my project repeatedly in simpler terms prompted much creative thinking. 

 

De Wet Mostert, the special person in my life.  His optimism, motivation, willingness to help, support, 

care and love are greatly cherished.  I am grateful for his attempts to understand the will of an 

anaerobic bioreactor, and for his willingness to plan our social times around laboratory work.  He 

added colour to this journey. 

 

 

 

 

 

 

 

 

 

 

 

 



viii 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dedicated to my parents and brother 



ix 
 

CONTENTS 

 

Chapter   Page 

 Abstract ii 

 Uittreksel iv 

 Acknowledgements vi 

 Dedication viii 

 List of Figures x 

 List of Tables xiv 

 List of Abbreviations xvi 

Chapter 1 Introduction 1 

Chapter 2 Literature Review 7 

Chapter 3  Investigating the feasibility and optimisation of the pH, feeding  72 

 strategy and mixing regime on the performance of a novel  

 Anaerobic Sequencing Batch Reactor (AnSBR) treating  

 synthetic winery wastewater 

Chapter 4 General discussion and conclusions 157 

 

 

This thesis is presented in the format prescribed by the Department of Food Science at Stellenbosch 

University.  The structure is in the form of one or more research chapters (papers prepared for 

publication) and is prefaced by an introduction chapter with the study objectives, followed by a 

literature review chapter and culminating with a chapter for elaborating a general discussion and 

conclusion.  Language, style and referencing format used are in accordance with the requirements 

of the International Journal of Food Science and Technology.  This thesis represents a compilation 

of manuscripts where each chapter is an individual entity and some repetition between chapters has, 

therefore, been unavoidable. 



x 
 

LIST OF FIGURES 

 Page 

Figure 2.1 Winemaking flow diagram of white and red wines 11 

Figure 2.2 The basic design of wastewater treatment systems with possible critical  20 

 control points (CCP) for health/sanitation, technical and ecological purposes 

Figure 2.3 Illustration of the applicable treatment options applied on winery wastewater 23 

Figure 2.4 Biological interpretation of the aerobic and anaerobic systems 27 

Figure 2.5 Schematic four step representation of an general AnSBR system 35 

Figure 2.6 Organic compound degradation in anaerobic digestion process 42 

Figure 3.1 Diagram of the laboratory-scale Anaerobic Sequencing Batch Reactor (AnSBR) 76 

Figure 3.2 3-D design of the laboratory-scale Anaerobic Sequencing Batch Reactor  77 

Figure 3.3 Conical base and mixing flow representation within the AnSBR 78 

Figure 3.4 Practical set-up of the laboratory-scale Anaerobic Sequencing Batch  79 

 Reactor (AnSBR). 

Figure 3.5 Monitored operational parameters during Experimental Study Phase A 93 

Figure 3.6 Initial granules (Fig. 3.6a) and disintegrated granules (Fig. 3.6b) used  99 

 during this study 

Figure 3.7 Pareto charts of the effluent’s TSS content during Experiment 1 and 2  101 

 during Phase B 

Figure 3.8 Illustration of (a) sufficient and (b) insufficient settling of the biomass 101 

Figure 3.9 Contour plots of the effluent's TSS content response with regards to the  102 

 interaction between the feeding time and pH during Experiment 1 and 2  

 during Phase B 

Figure 3.10 Contour plots of the effluent’s TSS content response with regards to the  103 

 interaction between the mixing frequency and pH during Experiment 1 and 2  

 during Phase B 

Figure 3.11 Contour plots of the effluent’s TSS content response with regards to the  104 

 interaction between the mixing frequency and feeding time during  

 Experiment 1 and 2 during Phase B 

Figure 3.12 Pareto charts of the COD reduction during Experiment 1 and 2 during Phase B 106 

Figure 3.13 Contour plots of the COD reduction response with regards to the interaction  107 

 between the feeding time and pH during Experiment 1 and 2 during Phase B 

Figure 3.14 Contour plots of the COD reduction response with regards to the interaction  109 

 between the mixing frequency and pH during Experiment 1 and 2 during Phase B 

Figure 3.15 Contour plots of the COD reduction response with regards to the interaction  109 

 between the mixing frequency and feeding time during Experiment 1  

 and 2 during Phase B 



xi 
 
Figure 3.16 Pareto charts of the VFA:Alkalinity ratio during Experiment 1 and 2 during  111 

 Phase B 

Figure 3.17 Contour plots of the VFA:Alkalinity ratio response with regards to the  112 

 interaction between the feeding time and pH during Experiment 1 and 2 

 during Phase B 

Figure 3.18 Contour plots of the VFA:Alkalinity ratio response with regards to the  113 

 interaction 118 between the mixing frequency and pH during Experiment  

 1 and 2 during Phase B 

Figure 3.19 Contour plots of the VFA:Alkalinity ratio response with regards to the  114 

 interaction between the mixing frequency and feeding time during  

 Experiment 1 and 2 during Phase B 

Figure 3.20 Pareto charts of the methane (%) during Experiment 1 and 2 during Phase B 115 

Figure 3.21 Contour plots of the methane (%) response with regards to the interaction  117 

 between the feeding time and pH during Experiment 1 and 2 during Phase B 

Figure 3.22 Contour plots of the methane (%) response with regards to the interaction 117 

 between the mixing frequency and pH during Experiment 1 and 2  

 during Phase B 

Figure 3.23 Contour plots of the methane (%) response regards to the interaction  119 

 between the mixing frequency and feeding time during Experiment 1  

 and 2 during Phase B 

Figure 3.24 Pareto charts of the polyphenol reduction (%) during Experiment 1  120 

 and 2 during Phase B 

Figure 3.25 Contour plots of the polyphenol reduction (%) response with regards to  121 

 the interaction between the feeding time and pH during Experiment 1  

 and 2 during Phase B 

Figure 3.26 Contour plots of the polyphenol reduction (%) response with regards to the 122 

interaction between the mixing frequency and pH during Experiment 1  

  and 2 during Phase B 

Figure 3.27 Contour plots of the polyphenol reduction (%) response with regards to  123 

 the interaction between the mixing frequency and feeding time during  

 Experiment 1 and 2 during Phase B 

Figure 3.28 Contour plots of the pH response with regards to the interaction between the 124 

 feeding time and pH during Experiment 1 and 2 during Phase B 

Figure 3.29 Contour plots of the pH response with regards to the interaction between the  125 

 mixing frequency and pH during Experiment 1 and 2 during Phase B 

Figure 3.30 Monitored operational parameters during Experimental Study Phase C 127 

Figure 3.31 Pareto charts of the COD reduction during Experiment 1 and 2 during  130 

 Phase D 



xii 
 
Figure 3.32 Contour plots of the COD reduction response with regards to the interaction  131 

 between the feeding time and pH during Experiment 1 and 2 during Phase D 

Figure 3.33 Contour plots of the COD reduction response with regards to the  131 

 interaction between the mixing frequency and pH during Experiment 1  

 and 2 during Phase D 

Figure 3.34 Contour plots of the COD reduction response with regards to the interaction  132 

 between the mixing frequency and feeding time during Experiment 1  

 and 2 during Phase D 

Figure 3.35 Pareto charts of the effluent’s TSS content during Experiment 1 and 2  133 

 during Phase D 

Figure 3.36 Contour plots of the effluent’s TSS content response with regards to the 134 

 interaction between the feeding time and pH during Experiment 1  

 and 2 during Phase D 

Figure 3.37 Contour plots of the effluent’s TSS content response with regards to the  135 

 interaction between the mixing frequency and pH during Experiment 1  

 and 2 during Phase D 

Figure 3.38 Contour plots of the effluent’s TSS content response with regards to the  136 

 interaction between the mixing frequency and feeding time during  

 Experiment 1 and 2 during Phase D 

Figure 3.39 Pareto charts of the VFA:Alkalinity ratio during Experiment 1 and 2  137 

 during Phase D 

Figure 3.40 Contour plots of the VFA:Alkalinity ratio response with regards to the  139 

 interaction between the feeding time and pH during Experiment 1 and 2  

 during Phase D 

Figure 3.41 Contour plots of the VFA:Alkalinity ratio response with regards to the  140 

 interaction between the mixing frequency and pH during Experiment 1 and 2  

 during Phase D 

Figure 3.42 Contour plots of the VFA:Alkalinity ratio response with regards to the 141 

 interaction between the mixing frequency and feeding time during  

 Experiment 1 and 2 during Phase D 

Figure 3.43 Pareto charts of the methane (%) during Experiment 1 and 2 during  142 

 Phase D 

Figure 3.44 Contour plots of the methane (%) response with regards to the interaction  143 

 between the feeding time and pH during Experiment 1 and 2 during Phase D 

Figure 3.45 Contour plots of the methane (%) response with regards to the interaction 144 

 between the mixing frequency and pH during Experiment 1 and 2 during  

 Phase D 

  



xiii 
 
 

Figure 3.46 Contour plots of the methane (%) response with regards to the interaction  145 

 between the mixing frequency and feeding time during Experiment 1 and 2  

 during Phase D 

Figure 3.47 Pareto charts of the polyphenol reduction (%) during Experiment 1  147 

 and 2 during Phase D 

Figure 3.48 Contour plots of the polyphenol reduction (%) response with regards to the  148 

 interaction between the feeding time and pH during Experiment 1 and 2  

 during Phase D  

Figure 3.49 Contour plots of the polyphenol reduction (%) response with regards to 149 

 the interaction between the mixing frequency and pH during Experiment 1  

 and 2 during Phase D 

Figure 3.50 Contour plots of the polyphenol reduction (%) response with regards to  150 

 the interaction between the mixing frequency and feeding time during  

 Experiment 1 and 2 during Phase D 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiv 
 

LIST OF TABLES 

 Page 

Table 2.1 Number of primary wine producers in South Africa per production category 10 

  in 2014  

Table 2.2 Winemaking procedure, process description and the wastewater  12 

 generation source of each step 

Table 2.3 Summary of reported chemical characteristics of winery wastewater 15 

Table 2.4 Types of untreated winery wastewater contaminants, source and the potential  17-18 

 effect on the environment 

Table 2.5 Probable pathway of chemicals coming in contact with humans through  19 

 infected water used for agricultural irrigation 

Table 2.6 Treated winery wastewater can be irrigated on any day following the general 21 

 authorisations requirements and limit for each parameter 

Table 2.7 Differences between aerobic and anaerobic biological wastewater treatments 28 

Table 2.8 Summary of AnSBR applications for various types of wastewaters  37-38 

 in the mesophilc temperature range 

Table 2.9 Principle reactor differences between the UASB and AnSBR process 40 

Table 2.10 Optimum values for several operational conditions to enhance methane  46 

  production in general for anaerobic bioreactors combined with specific  

  conditions for AnSBR technology 

Table 2.11 Optimal temperature ranges for methanogenic bacteria to function effectively 47 

Table 3.1 Summary of the outline of each Phase (A – D) used during this study 74 

Table 3.2 Composition of the trace element solution fed to the AnSBR per litre substrate 80 

Table 3.3 Chemical composition and concentration of compounds in the synthetic 81 

 winery wastewater stock solution (SWWSS) 

Table 3.4 Summary of the outline of each operating time during Experimental  84 

 Phase (A – D) 

Table 3.5 Outline of the different Experimental Phases, the type of experimental  85 

 designs and statistical analysis at different COD concentrations of the  

 synthetic winery wastewater (substrate) 

Table 3.6 Central composite experimental design (CCD) values for each parameter  87 

 During Experimental Study Phase B 

Table 3.7 Central composite experimental design values and combinations of the values 88 

 used during Experimental Study Phase B 

Table 3.8 Central composite experimental design (CCD) values for each parameter  89 

 during experimental Study Phase D 

 



xv 
 
Table 3.9 Central composite experimental design values and combinations of the 90 

 values used during Experimental Study Phase D 

Table 3.10 Calculated amounts of ammonium and sulphate in the substrate at various  92 

 COD concentrations 

Table 3.11  Central composite experimental design during Experimental Study Phase B 98 

Table 3.12   Optimal values of the parameters with regards to a more favourable TSS  105 

 content within the treated effluent as obtained during Experiment 1  

 and 2 during Phase B 

Table 3.13 Optimal values of the parameters with regards to an optimum COD reduction  110 

 (%) obtained during Experiment 1 and 2 during Phase B   

Table 3.14  Optimal values of the parameters with regards to an optimum VFA:Alkalinity  115 

 ratio obtained during Experiment 1 and 2 during Phase B 

Table 3.15  Optimal values of the parameters with regards to a high methane (%) obtained 119 

 during Experiment 1 and 2 during Phase B 

Table 3.16 Optimal values of the parameters with regards to a high polyphenol  123 

 reduction (%) obtained during Experiment 1 and 2 during Phase B 

Table 3.17 Overall optimal values of the efficiency parameters with regards to the most  125 

 optimum results obtained during Experiment 1 and 2 during Phase B 

Table 3.18  Central composite experimental design during Experimental Study Phase D 128 

Table 3.19  Optimal values of the parameters with regards to an optimum COD  133 

 reduction (%) obtained during Experiment 1 and 2 

Table 3.20 Optimal values of the parameters with regards to low TSS content in the  136 

 effluent obtained during Experiment 1 and 2 during Phase D   

Table 3.21 Optimal values of the parameters with regards the most optimal  142 

 VFA:Alkalinity ratio in the effluent obtained during Experiment 1 and 2  

 during Phase D 

Table 3.22 Optimal values of the parameters with regards to a high methane (%) 146 

 obtained during Experiment 1 and 2 during Phase D 

Table 3.23  Optimal values of the parameters with regards to the highest polyphenol  150 

 reduction (%) obtained during Experiment 1 and 2 during Phase D   

Table 3.24  Overall optimal values of the efficiency parameters with regards to the  151 

 most optimum results obtained during Experiment 1 and 2 during Phase D 

 

 

 

 



xvi 
 

LIST OF ABBREVIATIONS 

 

AC Activated Carbon 

AD Anaerobic Digestion 

AFB Anaerobic Fluidized Bed Reactor 

AMBB Air Micro-Bubble Reactor 

AnSBR Anaerobic Sequencing Batch Reactor 

BOD Biological Oxygen Demand 

C:N Carbon to Nitrogen Ratio 

CCD Central Composite Design 

CCP Critical Control Point 

COD Chemical Oxygen Demand 

COD:N:P Chemical Oxygen Demand to Nitrogen to Phosphorus Ratio 

DWA Department of Water Affairs 

EC Electrical Conductivity 

ECCF Evapo-Concentration by Factional Condensation 

EGSB Expanded Granular Sludge Reactor 

F:C Feed length to Cycle length Ratio 

F:M Substrate to Biomass Ratio 

FBBR Fixed-Bed Biofilm Reactor 

FBR Fluidized Bed Reactor 

GC Gas Chromatography 

GDP Gross Domestic Product 

HACCP Hazard Analysis and Critical Control Points 

HDPE High-density polyethylene 

HRT Hydraulic Retention Time 

JLR Jet-loop activated sludge reactors 

KOH Potassium Hydroxide 

L/D Length to diameter ratio 

LCFA Low Chain Fatty Acids 

MBBR Moving Bed Biofilm Reactor 

MBR Membrane Bioreactor 

MF Microfiltration 

NF Nanofiltration 

NFDM Fat-Free Dry Milk 

OHPA Obligate Hydrogen Producing Acetogens 

OLR Organic Loading Rate 



xvii 
 
ORP Oxidation Reduction Potential 

RBC Rotating Biological Contractor 

RBR Rotating Biological Reactor 

RO Reverse Osmosis 

RSM Response Surface Methodology 

SANAS South African Accreditation System 

SAR Sodium Absorption Ratio 

SBR Sequencing Batch Reactors 

SRB Sulphur Reducing Bacteria 

SS Suspended Solids 

STR Solid Retention Time 

SWW Synthetic Winery Wastewater 

SWWSS Synthetic Winery Wastewater Stock Solutions 

TCOD Total Chemical Oxygen Demand 

TDS Total Dissolved Solids 

TSS Total Suspended Solids 

UASB Upflow Anaerobic Sludge Blanket 

UF Ultrafiltration 

UPS Uninterruptible power supply 

UV Ultraviolet 

UV/VIS Ultraviolet Visible 

VFA Volatile Fatty Acids 

VSS Volatile Suspended Solids 

WW Winery Wastewater 

 

 

 

 

 

 

 

 



1 

 

CHAPTER 1 

INTRODUCTION 

Water is the most endangered vital resource globally, as the accessible freshwater resources are 

not evenly distributed across the world (UNESCO, 2003; Visvanathan & Asano, 2003; Rose, 2007; 

Cooley et al., 2014; Barbosa et al., 2015).  The accessible freshwater supplies need to be sustained 

by ensuring an equilibrium between the withdrawal of freshwater and the replacement thereof 

(Levine & Asano, 2004; Meneses et al., 2010; Awaleh & Soubeneh, 2014; Cooley et al., 2014).  

However, this equilibrium is compromised on a global scale, as more freshwater is withdrawn, 

polluted and not sustainably managed (UNESCO, 2003; Levine & Asano, 2004; Gleick & 

Palaniappan, 2010; Cooley et al., 2014).  This global trend is a cause for concern, as the demand 

for freshwater withdrawal is predicted to increase by ca. 55% by 2050 and this will cause severe 

water scarcities (UNESCO, 2014).  Globally, the agricultural industry withdraws 70% of the water 

resources and a 19% increase is estimated by 2050, as a result of population growth (UNESCO, 

2014).  The re-use of treated wastewater (from the domestic and industrial sectors) for agricultural 

irrigation is an advantageous alternative in reducing freshwater withdrawal by the agricultural sector 

(Anderson et al., 2001; Angelakis et al., 2002; Moharikar et al., 2005; Meneses et al., 2010; Pedrero 

et al., 2010).   

The wine industry, in particular, utilises excessive amounts of freshwater (0.3 – 10 L) and 

yields large amounts of wastewater (0.8 – 14 L) when producing one litre of wine (Fillaudeau et al., 

2008; Oliveira & Duarte, 2011).  The wine industry produced approximately 252 million hectrolitres 

of wine in 2012 on a global scale (OIV, 2013).  In 2013 the total production for the South African 

wine industry (which ranks 9th in the world in terms of yield) was estimated at 1.2 x 109 L per year 

(SAWIS, 2015).  The wine industry is therefore an important contributor to economic growth.  

However, this growth places a strain on the resources (water, soil and vegetation) as large amounts 

of winery wastewater are generated (EPA, 2004; Gea et al., 2005; Van Schoor, 2005; SAWIS, 2015).  

Winery wastewater contributes to pollution, and therefore poses a threat to the environment as not 

all winery wastewater is effectively treated, recycled to its full potential or disposed of in an 

environmentally friendly manner (Van Schoor, 2005; Dillon, 2011; Mosse et al., 2011).  The global 

wine sector is challenged to adhere to environmental legislation before winery wastewater (WW) can 

be discharged (Van Schoor, 2005; Republic of South Africa, 2013).  Therefore, treatment is 

predominantly required.  However, winery wastewater is difficult to treat due to the seasonal 

production and its characteristic composition.  The maximum and minimum values reported for 

winery wastewater include: COD concentrations 400 – 27 200 mg.L-1; acidic pH of 3.50 – 6.11; 

suspended solids of ca. 0.10 - 1.5 g.L-1 and polyphenols of 5.10 – 1 450 mg.L-1 (Petruccioli et al., 

2000; Malandra et al., 2003; Eusébio et al., 2004; Colin et al., 2005; Zhang et al., 2008; Mosse et 

al., 2011; Petruccioli et al., 2002).  The handling of winery wastewater could currently be classified 
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into three categories: (i) the discarding of winery wastewater, which could be illegal if the 

characteristics do not conform to the legislation set out in the Water Act (Republic of South Africa, 

2013); (ii) the sending of winery wastewater to the municipality for treatment, for which the financial 

costs are high; and (iii) the treatment of winery wastewater, through several options, so that the 

organic material and suspended solids within the wastewater stream may be sufficiently reduced to 

allow for its legal discharging afterwards, if the recovered wastewater conforms to certain parameters 

for specific uses (Mosse et al., 2011).   

Anaerobic digestion (AD) treatment methods are compatible for the treatment of winery 

wastewater due to the biodegradability of the organic material within the effluent (Mosse et al., 2011).  

The AD is a biological process requiring the use of a consortium of micro-organisms to utilise the 

soluble organic material as a food source (Grady et al., 2011).  AD provides certain advantages.  

The organic material in the effluent is converted into biogas (from which methane can be used to 

recover energy for heating and power generation); it is a more cost effective process than aerobic 

processes; smaller reactor volumes are required; >90% COD reduction can be achieved; only 5% 

carbon is integrated into biomass (thus less sludge is produced); less energy is required; it has 

reasonable investment costs and low operational costs (Gavrilescu, 2002; Anderson et al., 2003; 

Parawira, 2004; Donoso-Brava et al., 2009; Tauseef et al., 2013; Anon., 2014). 

Anaerobic digestion processes are widely identified to treat winery wastewater; however only 

some of the processes are used.  The ongoing research and development of cost effective winery 

wastewater treatment options and disposals are identified as a high priority in the industry (Montalvo 

et al., 2010; Mosse et al., 2011).   

The Anaerobic Sequencing Batch Reactor (AnSBR) is a specific AD bioreactor which could 

be feasible in treating seasonal winery wastewater streams.  The process occurs on a fill-and-draw 

basis and runs in successive cycles which are divided in four distinct steps: feeding; reacting; 

settlement and decanting (Sung & Dague, 1995).  Advantages include: a kinetic advantage 

(alternating F:M ratios (food to micro-organisms) ratios); flexibility (the AnSBR could be operated 

according to a batch (shorter feeding time) or fed-batch (semi-continuous, longer feeding time) mode 

and a more efficient control system is in place compared to continuous bioreactors (Zaiat et al., 

2001).  Overall the AnSBR has a better quality control system in place in comparison to continuous 

systems, as the effluent can be withdrawn from the process when it complies with legislation 

parameters (Zaiat et al., 2001; Rodrigues et al., 2003; Farina et al., 2004). 

Although the AnSBR has been successfully applied to treat other wastewater substrates, 

limited research is available using the AnSBR specifically to treat winery wastewater.  Limited and 

variable research is also available regarding the operating conditions for the AnSBR, such as the 

feeding strategy (feeding time: batch vs. fed-batch operations), mixing regime (mode and frequency 

of mixing) and the pH on the AnSBR treating the various substrates.   

The first aim of this research was to investigate the feasibility of a novel AnSBR to treat a 

synthetic winery wastewater substrate consisting mainly of glucose, fructose, alcohols, acids, 
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polyphenols and a yeast extract.  The feasibility of the process was firstly investigated to treat a 

synthetic winery wastewater substrate at a lower COD concentration ranging from 1 000 – 4 000 

mg.L-1 (Phase A).  The feasibility of the AnSBR was also investigated by treating a higher COD 

concentration ranging from 4 000 – 7 000 mg.L-1 (Phase C).  Efficiency was measured by monitoring 

COD reductions, pH, alkalinity, volatile fatty acids (VFA) and biogas production.   

The second aim of this research was to optimise the operational parameters applied to the 

AnSBR which could affect the performance of the process.  For the purpose of optimisation a central 

composite experimental design (CCD) was used and the data was analysed using a regression 

coefficient model.  The optimisation of parameters were applied at a lower COD concentration of 

4 000 mg.L-1 (Phase B) and at a higher COD concentration of 7 000 mg.L-1 (Phase D).  The following 

parameters were optimised:  = pH;  = feeding time (shorter feeding time (batch process) vs. 

longer feeding time (fed-batch process));  = mixing frequency (mixing set for 10 s every  min).  

The aim of optimisation was achieved by monitoring the efficiency parameters such as COD 

reduction, pH, alkalinity, volatile fatty acids (VFA), total suspended solids (TSS), methane 

percentage and polyphenol reduction.  
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CHAPTER 2  

LITERATURE REVIEW 

A. BACKGROUND 

Water is acknowledged as the most basic and vital resource of all the natural resources for all life 

forms (Ashton, 2002; UNEP, 2010; Sivakumar, 2011; Cooley et al., 2014).  Although water is the 

most abundant substance on earth, Hoeskstra (2012) maintains that water is the most endangered 

vital resource globally.  The earth's water comprises 97.5% salt water and approximately 2.5% 

freshwater (UNESCO, 2003; UNEP, 2010; Sivakumar, 2011).  Two thirds of the freshwater is 

inaccessible, as it is trapped in glaciers and in the ice cops (Anderson et al., 2001; UNESCO 2003; 

Gleick & Palaniappan, 2010).  Therefore, approximately 0.83% of the earth's total freshwater is 

accessible for human, industrial and agricultural consumption (UNEP, 2010).  Accessible freshwater 

is found in lakes, rivers and storage reservoirs (UNESCO, 2003; Gleick & Palaniappan, 2010).  

Although, rainfall is the dominant source of freshwater, rainfall and freshwater resources are not 

evenly distributed across the world (UNESCO, 2003; Visvanathan & Asano, 2003; Barbosa et al., 

2015). 

 To sustain these accessible freshwater supplies, the rate of the withdrawal of freshwater from 

the water resources and the rate of replacement thereof, must be in equilibrium (Levine & Asano, 

2004; Meneses et al., 2010; Awaleh & Soubaneh, 2014; Cooley et al., 2014).  This equilibrium 

becomes compromised on a global scale, as more freshwater is withdrawn, polluted and not 

sustainably managed (UNESCO, 2003; Levine & Asano, 2004; Gleick & Palaniappan, 2010; Cooley 

et al., 2014).  This global trend is a cause for concern, as the demand for freshwater withdrawal is 

predicted to increase with ca. 55% by 2050 and this will cause severe water scarcities (UNESCO, 

2014).  This challenge may be attributed to a combination of factors, namely: industrialisation; 

mechanisation; urbanisation; population growth; economic development; food production practices; 

enhancement of living standards and poor management of freshwater and wastewater (Gleick, 1998; 

Bennett, 2000; Ashton, 2002; Levine & Asano, 2004; Rijsberman, 2006; UNEP, 2010; Sivakumar, 

2011).  

 Current wastewater management, in particular, also contributes to the altered equilibrium.  

Approximately two million tons of waste is discharged into water resources, the main sources of 

which comprise industrial waste, human waste and agricultural waste (which includes residue from 

fertilisers and pesticides) (UNESCO, 2003; Palaniappan et al., 2011 ).  Nearly 1 500 km3 wastewater 

is produced globally and approximately 90% of all the wastewater is discharged into rivers and lakes 

in developing countries (UNESCO, 2003; UNEP, 2010).  It is assumed that one litre of wastewater 

pollutes eight litres of freshwater (UNESCO, 2003).  The effect that wastewater has on the freshwater 

resources is a change in the rate and degree of the natural water cycle (Levine & Asano, 2004).   
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The pressure on water resources contributes to water scarcity.  Water scarcity is identified when a 

large number of people lack safe water for a period of time (Rijsberman, 2006).  Water scarcity 

already affects a fifth (1.2 billion people) of the world's population, with an increase to 3 billion people 

being predicted by the year 2025 (UNEP, 2010).  Diarrhoeal disease becomes prevalent because of 

the lack of safe drinking water and poor personal hygiene, which is caused by water scarcity 

(UNESCO, 2003; WHO, 2014).  In developing countries, this disease results in a mortality rate of ca. 

2 million people annually, of which most are children under the age of 5 years (UNESCO, 2003; 

UNEP, 2010; WHO, 2014).  It is estimated that many African countries will exceed their water 

resources before the year 2025, due to the low seasonal rainfall (Ashton, 2002; Husak et al., 2007).  

However, Africa is not the only continent under threat, it is predicted that by 2050 when the global 

population is estimated to exceed 9 billion people, that over 40% of the global population will live in 

areas of acute water stress (UNDESA, 2013; UNESCO, 2014).   

 The average water usage in the world per person for industrial, agricultural and domestic 

purposes is estimated to be 250 - 300 m3 per year (Nagy, 2008).  Approximately 8% of all fresh water 

resources are used for domestic purposes (UNESCO, 2003).  On a global scale, industry uses 

approximately 22% of the freshwater.  It is expected that industrial water usage will increase 1 170 

km3 by 2025, when industries’ water usage will then comprise 24% of the total water usage worldwide 

(UNESCO, 2003).  Globally, the agricultural industry withdraws 70% of the water resources 

(UNESCO, 2014).  For South Africa, in particular, the available rain water is estimated to be 51.4 

million m3 of which agriculture and forestry utilise about 74% for the needs of crop-production, 

livestock on pastures, trees and natural vegetation (Bennie & Hensley, 2001; UNESCO, 2012).  It 

can be noted that the population growth directly influences food production, resulting in a strain on 

the freshwater withdrawals, especially in the agricultural industry (UNDESA, 2014).  It is estimated 

that by 2050, 60% more food will be required, thereby resulting in a 19% increase in the total 

consumption of agricultural water (UNDESA, 2013). 

 The amount of water used by domestic and industrial sectors is less than what is used for 

irrigation in the agricultural sector.  However, the wastewater from the domestic and industrial sectors 

contain a higher concentration of pollutants.  Therefore, the use of treated wastewater for irrigation 

would relieve the strain on freshwater withdrawal by the agricultural sector (Moharikar et al., 2005; 

Pedrero et al., 2010).  The food industry utilises high-quality water at each stage during production 

(such as for the cleaning of equipment and in cooling), to ensure quality and safe end-products and, 

therefore, produces large amounts of wastewater (Klemeš & Perry, 2007; Fillaudeau et al., 2008; 

Valta et al., 2015).  The excessive amount of water consumed by the beverage industry (which 

includes the brewing, winemaking and distilling industries) yields a large amount of wastewaters 

(Fillaudeau et al., 2008; Valta et al., 2015).  The reusing of treated wastewater is an advantageous 

alternative to ensure freshwater sustainability for the future (Cooley et al., 2014).  Industrial 

companies (such as the wine industry) do not merely invest in the wastewater treatment plants to 

obey to regulations, but the recovered raw materials benefit the companies’ image of environmental 
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awareness (Visvanathan & Asano, 2003).  The ongoing research and development of cost effective 

winery wastewater treatment options and disposals are identified as a high priorities in the industry 

(Montalvo et al., 2010; Mosse et al., 2011).  However, it should be noted that the characteristics and 

composition of substrates differ from one another other. 

B. THE WINE INDUSTRY 

Winemaking (viniculture) is a process whereby grapes are transformed into wine through 

fermentation.  It should be noted that the process differs in terms of region, financial status of the 

winery, procedures, practices and the type of grapes used (Anon., 2015a).  Although winemaking 

dates back 7 500 years, this process was only fully understood from the 19th century onwards, with 

the evolution of microbiology and biochemistry (Hornsey, 2007; Jackson, 2008).  It is said that wine 

is a mixture of chemistry, biology and psychology which involves a great combination of compounds 

(Hornsey, 2007).   

 Grapes are the only fruit that store carbohydrates in the form of soluble sugar which wine 

yeasts are able to metabolise, whereas other fruits which store carbohydrates as starch and pectin 

(Jackson, 2008).  From 2002 until 2012 the global grape production increased from an estimated 

614.6 millions of quintals (100 kg) to an estimated 691.0 millions of quintals (100 kg) (OIV, 2013).  In 

2012 the world's vineyards reached a total of 7.5 million hectares (OIV, 2013).  In South Africa it is 

estimated that 99 680 hectares of wine-producing grapes are cultivated.  The Stellenbosch wine 

region dominates the hectares of vines at 16.35 %, with Paarl, Robertson, Swartland, Breedekloof, 

Olifants River, Worcester, Northern Cape and Klein Karoo (SAWIS, 2015) yielding the rest of the 

wine-producing grapes. 

 In 2012 the major wine producing countries from the highest wine producing volumes to the 

lowest included: France; Italy; Spain; the USA; China; Australia; Chile; Argentina; South Africa; 

Germany; Portugal; Romania; Greece and Brazil (OIV, 2013).  In 2012 the total global wine 

production was estimated to be 252 million hectolitres (OIV, 2013).  In 2014 the total wine production 

for the South African wine industry (which ranks 9th in terms of wine production) was estimated at 

1.2 x 109 L per year, which includes wine, wine for brandy, distilling wine, grape juice concentrate 

and grape juice (SAWIS, 2015).  A total of 607.9 million litres of white wine and 350.9 million litres 

of red wine were produced in 2014 (SAWIS, 2015).  In South Africa there are a total of 3 314 primary 

wine producers (Table 2.1) and a total of 559 wine cellars which crush grapes (SAWIS, 2015). 

The forecasted volume for the global wine consumption in 2012 was estimated at 243 million 

hectolitres (100 litres) (OIV, 2013).  The total wine consumption in South Africa for 2014 was 

estimated to be 364 664 420 litres (SAWIS, 2015).  It can be concluded that the South African wine 

industry is an important economic grower for the economy as it contributed R26.2 billion to the annual 

gross domestic product (GDP) (2.2% of the total GDP of SA in 2008), of which 54% remained in the 

Western Cape (SAWIS, 2009).   
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In 2008 the total turnover for the wine alcohol industry for South Africa was R19.2 billion (growth of 

79% since 2003), of which R6.3 billion worth of wine was exported.  Imported wine was estimated at 

around R237 million, with only 2% comprising domestic sales.  A further R4.3 billion was gained 

though wine tourism (SAWIS, 2009).  The South African wine industry supports 275 606 employment 

opportunities (which include farm labourers, people involved in packaging, retailing and wine 

tourism) of which 58% are unskilled workers, 29% are semi-skilled and only 13% are skilled (SAWIS, 

2009). 

 In 2014 a total of 958.8 million litres of red and white wines was produced in SA (SAWIS, 

2015).  Therefore, the growth in the South African wine-industry contributes significantly to the South 

African market.  However, the growth results in strain on the resources (water, soil and vegetation) 

as large amounts of winery wastewater are generated (EPA, 2004; Gea et al., 2005; Van Schoor, 

2005).  Winery wastewater contributes to pollution as not all the winery wastewater is effectively 

treated, recycled to its full potential or disposed of in an environmentally friendly manner (Van 

Schoor, 2005; Dillon, 2011).  It is assumed, to produce 1 litre of wine, the wine industry consumes 

between 0.3 to 10 litres of fresh water and generates around 0.8 to 14 litres of wastewater (Fillaudeau 

et al., 2008; Oliveira & Duarte, 2011).  Viniculture can be described in several steps as indicated in 

the flow diagram (Fig. 2.1).  Table 2.2 is a summary of the main steps, the procedure descriptions 

and the possible source of the wastewater which is generated in each step accordingly. 

 

 

 

 

 

 

 

 

 

Table 2.1  Number of primary wine producers in South Africa per production category in 2014 

(SAWIS, 2015) 

Categories (tons of grapes crushed) Number of wine producers 

1 - 100 1 244 

> 100 - 500 1 190 

> 500 - 1 000 442 

> 1 000 - 5 000 428 

> 5 000 - 10 000 8 
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Figure 2.1  Winemaking flow diagram of white and red wines (adapted from Arvanitoyannis et al., 

2007; Musee et al., 2007; Fillaudeau et al., 2008; Jackson, 2008; Bories & Sire, 2010; 

Devesa-Rey et al., 2011). 
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Table 2.2  Winemaking procedure, process description and the wastewater generation source of each step (adapted from Vlyssides et al., 2005; 

Musee et al., 2007; Jackson, 2008) 

Step Procedure Process description Wastewater generation source 

1 Harvesting of 
grapes 

The grape harvesting period is approximately 15 days.  Washing of machine equipment and the floor. 

2 Crushing (must 
production) 

The grapes are pressed through presses where must and 
solids are produced. Juice is released and process of 
maceration occurs.  

Washing of the machine equipment (presses and solid 
residues), the washing of the production room, the loss of 
must due to its transfer to the fermentation vessels as well 
as the pre-washing of the fermentation vessels.  

3 Fermentation Fermentation occurs in a vessel and last approximately 15 
days for each tank from the time it was filled 80% with must. 

No wastewater is produced from fermentation tanks itself, but 
produced from cleaning the winery. 

4 Decanting Approximately 2 days for red grapes and 5 days for white 
grapes. During this step the supernatant wine is separated 
from the wine lees. Thereafter it is fed to tanks (100% filled) 
for further stabilisation. 

The wastewater comes from the washing of the tanks, from 
the pre-washing of the stabilisation tanks, from the cleaning 
of the decanting pump, from the washing of the production 
room as well as from losses during wine decanting. 

5 Maturation and 
stabilisation 

This step occurs in the tanks and last approximately 15 days 
for each tank which is filled 100% with decanted wine. 

No wastewater is produced. 

6 Filtration After stabilisation the wine is filtered to remove traces of 
other materials to enhance its quality. A diatomaceous earth 
filter is used for this step. Thereafter the wine is emptied in 
tanks. This process is approximately 10 days.  

Washing of the tanks, from the pre-washing of the storage 
tanks, from the cleaning of filters, from the transportation 
pump, from the washing of the production room as well as 
the possible wine losses during its transfer. 

7 Transportation 
and disposal 

The wine which is produced is sold in bulk or bottled 
(discharged from the tanks). The wine is transported. This 
period is approximately one semester. 

The wastewater is generated from the washing of the tanks, 
the washing of the transportation pump and the washing of 
the packaging room. 
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C. WINERY WASTEWATER, RECYCLING AND REGULATIONS 

Winemaking generates of winery wastewater (Agustina et al., 2008).  However, each winery differs 

and varies in size, procedures and practices which influence the load and characteristics of the 

winery wastewater (Shepherd et al., 2001; Kumar et al., 2009).  Differences in the water usages and 

wastewater production were obtained when various wineries were compared (Walsdorff et al., 2005).  

However, Colin et al. (2005) reveal that the winery wastewater quality (Chemical Oxygen Demand 

(COD) content and concentrations of compounds) vary each year for the same wine cellar.  These 

findings were confirmed as follows: 

 Conradie (2015) compared the water usage of two wineries in Stellenbosch, Western Cape.  

The water usages were monitored for approximately 16 months.  The study included two harvest 

seasons and one post-harvest season.  It was clear from the author's study that the two wineries 

used different amounts of water, hence different amounts of wastewater was produced.  Conradie 

(2015) also compared the chemical characteristics of the raw winery wastewater of two wineries in 

Stellenbosch, Western Cape.  The wastewater was analysed over a period of 15 months.  The study 

included two harvest seasons and one post-harvest season.  The author found that there was a 

difference in the composition of the wastewater between the two wineries.  Winery A obtained a 

COD value of 14 724 mg.L-1 and winery B a COD value of 6 614 mg.L-1 for the 2012 harvest season.  

It was also found that the chemical characteristics varied between seasons for the same winery.   

 The influential practices include the type of wine to be produced, the wine production time 

period, the winemaking style, the type of equipment and tanks used, the frequency of washing and 

the methods of tank disinfection amongst others (Shepherd et al., 2001; Walsdorff et al., 2005; 

Agustina et al., 2007; Arienzo et al., 2009).  Therefore, the quality and quantity of winery wastewater 

differ for each winery (Kumar et al., 2009).  Wineries are unique as they have seasonal activity and 

the winery wastewater characterisation and volume fluctuate in the various seasons (Shepherd et 

al., 2001; Ruiz et al., 2002; Gimeno et al., 2007; Fillaudeau et al., 2008; Kumar et al., 2009; Lucas 

et al., 2009; Mahajan et al., 2009; Ganesh et al., 2010).  

 Vintage season - Grapes are harvested, pressed and the grape juice gets fermented into 

wine.  The season entails roughly 3 months after harvesting, thus including the months 

January to April for wineries in the Southern hemisphere.  Winery wastewater is mainly 

produced during the vintage season as 50 - 80% of the total wastewater flow is produced 

whilst the organic material is concentrated (Burton et al., 2004; Di Stefano et al., 2008; 

Fillaudeau et al., 2008; Nagy, 2008; Mahajan et al., 2009; Ganesh et al., 2010; Oliveira & 

Duarte, 2011). 

 Non-vintage season - Entails other activities such as the stabilisation, filtration, maturation, 

and blending of the wine (Van Schoor, 2000). 

Winery wastewater is classified as biodegradable industrial wastewater which in general is defined 

as wastewater that contains predominantly organic waste arising from industrial activities and 
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premises (Republic of South Africa, 2013).  The exact composition of winery wastewater is unclear 

as it varies between seasons, between different wineries and within the same wine cellar (Colin et 

al., 2005; Mosse et al., 2011).  The composition varies as chemical reactions could occur in the 

wastewater (Mosse et al., 2011).  Winery wastewater is generally characterised as high strength 

wastewater in terms of the COD content (> 1 000 mg.L-1) (Grismer & Shepherd, 1998; Kumar et al., 

2009).  The COD value is an important parameter to measure, but only indicates the quantity of the 

organic material present and does not provide the chemical composition (Colin et al., 2005).  A 

summary of the average chemical composition of winery wastewater is given in Table 2.3.  Winery 

wastewater predominantly consists of the following, described by: (Mulidzi, 2001; Petruccioli et al., 

2002; Malandra et al., 2003; Bustamante et al., 2005; Musee et al., 2005; Zhang et al., 2008; Arienzo 

et al., 2009; Mahajan et al., 2009; Mosse et al., 2011) 

 
 Pomace (grape skins, seeds and pulp); 

 Lees (wine spillage and build up sediments from the storage of wine); 

 Stillage (residues after fermentation); 

 Washing water of winery equipment and facilities during crushing and pressing of grapes 

rinsing of fermentation tanks, barrels and equipment.  Inorganic components can therefore 

be detected (sodium and potassium) which are predominantly present from the cleaning 

agents (KOH/NaOH) and the processing practices.  A potassium to sodium ratio (K:Na) of 

3:1 is likely to occur.  Potassium concentrations can be as high as 1 000 mg.L-1; 

 Water used for cooling; 

 Low amounts of chemical fertilisers, pesticides and herbicides can be detected. 

 

Wineries and distilleries usually use one of three methods to handle their wastewater:  

1.  Discarding of wastewater without treatment:  

 In the past the wastewater was collected and stored in tanks after which it was 

 irrigated onto grass, evaporated or discarded into a river (Sheridan et al., 2011).  

 The disposal of untreated winery wastewater effluents is undesirable as it causes 

 detrimental environmental conditions (Braz et al., 2010).  However, some rural 

 wineries still irrigate their untreated winery wastewater onto grass due to limited 

 treatment operations (Malandra et al., 2003).  Discarding of untreated wastewater 

 could be legal if the volume and quality meet the quality requirements according to 

 the SA water law (IPW, 2015). 

 

2.  Send to the municipality 

The winery wastewater in urban areas is usually sent to the local sewage treatment 

facilities for treatment (Malandra et al., 2003).  However, winery wastewater is more 

difficult to treat in comparison to sewage wastewater (Tofflemire, 1972);  Due to the 
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acidic pH and high COD levels wineries need to pay the municipality fo the treatment 

of winery wastewater (Torrijos & Moletta, 1997; Malandra et al., 2003).  Smaller 

wineries (wastewater volumes < 1 m3.d-1) and larger wineries (wastewater volumes > 

1 m3.d-1) could send their wastewater to the municipality if permission is granted (IPW, 

2015).   

 

3. Treatment 

 Presently most wineries have begun to treat the winery effluent on-site in various 

 ways available, usually for irrigation on pastures or discarding into a river according 

 to the SA water law (Sheridan et al., 2011; Republic of South Africa, 2013).  

 However, according to Mena et al. (2013) the treatment of winery wastewater is 

 difficult due to its characteristics.  Smaller wineries (wastewater volumes < 1 m3.d-1) 

 could treat their winery wastewater through a soak away disposal (IPW, 2015).  

 Whereas larger wineries (wastewater volumes > 1 m3.d-1) could treat their winery 

 wastewater for the purpose of: irrigation on pastures/lawns; irrigation of other crops; 

 evaporation (only limited areas) or for river disposal.  However, each possible option 

 (purpose) requires specific requirements (IPW, 2015).  

 

Table 2.3  Summary of reported chemical characteristics of winery wastewater 

Parameter Min Max Mean References 

pH 3.50 6.11 4.82 3,4,6-11,13-18,20 

COD (mg.L-1) 400 27 200 9 186.60 1-7,9-11,13-16,18 

Total Suspended Solids 
(TSS) (g.L-1) 

0.10 1.50 1.04 1-5, 7,9,10,13,15-18,20 

Polyphenols (mg.L-1) 5.10 1450 419.61 2,5,6,8,10,16,19 

Ethanol (g.L-1) 1.20 4.90 3.30 9,11-13 

Glucose + fructose (g.L-1) 0.10 5.00 1.54 6,9,11-13 

Glycerol (g.L-1) 0.16 0.32 0.26 9,12,13 

Tartaric acid (mg.L-1) 0.12 1680 911.46 6,9,11-13 

Malic acid (mg.L-1) 0.11 70 36.28 6,9,11,13 

Lactic acid (mg.L-1) 0.13 250 131.30 6,9,12,13 

Acetic acid (mg.L-1) 50 663 238.69 6,9.12,13 

Citric acid (mg.L-1) 0.17 0.60 0.29 6 

Total nitrogen (mg.L-1) 0.001 71 30.48 2,3,5,7,10,16 

Total phosphorus (mg.L-1) 1.00 176 37.36 1,2,5,7,10,15,16 

1. Fumi et al., 1995; 2. Petruccioli et al., 2000; 3. Shepherd et al., 2001; 4. Ruiz et al., 2002; 5. Petruccioli et al., 2002; 6. 

Malandra et al., 2003; 7. Eusébio et al., 2004; 8. Bustamante et al., 2005; 9. Colin et al., 2005; 10. Vlyssides et al., 2005; 

11. Mosteo et al., 2006; 12. Agustina et al., 2008; 13. Fillaudeau et al., 2008; 14. Kirzhner et al., 2008; 15. Zhang et al., 

2008; 16. Arienzo et al., 2009; 17. Kumar et al., 2009; 18. Mahajan et al., 2009; 19. Mosse et al., 2011; 20. Rytwo et al., 

2011. 
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The wine industry does not have a status of being a polluting industry, however the composition of 

winery wastewater indicates the threat it poses to the environment if it is not treated (Mosse et al., 

2011).  Untreated winery wastewater may cause imbalances in the environment (Table 2.4) due to 

the combination of the winery wastewater composition and the ability of the area to neutralise the 

winery wastewater (Van Schoor, 2005).  If winery wastewater is left untreated, the organic 

compounds will decay and lead to the production of odours which may affect the image of the winery 

(Gavrilescu, 2002).  

Gleick (2003 mentioned that the world is in the middle of a transformation in water resource 

development, management and water usage.  The high demand on the freshwater resources can 

be reduced by the use of treated and recycled municipal and industrial wastewater (Anderson et al., 

2001; Angelakis et al., 2002; Meneses et al., 2010; Pedrero et al., 2010).  This treated wastewater 

can be beneficial for domestic, industrial and agricultural usages as not all of the water uses require 

drinking quality water (Anderson et al., 2001).  Therefore, the conversion of wastewater into an 

additional water resource is currently the potential method to add to better water management 

strategies (Angelakis et al., 2002; Salgot, 2008; Awaleh & Soubaneh, 2014).  Wastewater recovery 

entails terms such as reclamation, reuse and recycling (Salgot, 2008).  Levine & Asano, 2004 defined 

these terms as follows: 

 Water recycling - To recover wastewater from a specific use and redirect the water back to 

the original use.  The process is mostly applicable to industrial applications. 

 Wastewater reclamation - The treatment of wastewater to make is reusable. 

 Water reuse - To use the treated wastewater in a beneficial manner. 

The reuse of wastewater has been successfully implemented at full scale in California, Israel and 

Australia.  According to Salgot (2008) Japan, South Africa, Tunisia and Mexico are countries where 

wastewater reclamation must be seen as a reality and not only a theory.  Certain advantages can 

be obtained using reclaimed wastewater including: the protection of the water resources; 

environmental protection and it includes economic advantages (Angelakis et al., 2002).  Recycled 

wastewater can be used as mentioned by Asano (1998), Bixio et al. (2008), Huertas et al. (2008), 

Moore et al. (2014) and Barbosa et al. (2015) : 

 Agricultural irrigation [advantageous as it reduces the amount of fertilisers required due to 

the nutrients the recycled wastewater contains (Angelakis et al., 2002)]; 

 Cooling of industrial plants; 

 Urban uses (street cleaning, fire fighting, decorative fountains); 

 Residential uses (garden irrigation, flushing of toilets, car wash and home air conditioning); 

 Recreational and environmental purposes (water bodies and streams); 

 Groundwater recharge; 

 Aquaculture.



17 

 

Table 2.4  Types of untreated winery wastewater contaminants, source and the potential effect on the environment (Chapman, 1996; EPA, 2004; 

Kumar et al., 2009) 

Winery wastewater 
contaminant 

Indicators Examples Sources Potential effect on the environment 

Organic material Chemical 
oxygen demand 
(COD) 

Phenolic compounds, 
tannins, catechins, 
proteins, fructose, 
glucose, glycerol, ethanol, 
flavourings, citric acid, 
ethyl carbonate. 

 Loss of wine, juice 
and lees. 

 Residues in 
cleaning waters 
and filters, 

 Solids in reaching 
drains. 

 
 It causes oxygen depletion in 

waterbodies. 

  It is toxic to fish and other aquatic 
organisms.  

 Odours could arise from the 
anaerobic degradation process. 

 It can clog the soil. 

Alkalinity/acidity pH Organic, sulphuric and 
phosphoric acids, sodium, 
magnesium and 
potassium hydroxides.  

 Loss of juice, wine 
and lees. 

 Cleaning agents. 

 Wine stabilisation.  

 
 Toxic to aquatic organisms if the pH 

range is too broad. 

 It affects the microbial activity of 
biological wastewater treatment 
processes. 

 It affects the crop growth. 

 It affects the solubility of heavy metals  
in the soil. 

Nutrients  N,P,K  Loss of juice, wine 
and less. 

 Protein removal to 
prevent haze. 

 Wash water. 

 Ion exchange. 

 
 Eutrophication can occur when it is 

discharged into a waterbody. 

 N in the form of nitrate and nitrite can 
be toxic to infants. 

 It can be toxic to crop in large 
amounts. 
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Table 2.4  Continues  

Salinity Electrical 
Conductivity 
(EC), Total 
Dissovled 
Solids (TDS) 

Sodium chloride, 
Potassium chloride. 

 Juice and wine. 

 Cleaning agents. 

 
 Expose and undesirable taste to 

water. 

 It could be toxic to aquatic organisms. 

 It affects the water uptake from crops. 

Sodicity Sodium 
Adsorption 
Ratio (SAR) 

Sodium and potassium.  Wash water. 
 

 It affects the soil structure. 

 It results in the surface to form a hard 
outer layer. 

 It results in low hydraulic conductivity. 

 It causes dense subsoil. 

 It can be toxic to plants. 

Heavy metals   Al, Cd, Cr, Co, Cu, Ni, Pb, 
Zn, Hg 

 Aluminium and 
copper pipes and 
tanks. 

 Lead soldering. 

 Brass fittings 

 
 Heavy metals are toxic to plants and 

animals.  

Solids TSS Microbial cells and grape 
residues, flocculating or 
coagulating agents, 
bentonite, diatomaceous 
earth. 

 Loss of lees and 
marc. 

 Floor cleaning 
agents. 

 Filtering. 

 Wastewater 
sludges. 

 
 Solids cause the soil to reduce its 

porosity, which results in the reduced 
oxygen uptake. 

 It can reduce the light transmission in 
water. 

 It results in the generation of odours 
due to anaerobic decomposition.  
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However, harmful human risks (Table 2.5) can be associated with the reuse of wastewaters (for 

example agricultural irrigation) if it does not conform to the specific limitations of certain parameters 

according to regulations (Gavrilescu, 2002; Weber et al., 2006).  

 

Table 2.5  Probable pathway of chemicals coming in contact with humans through infected water 

used for agricultural irrigation (Weber et al., 2006) 

Pathway Situation 

Reclaimed water for irrigation  soil  plant 

uptake  food production  human toxicity 

Consumption of plant food material grown on 
land irrigated with infected reclaimed water 

Reclaimed water for irrigation  soil  plant 

uptake  animal uptake  human toxicity 

Consumption of meatanimal products grazing 
on land irrigated with infected reclaimed water 

Reclaimed water for irrigation  soil  

vadoze zone  groundwater  human 
Toxicity 

Consumption of drinking water produced from 
groundwater infected with infected reclaimed 
water 

Reclaimed water for irrigation  atmosphere 

 human toxicity 

Inhalation of volatile contaminants during the 
irrigation process 

 

According to the Government Gazette (Republic of South Africa, 2013) the law states that the treated 

biodegradable industrial wastewater should not be harmful to the health and safety of the public.  

Recovered wastewater should therefore conform to certain parameters for specific usage (Huertas 

et al., 2008).  However, the amount of parameters could be reduced by the implementation of risk 

management systems such as the Hazard Analysis and Critical Control Points (HACCP) (Weber et 

al., 2006).  The HACCP system is projected to be a practical and suitable method for the future to 

ensure the efficacy and safety of the wastewater treatment processes (Huertas et al., 2008).  

 Figure 2.2 indicates a basic scheme of a wastewater treatment system.  Three different 

critical control points (CCPs) are identified: Health/sanitation, technical and ecological.  Each CCP 

point comprises its own parameters.  Parameters for health and sanitation includes: Legionella spp; 

Nematode (eggs); E.Coli; Protozoa; Se; Cd; Mo and organic micro contaminants (Huertas et al., 

2008).  Parameters for technical include: electrical conductivity (EC); Organic matter (COD); turbidity, 

pH and suspended solids (SS (Huertas et al., 2008).  Weber et al. (2006) identified guidelines 

related to chemical parameters such as COD, BOD, pH and TSS which correlate with the parameters 

for technical purposes.  The above mentioned parameters correlate to the parameters set out in the 

general authorisation requirements (Table 2.5) (Republic of South Africa, 2013).  The ecological 

parameters include: nitrogen, phosphorus, microbiology and chemicals which may affect the wildlife.   
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Figure 2.2  The basic design of wastewater treatment systems with possible critical control points 

(CCP) for health/sanitation, technical and ecological purposes (Huertas et al., 2008). 

 

The illegal discarding of untreated wastewater is a problem (UNEP, 2010).  Therefore, the global 

wine sector in particular faces increased pressure to oblige to environmental legislation (Oliveira & 

Duarte, 2011).  The South African wine industry in particular has intensified the stressors to which 

the natural resources are handled (Van Schoor, 2005).  According to the revision of general 

authorisations published in Government Notice no. 36820 (6 September 2013) in terms of Section 

39 of the National Water Act, 1998 (Act no. 36 of 1998) untreated winery wastewater does not meet 

the requirements to be discharged into a water resource (Republic of South Africa, 2013). Therefore, 

winery wastewater needs treatment before it can be released into a water resource or be disposed 

of in an alternative method (Van Schoor, 2005).  Land irrigation is a popular alternative method as 
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more than 95% of South African wineries irrigate their winery wastewater onto land (Van Schoor, 

2005).  The requirements of the treated winery wastewater for land irrigation are set out in the 

National Water Act, 1998 set up by the Department of Water Affairs (DWA) (Republic of South Africa, 

2013).  For land irrigation the intentional water must be registered with the DWA before irrigation 

may occur (Van Schoor, 2005). 

The current law allows land irrigation of treated winery wastewater provided that there is a 

continuous measurement of certain parameters and the wastewater meets the requirement limits 

(Table 2.6).  The wastewater should be analysed by a South African National Accreditation System 

(SANAS) accredited laboratory (Table 2.6). 

 

 

Table 2.6  Treated winery wastewater can be irrigated on any day following the general 

authorisations requirements and limit for each parameter (Republic of South Africa, 

2013; IPW, 2005) 

  
Required wastewater limits for various volumes use for 

irrigation per day 

  Pastures/lawns Other crops 

Parameters Units 50 m3.d-1 
50 - 500  

m3.d-1 

500 - 2 000 
m3.d-1 

0 - 500 

 m3.d-1 

Chemical 
Oxygen 
Demand (COD) 

mg.L-1 
< 5000 after 
removal of 

algae 

< 400 after 
removal of 

algae 
< 75 

 

< 100 

 

Electrical 
conductivity 
(EC) 

mS.m-1 < 200 < 200 < 150 < 150 

pH n.a 6.0 ≤ pH ≤ 9.0 6.0 ≤ pH ≤ 9.0 5.5 ≤ pH ≤ 9.5 6.0 ≤ pH ≤ 9.0 

Feacal coliform 
counts 

Counts 
per 
100mL 

< 100 000 < 100 000 < 1 000 < 100 000 

Sodium 
adsorption 
ratio (SAR) 

n.a < 5 < 5 n.a < 5 

Suspended 
Solids (SS) 

mg.L-1 n.a n.a < 25  

 

The various treatment options, chemical characteristics of the substrate and the targeted quality 

parameters should be thoroughly researched and understood to fully implement the recycling of 

these wastewaters.  
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D. WINERY WASTEWATER (WW) TREATMENT OPTIONS 

Several wastewater treatment options are available to treat winery wastewater with the main goal of 

reducing the organic material and suspended solids within the wastewater stream (Mosse et al., 

2011).  The applicable treatment options are chosen with regard to the following contributing factors: 

the effluent requirements; minimum capital and operational costs; enhancement of an automated 

system; minimum management requirements and suitability for the type of wastewater (EPA, 1999; 

Kumar et al., 2009).  Physical, physicochemical and biological methods currently reduce the organic 

content of winery wastewater (Fumi et al., 1995; Petruccioli et al., 2002; Malandra et al., 2003). 

 Mosse et al. (2011) identified a number of applicable treatment options for winery wastewater 

which are used in the Australian wine industry (Fig. 2.3). It should be noted that Figure 2.3 is only 

an overall summary of some of the treatment processes.  Overall for winery wastewater treatments 

physical pre-treatment processes are generally used, physicochemical treatments are rarely used 

whereas biological treatment processes are predominantly used.  However, only specific processes 

are generally employed (Fig. 2.3).  

Physical methods 

Predominantly all the winery wastewater treatment options involves a physical preliminary step 

(primary treatment) (Mosse et al., 2011).  Primary treatments generally remove 60% suspended 

solids (TSS), 30% BOD and 20% phosphorus (Mihelcic et al., 2010).  The physical treatment 

methods results in the removal of insoluble material (consisting out of stems, pomace, lees and 

filtration residues) from the wastewater stream, whereas the soluble material requires biological 

breakdown (Tofflemire, 1972; Mosse et al., 2011; Mosse et al., 2013).   

 Screening is typically the first procedure during a wastewater treatment process consisting 

out of a perforated apparatus (Anon., 2010; Mihelcic et al., 2010).  The screening apparatus consists 

out of bars, wires, mesh or plates (Hansen & Cheong, 2007).  Course screening (opening of 6 mm 

and greater) or fine screening (openings between 3 - 10 mm) are possible (USEPA, 2004; Anon., 

2010).  The aim of screening is to remove the insoluble non-biodegradable solids within the 

wastewater stream to prevent damage to the mechanical equipment and to prevent pipe blockages 

(Anon., 2010; Mihelcic et al., 2010).  

 Sedimentation is a process which is also known as grit removal and settling done by grit 

chambers (Mihelcic et al., 2010).  Suspended particles which are heavier than water can settle out 

by means of gravitational settling (Hansen & Cheong, 2007; Hand et al., 2010).  The material within 

the wastewater stream with a density of > 1000 kg.m-3 settles to the bottom, whereas the material 

with a density of < 1000 kg.m-3 will float (Hand et al., 2010).  Sedimentation tanks can be rectangular 

or circular (Mihelcic et al., 2010).  The grit is removed from the tank by a conveyor (USEPA, 2004).  

The aim of sedimentation is to prevent damage to mechanical equipment and to prevent grit build-

up in pipelines (USEPA, 2004).   
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Figure 2.3  Illustration of the applicable treatment options applied on winery wastewater (adapted from Mosse et al. (2011)). 
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Physicochemical methods 

According to Mosse et al. (2011) physicochemical treatment methods are rarely used to treat winery 

wastewater.  However, additional physicochemical treatment methods exist and have been applied 

to treat winery wastewater.  Adsorption, coagulation-flocculation, oxidation and ozonation are the 

most dominantly used physicochemical treatment methods used in winery wastewater treatments.  

Physicochemical methods are generally used in conjunction with other methods (Hansen & Cheong, 

2007).  

 Coagulation involves the destabilisation of the colloidal particles within the wastewater 

(Anon., 2003; Braz et al., 2010).  The colloidal particles in winery wastewater have a negative surface 

charge and are roughly 0.01 to 1 μm in size (Braz et al., 2010).  Flocculation involves the formation 

of aggregates from the destabilised colloids (Anon., 2003).  Coagulants such as alum (aluminum 

sulphate) and iron salts are predominantly used as coagulant media (Braz et al., 2010). With the 

addition of coagulation media the suspended particles will destabilise, group together, form larger 

molecules and settle (Prakash et al., 2014).  The efficiency of the process is dependent on the 

coagulating agent, dosage, pH and the characteristics of the organic material within the wastewater 

(Braz et al.,  2010). 

 Braz et al. (2010) studied the effects of four different coagulant media (FeSO4, Al2(SO4)3, 

FeCl3 and Ca(OH)2) on winery wastewater.  It was found at an optimum pH and an optimum chemical 

dosage, 92.6% of the turbidity was removed by aluminium sulphate and 95.4% TSS was removed 

by calcium hydroxide.  It was noted that coagulants do not predominantly affect the COD content of 

the wastewater, with only a 30% COD reduction in the study.  Therefore, the process should be in 

conjunction with other biological processes.  

 The aim of filtration is to remove suspended particles, small flocculent material and turbidity 

of wastewater (Hansen & Cheong, 2007; Hand et al., 2010; Reddy, 2010).  Different filtration 

processes are available including granular media filters and membrane filters (Reddy, 2010).  

Granular media filters include slow sand filtration and rapid sand filtration.  Membrane filters include 

microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) (Hand et al., 

2010; Reddy, 2010).  

 Granular media filtration is a process that follows after sedimentation (gravitational 

separation) and coagulation (Hand et al., 2010; Anon., 2015b).  For the rapid rate filtration process 

the wastewater stream enters the media filtration system (at the top, flows through a bed of granular 

media (sand is usually used) with pore sizes of 0.45 - 0.55 mm (Hansen & Cheong, 2007; Hand et 

al., 2010; Anon., 2015b).  Thereafter the water flows into a pipe system at the bottom (Anon., 2015b).  

The particles (suspended solids) retains within the granular bed (Hansen & Cheong, 2007; Hand et 

al., 2010; Anon, 2015b).  The pore openings between the granules are filled by the particles, 

therefore the filter requires cleaning (Hansen & Cheong, 2007).  After the filtration stage a backwash 

stage commence, entailing water to flow back upwards through the granular bed to push out the 
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attached particles (Hamoda et al., 2004; Hand et al., 2010).  The backwash water together with the 

particles is disposed of and the media filter can be reused (Hansen & Cheong, 2007).  The media 

for slow rate filters consists out of particles (usually sand) with 0.2 mm pore size, therefore most of 

the suspended particles are removed (Hansen & Cheong, 2007).  Slow sand filtration is not 

frequently used as it is expensive and requires large space (Hansen & Cheong, 2007; Hand et al., 

2010). 

 Membrane filtrations entail a wastewater stream to be pumped under pressure, electrical 

potential or a gradient into a system containing a membrane (Hansen & Cheong, 2007; Hand et al., 

2010).  The water flows through the membrane.  The type of membrane to use is dependent on the 

type of particles that need to be removed (Hand et al., 2010).  Microfiltration (MF) membranes 

remove particles larger than the pore sizes of the membranes of approximately 0.1 µm (Hand et al., 

2010).  Ultrafiltration (UF) membranes have pore sizes of 0.01 µm (Hand et al., 2010).  To remove 

colloidal particles (≥ 5 - 100 nm) and larger molecules ultrafiltration membranes can be used, 

however this procedure is expensive (Hansen & Cheong, 2007).  Nanofiltration (NF) membranes of 

0.001 µm remove dissolved organic material (Hand et al., 2010).  Reverse osmosis (RO) membranes 

remove particles of 0.1 - 15 nm in size.  However, the usage of reverse osmosis to treat wastewater 

is limited due to the high costs (Hand et al., 2010).  

 Adsorption entails particles within a wastewater stream to be removed from a liquid phase to 

attach on a surface (Hand et al., 2010).  Adsorption on activated carbon (AC) in particular is use to 

remove the colour, specific organic material and inorganic material of wastewaters (Hansen & 

Cheong, 2007; Satyawali & Balakrishnan, 2008; Mohana et al., 2009).  The use of activated carbon 

is however costly, thus the usage is restricted (Satyawali & Balakrishnan, 2008; Mohana et al., 2009).  

 Advanced oxidation is an innovative treatment option which is being applied to wastewater 

treatments (Mosteo et al.,  2006).  Oxidation provides hydroxyl radicals (OH•) (which are non-

selective oxidants) which oxidise organic material within a wastewater stream (Gogate & Pandit, 

2004; Mosteo et al., 2006).  These hydroxyl radicals could be formed from various sources (O3, H2O2 

and ultraviolet (UV) light).  A promising technique is the usage of a catalyst to perform reactions 

(Mosteo et al., 2006).  Photocatalytic oxidaton is capable to perform these reactions.  The catalysts 

are chosen according to the properties: chemical activity, stability, availability, cost and lack of 

toxicity (Cassano & Alfano, 2000).  

 Navarro et al. (2005) studied the different photocatalyst systems in combination with 

hydrogen peroxide on winery wastewaters.  Hydrogen peroxide was studied alone and in 

combination with light.  Hydrogen peroxide was also studied in combination with heterogeneous 

catalysts.  The catalyst that was used was titanium dioxide (TiO2), and the other was clays which 

contain iron minerals.  The study found that photocatalytic/H2O2 treatment systems are more 

effective than using H2O2 alone for the treatment of winery wastewater.  The combined 

photocatalytic/H2O2 treatment system provided the same COD removal efficiency at a lower H2O2 

concentration.  The iron clay/H2O2 treatment combination required a lower H2O2 dosage than for the 
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TiO2/H2O2 system.  It was found that too high dosages of the catalyst (3.0 g.L-1) decreased the 

efficiency of the treatment option which is a result of the suspended solids present within the 

wastewater which stop the irradiation process. 

 Mosteo et al. (2006) investigated the combined photo-Fenton oxidation treatment on winery 

wastewater.  The Fenton reagent is a combination of Iron (Fe3+) salts and hydrogen peroxide used 

in the presence of ultraviolet visible (UV/VIS) light.  The process is depended on several factors: 

hydrogen peroxide concentration; the catalyst; the pH of the treatment system; the reaction time and 

the characteristics of the substrate.  The treatment resulted in a 55% COD reduction on the synthetic 

winery wastewater.  

 Ozone (O3) can be seen as a strong oxidiser which reacts with inorganic and organic material 

(Hansen & Cheong, 2007; Lucas et al., 2009).  Ozone needs to be produced on-site according to 

the equation and requires to be used immediately (Hansen & Cheong, 2007): 

 O2 → O + O (1) 

 O + O2 ↔ O3 (2) 

Ozone needs to be completely mixed in the wastewater sample to ensure correct contact (Hansen 

& Cheong, 2007).  Lucas et al. (2009) studied the effect of ozone on winery wastewater in a pilot-

scale bubble column reactor.  The authors found that the aromatic and polyphenolic compounds 

degraded faster than organic material.  The ozone is more effective at an alkaline and neutral pH 

where the radical formation is more accelerated.  It was indicated that ozone can be an effective pre-

treatment process for biological treatment processes.  

Biological methods 

The goal of biological treatments is the breakdown of soluble biodegradable organic material within 

the wastewater stream (Grady et al., 2011).  During biological digestion a consortium of 

microorganisms use the soluble organic material as a food source (Grady et al., 2011).  Biological 

treatment methods can be subdivided into aerobic biological treatment processes and anaerobic 

biological treatment processes which differ from each other (Fig. 2.4 & Table 2.7) (Mosse et al., 

2011).  Apart from the aerobic and anaerobic subdivisions, bioreactors can be divided into 

suspended-growth bioreactors and attached-growth bioreactors (Mihelcic et al., 2010; Grady et al., 

2011). 
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Figure 2.4  Biological interpretation of the aerobic and anaerobic systems (adapted from  

                   Chernicharo, 2007 & Van Lier et al., 2008).   
 

Aerobic bioreactor 
100% COD 

+ 
Aeration 

 

50 - 60% 
sludge 

5 - 10% 
effluent 

40 - 50 % CO2 

Anaerobic bioreactor 100% COD 

5 - 15% 
sludge 

 

10 - 30% 
effluent 

70 - 90 % Biogas 
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Table 2.7  Differences between aerobic and anaerobic biological wastewater treatments 

Factors to consider Aerobic treatment Anaerobic treatment 

Start-up period  Short  Long 

Process  Nutrient recovery is not 
possible 

 Produce high amounts of 
sludge 

 Large volumes required 
for reactor 

 More nutrients required 

 95% COD reduction 
efficiency 

 The process is effective 
over a wider temperature 
range (10°C - 60°C) 

 Nutrient recovery is possible 

 

 Produce only little amount of 
sludge 

 Smaller volume reactor 
required 

 Fewer nutrients required 

 > 90% COD reduction 
efficiency 

 Better process efficiency over 
25°C 

Carbon balance  50 - 60% carbon 
integrated into CO2 

 40 - 50% carbon 
integrated into biomass 

 95% carbon integrated into 
CO2 

 5% carbon integrated into 
biomass 

Energy balance  40% energy is lost as 
heat 

 Higher energy is required 

 No energy is produced 

 3 - 5% energy is lost as heat 

 Less energy is required 

 Energy is produced in the form 
of biogas 

Residuals  High sludge production. 

 Post-treatment not 
required 

 Biogas production 

 Post-treatment required 

Costs  Lower investment cost. 

 Higher operational cost 
required 

 Reasonable investment cost 

 Lower operational cost 
required 

Development  Aerobic technology is 
established 

 Anaerobic technology is still 
under development 

Benitez et al., 1999; Parawira, 2004; Doble & Kumar, 2005; Jördening & Buchholz, 2005; 

Donoso-Bravo et al., 2009; Tauseef et al., 2013 

Aerobic biological methods 

Aerobic biological wastewater treatment methods are defined as the oxidation of organic material 

present in wastewater (Hansen & Cheong, 2007).  The aerobic microorganisms use the organic 

material as a carbon and energy source with oxygen as the last electron acceptor (Doble & Kumar, 

2005).  The organic material is broken down to form CO2, water, nitrates, sulphates and biomass 

(Doble & Kumar, 2005).   
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The aerobic biological process is presented as: 

 CxHy + O2 + (microorganisms/nutrients)  H2O + CO2 + biomass (3) 

According to Mosse et al. (2011) aerobic biological processes are generally easy to implement, it 

generates a high COD reduction efficiency and it is very versatile in terms of the size of the operation.  

According to Mosse et al. (2011) stabilisation ponds, activated sludge and aerobic sequencing batch 

reactors are aerobic reactors which are widely used in the wine industry (Fig. 2.3).  Overall, aerobic 

treatment processes applied to treat winery wastewaters include: Stabilisation ponds; Activated 

sludge process; Sequencing batch reactors (SBR); Membrane bioreactors (MBR); Jet-loop activated 

sludge reactors (JLR); Air micro-bubble reactor (AMBB); Aerobic biofilm systems such as the rotating 

biological contactor (RBC); Moving Bed Biofilm reactor (MBBR) and Fixed-Bed biofilm reactor 

(FBBR). 

 Stabilisation ponds are also known as aerated lagoons and oxidation ponds (Mihelcic et al., 

2010).  This process is the simplest and cheapest design as the wastewater is stored in pits while 

oxygen is bubbled through the wastewater.  The sludge settles to the bottom and gets drained (Doble 

& Kumar, 2005).  The lagoon is not forcefully mixed, therefore solid sedimentation occurs (Hansen 

& Cheong, 2007).  Aerated lagoons are easy to manage, but require longer time periods for aeration 

compared to activated sludge processes.  They also have a high energy demand (Montalvo et al., 

2010).  Lagoons are appropriate for winery wastewater as they are simple to operate and contain a 

natural pH buffering system (Laginestra, 2009).  The disadvantages are that a large area is required, 

bad odours can result and the pond also generates slurries which must be disposed. 

 The activated sludge process involves the suspended growth of bacteria and is the most 

common aerobic biological process (Hansen & Cheong, 2007).  The solid retention time (SRT) is 

longer than the hydraulic retention time (HRT) resulting in an improved process (Hansen & Cheong, 

2007).  Generally the effluent from a primary treatment process (such as a sedimentation tank) goes 

to an aeration tank.  The wastewater is mixed with a combination of microorganisms containing 

bacteria, fungi, and protozoa (Mihelcic et al., 2010).  The activated sludge processes are simple, 

flexible and economical, however the process has a high energy demand and requires additional 

nutrients (Fumi et al., 1995).  A Fumi et al. (1995) study revealed that the long-term activated sludge 

process is feasible to treat winery wastewater.  An average COD reduction of 98% was noted.  The 

authors found that the process itself is flexible to endure the large variations in the organic material 

loadings.  

 Sequencing Batch Reactors (SBR) work according to the fill-and-draw process (EPA, 1999). 

The wastewater is added to the reactor vessel, the wastewater is treated, the biomass settles out 

and the treated effluent is decanted (EPA, 1999).  The SBR's have several advantages: an external 

clarifier is not needed as the process occurs in a single vessel, thus a cost saving aspect.  The 

operation is flexible and has a minimal carbon footprint.  The disadvantage could be the high level 

of maintenance that is required (EPA, 1999).  A study done by Torrijos & Moletta (1997) revealed 

that the aerobic sequencing batch reactor is a suitable process to treat winery wastewater of small 
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wineries.  The authors' results indicated a 93% COD removal efficiency.  They noted that the process 

is simple to operate, it has a low capital cost and a moderate operational cost.  

 The aerobic membrane bioreactor (MBR) is a combination of a suspended-growth activated-

sludge process and the microfiltration membrane process.  The mixed liquor (mixture of liquid, waste 

solids and microorganisms) in the basin is filtered through a membrane to separate the biomass 

from the water stream.  During this process a vacuum of less than 50 kPa is applied.  For an external 

membrane system a pump is used to pressurise the mixed liquor at less than 100 kPa.  The water 

is filtered through the membrane and the biomass is sent back to the aeration basin (Mihelcic et al., 

2010).  The advantage of membrane bioreactors includes the better effluent quality which can be 

obtained, smaller space which is required and the fact that the process is automated.  The MBR's 

are able to operate at higher OLR's, but the main disadvantages are the high capital and operational 

costs, their short life span, and they must be cleaned frequently and/or be replaced (EPA, 2007).  

Artiga et al. (2005) investigated the use of a membrane bioreactor for winery wastewater.  The MBR 

had a working volume of 220 L and was operated for approximately 120 days.  The MBR in this 

study treated winery effluent for 50 days, followed by the treatment of tannery wastewater.   

A 97% COD removal efficiency was obtained for the treatment of winery wastewater.   

 The jet-loop activated sludge (JLR) process is an alternative method for the treatment of 

winery wastewater.  A jet of liquid within the reactor ensures efficient mixing and turbulence which 

ensures the breakdown of organic content within the wastewater.  The advantage of the process is 

the smaller volume which is required, lower cost of installation and maintenance thereof (Bloor et al., 

1995).  Petruccioli et al. (2002) investigated the use of an aerobic jet-loop activated sludge process 

on winery wastewater.  The JLR had a working volume capacity of 15 dm3.  The reactor ran for  

12 months, while the OLR varied between 0.4 - 5.9 kgCOD.m-3.d-1.  The HRT varied between  

2.1 - 4.4 days.  A COD removal efficiency of ≥ 90% was reached.  

 For the air-micro bubble reactor the aeration is conducted during wastewater recirculation 

(Oliveira & Duarte, 2011).  The air/water gets discharged into the bottom of the bioreactor (Doble & 

Kumar, 2005; Oliveira & Duarte, 2011).  Oliveira & Duarte (2011) investigated the usage of the air-

micro bubble bioreactor (AMBB) to treat winery wastewater.  The reactor had a volume of 15 dm3 

which encompass a cylindrical bioreactor.  The authors concluded that the treated winery wastewater 

with the AMBB was efficient to irrigate onto land as the characteristics of the treated effluent were in 

agreement with the legislation.  

 The rotating biological contactor (RBC) process requires a biological film to rotate within the 

wastewater (Hansen & Cheong, 2007).  The discs are covered with a biological film which 

decomposes the organic material within the wastewater.  The rotating disc allows the film to alternate 

between the wastewaters and the air.  The available oxygen results in the aerobic microorganisms 

being able to degrade the organic material.  Several contactors usually operate in series (Doble & 

Kumar, 2005).  RBC has certain advantages: it is easy to operate; it has a short start-up period and 
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little maintenance is required.  Biofilm systems are advantageous as they have the ability to operate 

at high biomass concentrations and no recirculation is required (Malandra et al., 2003). 

 Malandra et al. (2003) investigated a small scale RBC to treat winery wastewater.  A 

stainless-steel RBC was used with a volume of 14 260 cm3.  Polystyrene discs (20 cm in diameter) 

rotated inside the bioreactor at a speed of 6 rev.min-1.  The HRT varied for this study at  

0.35 - 1.4 hours.  The conclusion was made that the RBC process was effective to reduce the COD 

content of winery wastewater.  A COD reduction of 43% was obtained.  It is recommended to use 

the process in conjunction with other processes. 

 Moving bed biofilm reactors (MBBR) use the whole tank volume for the biomass.  No 

recycling of the sludge is needed.  The biomass grows on carriers which are submerged in the water.  

The biofilm moves in the wastewater through agitation which is caused by the air. Sieve 

arrangements keep the biofilm within the wastewater.  The biofilm thickness is of importance in the 

process, therefore the biofilm must be thin and evenly dispersed over biofilm carrier (Rusten et al., 

2006).  

 Fixed bed biofilm reactors (FBBR) is also known as trickling filters.  The process consists of 

a fixed medium to which the micro-organisms adhere.  The organic material gets absorbed by the 

fixed biological film.  The FBBR is primarily used to remove soluble organic material and for ammonia 

oxidation to occur (Hansen & Cheong, 2007).  The reactor makes use of immobilised 

microorganisms.  The wastewaters are pumped from the top to flow down through the fixed bed. The 

air is pumped from the bottom of the bioreactor (Doble & Kumar, 2005).  The tank is typically filled 

with stone media and the biological growth forms on the solid surface.  The biofilm thickness may 

range from 0.07 mm to 4.0 mm (Mihelcic et al., 2010).  The advantages of the system are that a 

decrease in volume is required for the reactor in comparison to the activated sludge systems. 

Clogging within the reactor is reduced. The return flow step is eliminated.  The reactor process is 

easier to manage (Doble & Kumar, 2005). 

 A study was done by Andreoletta et al. (2005) to treat winery wastewater with an aerobic full-

scale fixed bed biofilm reactor.  A COD reduction of 91% was obtained.  The authors noted that the 

FBBR is an alternative method which can be used to treat winery effluent.  

 The aerobic biological methods were previously predominantly used as a main wastewater 

treatment option, in contrast they are not currently being used to the same extent as before (Anon., 

2014).  However, the aerobic biological treatment processes is currently sufficient to be used as a 

post treatment after anaerobic treatments (Anon., 2014).  Overall the main disadvantages of these 

methods are the high amount of energy that is required and large volume of sludge production (Table 

2.7).  The excess sludge needs to be disposed of and handled as a solid waste which increases the 

cost aspects (Anon., 2014).   
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Anaerobic biological methods 

Anaerobic digestion is a biological process where soluble organic material is degraded in the 

absence of oxygen (Ndon & Dague, 1997; Anderson et al., 2003).  The consortium anaerobic micro-

organisms works together to convert polluting material within wastewater (measured in term of COD 

and BOD) into sludge and biogas (Anon., 2014).  The production of biogas could be a contributing 

factor to use anaerobic digestion (AD) as a treatment option (Anderson et al., 2003).  The anaerobic 

biological process is presented in the equation: 

CxHy + (microorganisms/nutrients)  CO2 + CH4 + biomass   (4) 

Anaerobic technology has been applied from the 19th century to treat wastewater.  The rapid 

development of the anaerobic process in the 1970's was due to the demand for more cost effective 

treatment systems for the growing food industry and the oil crises (Gavrilescu, 2002).  It was of 

importance to develop cost effective systems, therefore high-rate reactors were developed 

(Gavrilescu, 2002).  Reactors are vessels holding microorganisms in a fixed bed or in a suspended 

form.  The dimensions of a anaerobic bioreactor range from 10 to 500m3 generally with a height to 

diameter range of 1 to 5 (Jördening & Buchholz, 2005). 

 The anaerobic biological process has certain advantages over aerobic biological processes.  

It differs from the aerobic treatment process as less energy is required while energy is generated in 

terms of biogas (Jördening & Buchholz, 2005).  The advantages of the process includes: low 

operating costs; less space is required; it produces valuable biogas and has a low sludge production 

(Anon., 2014).  Biogas consists out of a mixture of carbon dioxide (30 - 35%), methane (60 - 65%), 

hydrogen sulphide and water vapour (Chynoweth et al., 2001; Fillaudeau et al., 2008).  The AD 

processes are more economically feasible at large industrial scale bioreactors due to the large 

biogas production quantities as biogas has a calorific value of 24 MJ.m-3 (Chynoweth et al., 2001; 

Doble & Kumar, 2005; Nayono et al., 2010).  Methane can therefore be used to recover energy for 

heating (the AD process requires heat), used by generators for power generation (the bioreactor 

pumps requires electricity) and for lightening (on-site usage) (Kelleher et al., 2002; Anderson et al., 

2003; Börjesson & Berglund, 2007; Hansen & Cheong, 2007). 

 However, the AD process contains certain disadvantages.  The AD process is complex and 

difficult to monitor and control.  The process is sensitive to changes, inhibiting factors, inhibiting 

compounds and the start-up period is relatively long (Amani et al., 2010). 

 Anaerobic digestion (AD) has been widely used to treat wastewaters since the 20th century 

(Amani et al., 2010).  Different reactor types are used for different types of wastewater varying in 

terms of COD and characteristics (Anon., 2014).  According to Mosse et al. (2011) the following 

anaerobic digestion processes are seldomly used in the wine industry (Fig. 2.3): Anaerobic lagoons; 

Upflow Anaerobic Sludge Blanket (UASB) and Anaerobic Sequencing Batch reactors (AnSBR). 

 Anaerobic ponds/lagoons are a simple anaerobic digestion technology which could be 

applied to distillery wastewater (Mohana et al., 2009).  Anaerobic lagoons are not heated or  
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mixed (USEPA, 2002), therefore they are more frequently used in warmer climate areas 

(Chernicharo, 2007).  Anaerobic ponds/lagoons consist of an open large basin with a high depth 

(USEPA, 2002; Chernicharo, 2007).  The high depth results in less oxygen to diffuse, contributing to 

the anaerobic conditions (USEPA, 2002).  The anaerobic pond/lagoon is frequently used as a pre-

treatment of municipal and industrial wastewater (USEPA, 2002).  However, the system contains 

certain disadvantages.  It is possible that groundwater contamination could occur as not all of the 

lagoons are lined.  Large land areas are required and odours may be produced (Chernicharo, 2007; 

Mohana et al., 2009).   

 The Upflow Anaerobic Sludge Blanket (UASB) is known to be the most traditional and widely 

used high rate anaerobic bioreactor (Moharikar et al., 2005; Van Lier et al., 2008).  The micro-

organisms within the UASB are self-immobilsed (Rajeshwari et al., 2000).  The wastewater stream 

flows from the bottom of the reactor through a sludge blanket which is comprised of the granules.  

This flow streams results in the suspension of the biomass.  The treatment process has been 

successfully applied to treat distillery, tannery, municipal wastewater and food processing 

wastewaters (Rajeshwari et al., 2000; Doble & Kumar, 2005).  The advantage of the UASB is that a 

lower investment cost is required compared to the anaerobic filter and fluidised bed reactors 

(Rajeshwari et al., 2000).  The UASB can operate at an OLR of 10 - 15 kgCOD.m-3.d-1 (Rajeshwari 

et al., 2000; Jördening & Buchholz, 2005).  The main disadvantage of the UASB process is the long 

start-up time (Jördening & Buchholz, 2005).  However, to reduce the start-up period granules from 

an existing wastewater treatment plant can be used.   

E. ANAEROBIC DIGESTION BY ANAEROBIC SEQUENCING BATCH REACTORS (ANSBR) 

Introduction to AnSBR 

The AnSBR is acknowledged as an alternative method to continuous systems (Farina et al, 2004).  

The AnSBR process was previously known as the "anaerobic contact process" (also known as the 

anaerobic activated sludge process) (Sung & Dague, 1995).  Interest in these batch reactors began 

in the 1950's.  During this time period the process was in the treatment of livestock slaughtering 

wastewater (EPA, 1999).  The process, however, used an external clarifier unit.  The wastewater 

was degasified and thereafter flowed to another unit where the biomass settled to the bottom to be 

used again.  This operation needed different vessels which increased the capital cost (Dague, 1993).  

Further interest in these batch reactors occurred in the 1960's when new technologies and 

equipment were developed (EPA, 1999).  Richard R. Dague and co-workers (1993) from the Iowa 

State University invented and patented the Anaerobic Sequencing Batch process in one vessel.  This 

system is unique as the biological reactions as well as the separation of the biomass occur in the 

same tank and thus no external clarifier is required (Dague, 1993, Zaiat et al., 2001).  The process 

occurs on a fill-and-draw basis and run in successive cycles which are divided in four distinct steps: 

feed; react; settle and decant (Sung & Dague, 1995).  The schematic four step representation of the 

AnSBR system is shown in Fig. 2.5.  
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a) Feeding 

During the first step, substrates are added to the reactor containing the biomass (Sung & Dague, 

1995).  The volume of the added substrates is established according to the desired hydraulic 

retention time (HRT), organic load and the settleability of the sludge (Sung & Dague, 1995; Al-Rekabi 

et al., 2007).  The substrates (influent) can be pumped into the reactor or can flow in by gravity.  The 

feeding time depends on the volume of the reactor and the feeding time requested (Zaiat et al., 2001; 

Al-Rekabi et al., 2007).  The AnSBR can be fed according to a batch process (shorter feeding time 

regarding the entire cycle length) or a fed-batch process (longer feeding time regards to the entire 

cycle length).  The desired feeding process (batch or fed-batch) can be operated by adjusting the 

feeding time accordingly in relation to the entire cycle length.  Apart from the feeding regime two 

different variations exist for the feeding step (EPA, 1999): 

Static fill - The wastewater is added to the reactor while no mixing occurs.   

Mixed fill - The wastewater is added to the reactor while being mixed. 

b) React 

The reaction step converts the organic material to biogas (Al-Rekabi et al., 2007).  The time required 

for the react step is dependent on the type of substrate (composition and strength), the quality 

standards the effluent should meet and the concentration of the biomass (Sung & Dague, 1995).  Al-

Rekabi et al. (2007) stated that the react time can cover more than 50% of the entire cycle length.  

Michelan et al. (2009), however, stated that the react phase can cover more than 80% of the total 

cycle length.  According to Ruiz et al. (2002) and Timur & Özturk (1999) the reaction rate varies 

during the react phase and the react step is adjusted according to the biogas production.  Mixing is 

required in this stage (Dague, 1993).  

c) Settlement 

The settle step occurs when the mixing is stopped (Angenent & Dague, 1995).  The biomass settles 

in the same tank and the reactor itself acts as the clarifier (Dague, 1993).  The time required for the 

clarification of the effluent varies and is dependent on the biomass concentration and settling ability 

(Angenent & Dague, 1995; Zaiat et al., 2001).  The reported time of the settling step varies from  

10 minutes to 2 hours (Dague, 1993; Sung & Dague, 1995; Timur & Özturk, 1999; Shizas & Bagley, 

2002; Rodrigues et al., 2003; Ammary, 2005; Li et al., 2005; Mockaitis et al., 2006; Donoso-Bravo et 

al., 2009).  A good settling biomass involves the biomass to settle to the bottom of the reactor to a 

compact layer (Massé & Masse, 2000).  However, it should be noted that biomass that does not 

sufficiently settle to the bottom is transferred out of the AnSBR together with the treated effluent 

during the decanting step (step 4) (EPA, 1999; Massé & Masse, 2000; Zaiat et al., 2001).  This 

occurrence results in the possibility of an increased TSS (total suspended solids) content in the 

effluent in comparison to the TSS content of the substrate fed to the AnSBR (EPA, 1999; Ratusznei 

et al., 2003).   
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Figure 2.5.  Schematic four step representation of a general AnSBR system. 

 

d) Decant 

The decanting process commences once the solids and liquids have been separated (Sung & 

Dague, 1995).  The volume decanted is normally equal to the volume fed to the reactor (Sung & 

Dague, 1995).  The effluent is withdrawn to a predetermined level above the settled biomass.  The 

effluent can be withdrawn using a decanting pipe fixed to the reactor at a predetermined level (Massé 

& Masse, 2000).  The flow can be regulated with the use of a pump.  The time period of this step 

can range from 5 to 30% of the entire cycle length (Al-Rekabi et al., 2007).  Different from an aerobic 

process, the AnSBR is a closed process in a single vessel (EPA, 1999).  The decanting step results 

in a pressure drop inside the reactor.  There is also a possibility of oxygen to enter the system which 

Effluent 

Head-space 

1. FEED 

Influent 
(wastewater) 

Biomass 

3. SETTLE 

Settled 
biomass 

2. REACT 
Biogas outlet  

Biomass 
and 
wastewater 
in 
suspension 

4. DECANT 

Decanting port 

Retained effluent  



36 

 

disturbs the anaerobic bacteria (Zaiat et al., 2001).  Therefore, a gas bag is normally installed to 

equalise the pressure (Angenent & Dague, 1995).  The volume of the gas bag decreases during 

decanting (Zaiat et al., 2001; Shizas & Bagley, 2002).  After the decanting step the feed step  

(step 1) commences again thereby starting the next cycle (Sung & Dague, 1995). 

Previous studies on wastewater treatment using AnSBR 

Several types of wastewaters have been treated with an AnSBR.  Table 2.8 is an overview of various 

wastewaters which have been successfully treated using the AnSBR technology as found in 

literature (Dague, 1993; Timur & Özturk, 1999; Massé & Masse, 2001; Ruiz et al., 2002; Shizas & 

Bagley, 2002; Ratusznei et al., 2003; Rodrigues et al., 2003; Farina et al., 2004; Ammary, 2005; Li 

et al., 2005; Mockaitis et al., 2006; Upendrakumar et al., 2006; Krapivina et al., 2007; Sarti et al., 

2007; Shao et al., 2008).  Table 2.8 indicates the type of wastewater as well as the different 

operational parameters applied on the AnSBR.  It is clear from Table 2.8 that the AnSBR are possible 

to treat various substrates: fat-free dry milk; landfill leachate; slaughterhouse wastewater; winery 

wastewater; glucose water; synthetic wastewater; domestic sewage wastewater; distillery 

wastewater; olive mill wastewater; coking wastewater; cheese whey wastewater; raw cheese 

wastewater; yeast wastewater; brewery wastewater and industrial biodiesel wastewater.  An 

approximate average COD reduction percentage obtained for these studies was 85%.  However, 

some operating conditions varies within these studies.  The operating OLR range from  

0.2 - 9.4 kgCOD.m-3.d-1.  The HRT also varied from 1 - 20 days.  Various mixing techniques were 

also evident.  The mixing varied in terms of mode (biogas recirculation, liquid recirculation or 

mechanical mixing), the intensity and the frequency (continuous or intermittent mixing).   

 It should be noted that limited research are available specifically using the AnSBR to treat 

winery wastewater.  Ruiz et al. (2002) studied the treatment of winery wastewater using an AnSBR.  

The AnSBR was operated according to an OLR of 8.6 kgCOD.m-3.d-1 and a HRT of 2.2 days.  The 

5 litre bioreactor was maintained at 35°C and mixing was done according to magnetic stirrers.  A 

COD reduction of 98% was obtained which indicated that the organic material within the wastewater 

is biodegradable.  The study indicated that the biogas production rate can be subdivided into two 

sections.  A high biogas production rate was obtained within the first two hours during the react step.  

Thereafter the biogas production rate was low.   
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Table 2.8   Summary of AnSBR applications for various types of wastewaters in the mesophilc temperature range 

Type of 
wastewater 

Feeding 
volume 

(L) 

L:D 
ratio 

COD 
(mg.L-1) 

OLR 
(kgCOD.m-3.d-1) 

Temp 
(°C) pH 

Cycle 
Length 
(hours) 

Feeding/
Cycle 
length 
ratio 

Mixing 
HRT 

(days) 

Total COD 
removal 

efficiency 
Reference 

Fat-Free 
dry milk 

13 6.5 500 - 1 500 0.5 - 1.5 35±2 nm 8 0.03 Biogas or liquid 
recirculation, 
continuous or 
intermittent            
(2 min.h-1) 

1 77.5 - 86.9 Dague, 1993 

Landfill 
leachate 

2 1.3 3 800 - 15940 0.4 - 9.4 35 7.4 - 
8.0 

24 0.007 Magnetic stirring, 
intermittent           
(1 min.h-1) 

1.0 - 
1.5 

64 - 85 Timur & 
Özturk, 1999 

Slaughter-
house 

42 nm 9 445 - 11 500 4.39 - 4.93 30 7 24 0.04 Biogas recycling, 
intermittent 

(1 min.5 min-1) 

2 93 Massé & 
Masse, 2001 

Winery 5 nm 8 500 8.6 35 7 varied nm Magnetic stirring, 
continuous 

2.2 98 Ruiz et al., 
2002 

Glucose 
water 

12 5 1 300 2.1 - 3.2 nm 6.8 12 - 24 0.25 -
0.75 

Liquid recirculation, 
continuously 

1 - 2 nm Shizas & 
Bagley, 2002 

Synthetic 0.5 nm 500 nm 30 ± 
1 

nm 3 0.02 Magnetic stirring 
(200 rpm) 

nm 86 Ratusznei et 
al., 2003 

Domestic 
sewage 

2 nm 500 0.57 30 ± 
2 

7 8 0.02 Mechanical mixing, 
continuous           
(50 rpm) 

nm 88 Rodrigues et 
al., 2003 

Distillery 180 30.9 20 000 - 120 
000 

3 - 4 35 7.2 - 
7.8 

8 0.06 Liquid recirculation, 
continuously 

nm 70 - 80 Farina et al., 
2004 

Olive Mill 2 nm 4 000 - 32 000 5.3 30 ± 
2 

7 nm nm Magnetic stirrer, 
continuous 

3 83 Ammary, 2005 

Coking 12 4.7 400 - 1300 0.37 - 0.54 35 7.0 - 
8.0 

24 0.50 Biogas recycling nm 35 - 50.3 Li et al., 2005 

Cheese 
whey 

5 nm 500 - 4 000 0.6 - 4.8 30 ± 
2 

nm 8 0.02 Mechanical stirrer, 
continuous          

(50 - 70 rpm) 

nm 79 - 93 Mockaitis et 
al., 2006 
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Table 2.8  Continued 

Raw 
cheese 

24 9.8 25 000 - 51 000 0.2 - 3.2 35 7.1 - 
7.8 

24 nm Mechanical mixing, 
intermittent            

(8 min.30 min-1)     
60-80 rpm  

20 93 Upendrakumar 
et al., 2006 

Yeast 
wastewater 

0.7 nm 14 400 - 25 700 1.4 - 9.16 35 ± 2 nm 24 0.02 Liquid recycling, 
continuous       

(0.48 - 0.51 L.h-1) 

2.5 - 10 84 Krapivina et 
al., 2007 

Domestic 
Sewage 

650 1.5 563 ± 118 0.6 - 1.2 29 6.6 - 
7.2 

8 0.25 Mechanical mixing, 
continuous          
(30 rpm) 

nm 60 Sarti et al., 
2007 

Brewery 45 3.6 1 500 - 5 000 1.5 - 5.0 33 ± 1 6 - 7 8 0.125 Mechanical stirring, 
continuous        
(150 rpm) 

1 > 90 Shao et al., 
2008 

Fish 
farming 
sludge 

4 1.86 2 420 – 7 087 0.12 – 0.41 35 6.3 – 
6.7 

48 0.005 Mechanical mixing, 
continuous 
(150 rpm) 

 

20 97 Luo et al., 
2013 

Industrial 
biodiesel 

5 1.3 1 000 – 3 000 1.23 – 3.89 30 Nm 4 – 8 0.02 – 
0.5 

Mechanical stirring 
(50 rpm) 

nm ± 88 Silva et al., 
2013 
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Advantages  

 The AnSBR technology is known to provide a good solid separation of the biomass within 

the reactor (Sung & Dague, 1995); 

 The biological process as well as clarification and equalisation occur in the same tank (EPA, 

1999; Massé & Masse, 2000; Ammary, 2005).  Different from the UASB, the AnSBR does 

not require an external clarifier and this result in capital savings (Sung & Dague, 1995; EPA, 

1999; Al-Rekabi et al., 2007); 

 According to Massé et al. (2003) AnSBR's are economical to build and to operate; 

 The AnSBR's have a reduced volume in comparison to the UASB and therefore smaller land 

area is required for the process (EPA, 1999; Al-Rekabi et al., 2007; Ndegwa et al., 2008); 

 The operation of the AnSBR is more flexible and can be better controlled (EPA, 1999; Massé 

& Masse, 2000; Farina et al., 2004; Donoso-Bravo et al., 2009).  The feeding step of the 

reactor can still be done in a batch, semi-continuous or intermittent mode, therefore 

broadening the flexibility for the operator (Massé & Masse, 2000); 

 The AnSBR has a better quality control system in place in comparison to continuous systems 

as the effluent can be withdrawn from the process when it complies with legislation 

parameters (Zaiat et al., 2001; Rodrigues et al., 2003; Farina et al., 2004); 

 Zupančič et al. (2007) indicated that the AnSBR have a greater ability to treat wastewater 

with higher solid contents compared to other conventional systems; 

 The AnSBR technology yields a good COD removal, produces biogas and has a lower 

operational cost as no aeration is needed in the system (EPA, 1999); 

 The AnSBR process has alternating substrate to biomass ratio (F:M) during a cycle (high 

F:M ratio during the feed step and low F:M ratio during decanting).  This results in good 

biomass separation from the substrate (Zaiat et al., 2001); 

 The AnSBR process in a batch feeding mode has an kinetic advantage over a continuous 

system (such as the UASB) (Sung & Dague, 1995). 

Disadvantages  

 The main disadvantage of the AnSBR technology is the lower organic loading capacity in the 

reactor (Shizas & Bagley, 2002); 

 The AnSBR is a developed technology, and therefore the AnSBR requires a high degree of 

maintenance in terms of controls, switches and valves (EPA, 1999); 

 The produced biogas throughout the cycle is not uniform (Massé & Masse, 2000).  The biogas 

production is at its maximum during the beginning of the react step and reaches a minimum 

during the settling step (Massé & Masse, 2001). 

 Limited research exists on AnSBR, especially on winery wastewater. Ruiz et al., 2002 was 

the only study found treating winery wastewater with an AnSBR.  
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 Limited control strategies and experimental data are available (Masse & Masse, 2000).  

The AnSBR technology is still a relatively new process and has not been implemented to the same 

extent as the UASB process (Shizas & Bagley, 2002).  Table 2.9 summarises the main differences 

between the AnSBR and UASB reactor. 

 

Table 2.9  Principle reactor differences between the UASB and AnSBR process 

UASB AnSBR 

 Mixing is not required, the upflow 

velocity of the wastewater act as a 

mixer 

 Mixing is required (gas recirculation, 

mechanical stirrers or hydraulic mixing) 

 Continuously fed  Batch fed or continuous feeding 

 External clarifier is needed  No external clarifier is needed. The 

reactor act as the clarifier 

 Widely applied to industrial waste  Newer approach 

 Feed distribution needed at the bottom 

of the reactor 

 No short circuiting of waste through 

reactor 

 Gas displacement system is not 

required 

 Gas displacement system required for 

efficient effluent decanting 

 Treat wastewaters low in suspended 

solids 

 Able to treat wastewaters with higher 

suspended solids 

 Granulation depended on the upflow 

velocity of the wastewaters 

 Granulation not depended on the 

upflow velocity of the wastewaters 

 Granular sludge wash-out of poorly 

settled granules 

 Solid separation is efficient, granular 

sludge wash-out is minimal 

 Food concentrations surrounding the 

biomass is constant 

 F:M ratio is high after feeding and 

declines thereafter. A low F:M ratio 

occurs at the end of the cycle for 

efficient settleability 

(adapted from Angenent & Dague, 1995). 

 

Rational of laboratory scale set-up and suitability of AnSBR technology for winery 

wastewater 

Dague (1993) stated that the AnSBR is able to convert various organic materials to methane and 

carbon dioxide.  Ruiz et al. (2002) indicated from their results that the organic material present in 

winery wastewater is highly biodegradable using anaerobic digestion.  Therefore, although the 

developers of the one vessel AnSBR did their initial research on the treatment of fat-free dry milk 
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synthetic substrate, other researchers have achieved supportive results with winery wastewater as 

a substrate (Dague, 1993; Ruiz et al., 2002).  Massé & Masse (2000) established that the AnSBR 

technology is suitable for slaughterhouse operations where shut-downs occur (due to irregular 

wastewater availability).  The wine production process is seasonal, and thus also produces 

wastewater irregularly (Ruiz et al., 2002; Gimeno et al., 2007; Fillaudeau et al., 2008; Kumar et al., 

2009; Lucas et al., 2009; Ganesh et al., 2010).   

 Although the AnSBR process has been widely studied for various substrates, it should be 

noted that limited research is available using the AnSBR specifically on winery waster.  Ratusznei et 

al. (2003) mentioned that a laboratory-scale process should be investigated and optimised before 

the process can be applied to larger scales.  

F. MICROBIAL ASPECTS OF ANAEROBIC DIGESITON 

For anaerobic digestion (AD) wastewater treatment processes different types of biomass exist 

(Angenent & Dague, 1995).  The biomass is either in a free form (known as flocculents or sludge) or 

in an aggregated cell format (known as granules) (Linlin et al., 2005).  Anaerobic granulation is a 

process where self-immobilised micro-organisms (flocculents) gather together through biofilm 

growth to form a compact granule visible to the eye (Ong et al., 2002; Linlin et al., 2005;  

Ni & Yi, 2012).  Although the flocculent biomass contains active particles, the granules are more 

efficient to use as they have a strong microbial structure, better settling abilities (which is 

advantageous for an AnSBR) and have a higher biomass retention (Ong et al., 2002;  

Linlin et al., 2005).  The granule consists of a consortium of micro-organisms in different layers, with 

the methanogenic bacteria in the centre (Ong et al., 2002).  The consortium of micro-organisms in 

the granule interacts and the intermediate products are efficiently transferred between the micro-

organisms (the distance of transfer is minimised within an granule structure) to ensure a sufficient 

AD process (Ong et al., 2002).   

 Therefore, anaerobic degradation is a natural process consisting of different sequential 

reactions of different micro-organisms.  These reactions occur intracellular and result in biomass 

growth as well as the substrates being decomposed (Batstone et al., 2002).  Anaerobic micro-

organisms decompose available complex organic materials found in the wastewater (Batstone et al., 

2002).  The micro-organisms' sequential reactions lead to biogas production as an end product which 

is an energy resource (Timur & Özturk, 1999; Ahring, 2003; Anderson et al., 2003).  Gujer & Zehnder 

(1983) identified six different processes within anaerobic digestion.  The microbial action can also 

be considered in three steps:  hydrolysis, acetogenesis and methanogenesis (Gerardi, 2003; 

Moletta, 2005).  However, various studies describe the anaerobic degradation in four steps: 

hydrolysis, acidogenesis, acetogenesis and methanogenesis (Gallert & Winter, 2008).  The four step 

process comprises four different groups of micro-organisms and each with a different mechanism of 

substrate decay (Fig. 2.6).  
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Figure 2.6.  Organic compound degradation in anaerobic digestion process (adapted from Gujer & Zehner, 

1983; Anderson et al., 2003; Robertson, 2015). 
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a) Hydrolysis 

Throughout the first stage of the degradation process the bipolymer compounds are broken down to 

simple and soluble compounds through hydrolysis (Batstone et al., 2002).  The hydrolysis 

mechanism involves the cleavage of chemical bonds resulting in those polymeric substances being 

degraded to simpler substances (Gerardi, 2003).  The organic compounds (particulate and colloidal 

particles) within the wastewater consist of proteins, carbohydrates and lipids.  For micro-organisms 

to take up compounds for cell growth, the compounds must comply with the requirements of being 

soluble with a low molecular weight (Gujer & Zehnder, 1983; Gerardi, 2003; Gallert & Winter, 2005).  

Thus, the proteins, carbohydrates and lipids are hydrolysed into amino acids, simple sugars, long 

chain fatty acids and alcohols (Gerardi, 2003; Chernicharo, 2007).  

 Gujer & Zehnder (1983) stated that during the hydrolysis of bipolymers different micro-

organisms and exo-enzymes are involved.  During this first stage, the micro-organisms which are 

involved are anaerobes and facultative anaerobes (Gerardi, 2003; Anderson et al., 2003).  The 

genera of these micro-organisms are: Bacillus, Clostridium, Micococcus, Peptococcus and Vibrio 

(Anderson et al., 2003).  These micro-organisms produce extracellular enzymes such as protease, 

lipase, cellulase, amylase and pectinase which target specific substances to promote the 

degradation process (Anderson et al., 2003).  The hydrolysis step can be the rate limiting step in 

anaerobic degradation (Johansen & Bakke, 2006).  The factors which may influence the hydrolysis 

rate include the operational temperature, the hydraulic retention time (HRT), composition of the 

substrate, particle size, pH of medium, concentration of NH4
+-N as well as the volatile fatty acid (VFA) 

concentration (Chernicharo, 2007). 

b) Acidogenesis  

Gujer & Zehnder (1983) describe the second step as the fermentation of amino acids and simple 

sugars (products of the hydrolysis step).  The fermentation process is characterised as a microbial 

process in which the substrates serve as electron donors as well as electron acceptors (Gujer & 

Zehnder, 1983).  The process forms alcohols as well as intermediates defined as volatile fatty acids 

(VFA), where propionate, butyrate, isovalerate and valerate have been identified (Zoetenmeyer et 

al., 1982; Gujer & Zehnder, 1983; Ahring, 2003; Anderson et al., 2003; Gallert & Winter, 2005).  The 

acidogenic bacteria can function without methanogenic bacteria present in the reactor, but will 

produce excessive amounts of VFA (Ahring, 2003).  Anaerobic bacteria and facultative anaerobes 

are involved in the acidogenesis process, where as the latter utilises small amounts of oxygen, which 

may enter the reactor, to protect the methanogenic bacteria (Anderson et al., 2003; Gerardi, 2003).  

Chernicharo (2003) stated that the anaerobic species involved in acidogenesis produce spores 

which make them suitable to survive in hostile environmental conditions.  The genera in this group 

include Clostridium, Bacteroides, Desulfobacter, Lactobacillus, Propionibacterium and 

Streptococcus (Anderson et al., 2003; Gerardi, 2003). 
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c) Acetogenesis 

Gujer & Zehnder (1983) describe the third step as the oxidation of the fatty acids generated in the 

acidogenesis step to produce substrates suitable for methanogenic micro-organisms.  The fatty acids 

are degraded into hydrogen (H2), carbon dioxide (CO2) and acetate (Gujer & Zehnder, 1983; Gerardi, 

2003).  Two groups of acetogenic bacteria exist which can be set apart due to their different 

metabolisms (Anderson et al., 2003).  

 The first group are known as strictly anaerobic homo-acetogens which are responsible for 

the production of acetate from hydrogen and carbon dioxide.  The anaerobic homo-acetogens are 

included in genera Acetobacterium, Acetoanaerobium, Acetogenium, Butribacterium, Clostridium 

and Pelobacter (Anderson et al., 2003).  The second group are known as obligate hydrogen 

producing acetogens (OHPA).  This second group use the VFA (propionate and butyrate), alcohols 

and long chain fatty acids as substrates to produce hydrogen (H2), carbon dioxide (CO2) and acetate 

(Anderson et al., 2003).  The long chain fatty acids are mainly degraded according to β-oxidation to 

hydrogen and carbon dioxide (Anderson et al., 2003; Palatsi, 2009).  The OHPA species include 

Syntrophomonas wolfei and Syntrophobacter wolinii (Anderson et al., 2003) 

 A shared interaction between the OHPA and methanogens occur and is known as a syntropic 

interaction (Anderson et al., 2003).  The syntrophic interaction requires the OHPA and methanogenic 

bacteria to be in equilibrium as an imbalance will cause an inhibitory effect (Anderson et al., 2003).  

This group are dependent on the activitity of methanogenic bacteria for the removal of hydrogen.  

The group's metabolism is thermodynamic under low hydrogen concentrations (Ahring, 2003, 

Gerardi, 2003).  When ethanol for example is converted to acetate, hydrogen is also produced given 

the equation  

 CH3CH2OH + CO2 → CH3COOH + 2H2 (5) 

This could cause a decrease in the system's pH and cause disturbances as acetogens are sensitive 

to high hydrogen levels (Chernicharo, 2007).  However, if the syntropic interaction between the 

acetogens and methanogens are well balanced, disturbances could be avoided as the hydrogen 

gets utilised by the methane-forming bacteria (Gerardi, 2003). 

 CO2 + 4H2 → CH4 +2H2O (6) 

d) Methanogenesis 

The last step of the anaerobic degradation involves the production of methane gas.  Methanogenic 

bacteria produce methane from acetate, hydrogen and carbon dioxide (products of the acetogenic 

process).  Two different methanogenic groups were identified as acetoclastic methanogens and 

hydrogenophilic methanogens (Anderson et al., 2003; Chernicharo, 2007).  Gerardi (2003), however, 

identified three different methanogenic groups by adding the methylotropic methanogens.  

 Besides the end products these methanogenic bacteria differ from the hydrolytic, acidogenic 

and acetogenic bacteria.  They are classified in the Archae kingdom, rather than Eubacteria  
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(Liu et al., 1999; Anderson et al., 2003).  The methanogenic phase is acknowledged as the slowest 

step throughout the whole degradation process.  Methanogenic bacteria are the most sensitive to 

pH and function optimally at a pH range from 6.8 – 7.2 (Anderson et al., 2003; Gerardi, 2003; 

Chernicharo, 2007; Amani et al., 2010).  Methanogens are also sensitive to oxygen (Gerardi, 2003).  

Methanogenic bacteria are unique as they contain coenzymes.  Coenzyme M plays a role in the 

conversion of carbon dioxide to methane (Gerardi, 2003).  The overall degradation of substrates is 

depended on the presence of methanogenic bacteria, as acid would build up (products of acidogenic 

phase) without them (Chericharo, 2007).  

 The acetoclastic methanogens involve the usage of acetic acid as substrate.  Acetate is the 

main precursor for methane production (Gujer & Zehnder, 1983; Anderson et al., 2003; Chernicharo, 

2007).  The micro-organisms which use acetate in this process are identified as Methanoseata and 

Mathanosarcina (Ahring, 2003; Anderson et al., 2003; Chernicharo, 2007). 

The reaction can be described in the equation. 

 4CH3COOH + → 4CO2 + 2H2 (7) 

The second group involve the usage of hydrogen and carbon dioxide as substrates by 

hydrogenophilic methanogens and produce approximately 30% of the methane (Gujer & Zehnder, 

1983; Anderson et al., 2003; Gerardi, 2003).  The micro-organisms which use hydrogen and carbon 

dioxide in this process are identified as Methanobacterium, Methanobrevibacter and 

Methanospirillum (Ahring, 2003; Chernicharo, 2007).  The conversion of carbon dioxide to methane 

reduces the hydrogen pressure inside the reactor which is favourable for the acetogenic bacteria 

(Gerardi, 2003).  The step can be described according to the equation (Gujer & Zehnder, 1983; 

Gerardi, 2003)  

 CO2 + 4H2 → CH4 + 2H2O (8) 

The final group methylotrophic methanogens produce methane from substrates which contains a 

methyl group such as methanol and methylamines (Gerardi, 2003).  This type of methanogens does 

not use carbon dioxide as a substrate and can be described in the following eqautions. 

 3CH3OH + 6H → 3CH4 + 3H2O (9) 

 4(CH3)3-N + 6H2O → 9CH4 + 3CO2 + 4NH3 (10) 

 

G. OPERATIONAL CONDITIONS AFFECTING THE PERFORMANCE OF ANSBR SEEDED WITH 

MESOPHILIC BIOMASS 

An effective anaerobic degradation system is dependent on the balance of the operational conditions 

(Rajeshwari, et al., 2000; Chernicharo, 2007).  Various operational conditions are associated with 

each other, consequently changes in one condition may affect other conditions (Gerardi, 2003).  The 

operational control parameters are divided into physical and chemical conditions.  These factors also 
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affect the performance of the AnSBR in particular.  The physical operational conditions include the 

following: temperature; mixing regime; organic loading rate (OLR); substrate to micro-organisms 

ratio (F:M); feeding regime; hydraulic retention time (HRT); solid retention time (SRT) and the 

geometry of the reactor which are more easily controlled (Zaiat et al., 2001; Ratusznei et al., 2003; 

Buekens, 2005).  Whereas the chemical conditions such as the oxidation-reduction potential (ORP), 

pH, alkalinity, carbon/nitrogen ratio (C:N), nutrient requirements as well as the toxicity within the 

digester are more difficult to control (Beukens, 2005).  The methane-forming bacteria are the most 

sensitive to operational changes due to their low generation time (Ince et al., 1995; Amani et al., 

2010).  Therefore, to avoid failure of the anaerobic digester, it is essential that operational conditions 

(for AnSBRs) are kept at the methanogenic bacteria's various optimum values, which are shown in 

Table 2.10. 

 

Table 2.10  Optimum values for several operational conditions to enhance methane production in 

general for anaerobic bioreactors combined with specific conditions for AnSBR 

technology (adapted from APHA, 1998; Gerardi, 2003; Amani et al., 2010) 

Operational condition Optimum values 

Volatile fatty acids (VFA) (mg.L-1) 50 - 500 

Alkalinity (mgCaCO3.L-1) 1 300 - 3 000 

VFA: Alkalinity ratio 0.05 - 0.20 (definitely < 0.30) 

Temperature (mesophilic range) 30 - 35°C 

pH 6.8  - 7.2 

Oxidation reduction potential (ORP) (mV) < -300  

Organic loading rate (OLR) (kgCOD.m-3d-1) 0.8 - 2.01 

0.2 - 9.42 

COD:N:P ratio (high strength waste) 1 000:7:1 

COD:N:P ratio (low strength waste) 350:7:1 

C:N ratio 25:1 

Methane composition (% v.v-1) 65 - 70 

Carbon dioxide composition (% v.v-1) 30 - 35 
 

1values for optimal anaerobic digester functioning 

2values obtained in literature treating various substrates in AnSBR 

 

a) Temperature 

The optimum functioning temperatures for methanogenic bacteria can be achieved at a few distinct 

temperature ranges (Table 2.11) 
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Table 2.11  Optimal temperature ranges for methanogenic bacteria to function effectively (Gerardi, 

2003). 

Micro-organism group Temperature range (°C) 

Psychrophilic 5 - 25 

Mesophilic 30 - 35 

Thermophilic 50 - 60  

Hyoerthermophilic/Stearothermophilic > 65 

 

The mesophilic range methanogens hold a higher tolerance to environmental changes in comparison 

to the thermophilic range methanogens (Buekens, 2005).  The hydrolysis and acidogenesis stages 

are not affected to the same extent by temperature as the methanogens and acetogens (Parawira, 

2004).  Fluctuations in temperatures should be as little as 2 - 3°C per day for a stable process 

(Gerardi, 2003).  The temperature is kept constant through insulation and circulation by mixing the 

contents (Buekens, 2005).  According to Massé & Masse (2001) anaerobic treatments should oblige 

to the specific temperature ranges, otherwise inhibition of the treatment process may occur. 

b) pH, alkalinity and volatile fatty acids 

The four types of micro-organisms in the granules have different optimum pH ranges.  For hydrolysis 

and acidogenesis the optimum pH is between 5.5 and 6.5 (Ward et al., 2008).  The acid-forming 

bacteria's enzymes are active at a pH above 5.0 and can even be active at a lower pH of 4.5 

(Zoetenmeyer et al., 1982; Gerardi, 2003; Chernicharo, 2007).  The fermentative micro-organisms 

are less sensitive to a pH change than methanogenic bacteria (Hwang et al., 2004; Tiwari et al., 

2006; Amani, 2010).  The enzyme activity of the methane-forming bacteria only occurs at a pH above 

6.2 (Zoetenmeyer et al., 1982; Gerardi, 2003; Chernicharo, 2007).  The optimum pH for the 

methanogenic bacteria is between 6.8 and 7.2 (Ward et al., 2008).  However, in a one vessel reactor 

such as the AnSBR the pH is adjusted to fit the methane-forming bacteria's optimal conditions 

(Parawira, 2004) and therefore the optimum pH range for the whole anaerobic system is determined 

to be 6.8 to 7.2 (Gerardi, 2003).  

 The pH is affected (decrease) during the initial stages as volatile fatty acids (VFA) are 

produced by the acidogens (Gerardi, 2003).  VFA in the protonated form are toxic as they pierce the 

cell membrane of the bacteria.  Inside these bacterial cells the VFA get ionised and thus decrease 

the stable intracellular pH of the cell (Parawira, 2004).  The pH will increase if the methane-forming 

bacteria utilise these volatile acids (Gerardi, 2003).  It should be noted that VFA is an intermediate 

to the anaerobic degradation system and act as an indicator (Shao et al., 2008).  Therefore the 

syntrophic relationship between the acidogens (produce VFAs) and methanogens (utilise the VFAs) 

are important to manage the pH in the system by keeping the overall VFA concentration low in the 

system (Parawira, 2004; Shao et al., 2008).   
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Alkalinity in the system is another way to manage the optimum pH for the methanogenic bacteria to 

avoid the anaerobic process to fail (Moosbrugger et al., 1993; Gerardi, 2003; Mockaitis et al., 2006).  

Alkalinity provides buffer capacity to the system to control the pH (Chernicharo, 2007).  The alkalinity 

within the digester is formed due to the degradation of certain particles to form amino groups (-NH2) 

and ammonia (NH3).  The alkalinity of a system is formed due to bicarbonates which are in equal 

amounts to the produced carbon dioxide (Gerardi, 2003).  The system depends on the carbon 

dioxide/alkalinity ratio.  It regulates the hydrogen ion concentration (Chernicharo, 2007).  Another 

way to manage the pH is to add chemicals to the digester when the pH drops due to VFA build up 

(Shizas & Bagley, 2002; Buekens, 2005).  

 The overall stability of an anaerobic degradation process can be indicated by the VFA and 

alkalinity concentrations (Ratusznei et al., 2003).  An efficient alkalinity and low amounts of VFA 

indicate the syntrophic relationship between the acidogens (VFA producers) and methanogens 

(utilise the VFA) (Rodrigues et al., 2003). 

c) Nutrients 

Macronutrients such as nitrogen and phosphorus are required by micro-organisms to assist in 

growth, maintenance of their cells and optimal functioning (Singh et al., 1999; Gerardi, 2003).  

Nutrient requirements vary in respect to different organic loading rates (OLR) of digesters.  According 

to Gerardi (2003) and Amani et al. (2010), the typical COD:N:P ratio for high-strength wastewater is 

1 000:7:1 whereas for low strength wastewater it is 350:7:1.  The C:N ratio of 25:1 is an optimal ratio 

for optimal methane gas production (Amani et al., 2010).  Lower gas production will occur if the C:N 

ratio is too high as the nitrogen will be quickly utilised by the methane-forming bacteria.  A low C:N 

ratio on the other hand will result in the build up of ammonia which could have a inhibition effect on 

the methanogens (Buekens, 2005).  Nutrients are added to the digester if the substrate's nutrient 

content is not sufficient.  Nitrogen and phosphorus are given to the digester's bacteria in the soluble 

form such as ammonical-nitrogen (NH4
+-N) and orthophospahte-phosphorus (HPO4

--P). Nitrogen 

can also be obtained in the molecular nitrogen form (N2) and amino acid alanine (CH3CHNH2COOH) 

(Gerardi, 2003).  

 Micronutrients are especially required by methane-forming bacteria for enzyme activity 

(Gerardi, 2003).  Other required nutrients in low concentrations include: nickel; cobalt; magnesium; 

sodium; potassium; calcium; iron; zinc; molybdenum; manganese; copper; boron; selenium; 

aluminium; sulphur and tungsten (Singh et al., 1999; Gerardi, 2003; Amani et al., 2010).  

Micronutrients and trace elements in low dosages are essential for the digester to avoid deficiencies 

and toxicities (Singh et al., 1999; Gerardi, 2003).  

d) Organic Loading Rate (OLR) 

The OLR is defined as the volume of organic material which is fed to the digester over a period of 

time (Amani et al., 2010).  An extreme increase in the OLR could cause an anaerobic digester to fail 
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due to substrate overloading of the digester.  The rate of the hydrolytic and acidogenic bacteria to 

replicate is quick if enough substrates are available (Buekens, 2005; Zaher et al., 2007).  If the 

amount of substrates within the digester is rapidly increased, the hydrolytic and acidogenic bacteria 

will quickly metabolise the compounds and produce high amounts of volatile fatty acids (VFA) 

(Ditchfield, 1986; Zaher et al., 2007).  The methane-forming bacteria have a long generation time 

and thus cannot utilise these volatile fatty acids as quickly (Zaher et al., 2007).  Extensive fluctuations 

in the organic loading rate disturb the steadiness between the acidogenesis and methanogenesis 

process (Amani et al., 2010).  This result in a decrease in pH which inhibits the methanogenic 

bacteria as the excess H2 in the system cannot be removed (Zaher et al., 2007).  

 Different substrates and their characteristics lead to different loading capacities and the 

operational strategies also affect the maximum loadings (Shizas & Bagley, 2002).  The recorded 

organic loading rates applied to AnSBRs varies in literature between 0.2 - 9.4 kgCOD.m-3.d-1 treating 

various substrates (Dague, 1993; Timur & Özturk, 1999; Massé & Masse, 2001; Ruiz et al., 2002; 

Shisaz & Bagley, 2002; Ratusznei et al., 2003; Rodrigues et al., 2003; Farina et al., 2004; Ammary, 

2005; Li et al., 2005; Mockaitis et al., 2006; Upendrakumar et al., 2006; Krapivina et al., 2007; Sarti 

et al., 2007; Shao et al., 2008; Luo et al., 2013; Silva et al., 2013)  

e) Mixing regime 

Different types of mixing methods exist for anaerobic digestion (Karim et al., 2005).  In general the 

mixing of the digester content improves the degradation process as it guarantees standardised 

conditions within the reactor (Gerardi, 2003).  The substrate and nutrients are evenly circulated 

whereas the pH and temperature are evenly controlled (Sung & Dague, 1995; Zaiat et al., 2001; 

Gerardi, 2003; Kaparaju et al., 2008).  The main reason for mixing is to improve the contact between 

the liquid phase (substrates) and the biomass which increases the mass transfer fluxes (Zaiat et al., 

2001; Rodrigues et al., 2003; Michelan et al., 2009).  The hydrolysis rate is enhanced with mixing as 

it provides a larger surface:volume ratio for the hydrolytic bacteria to work effectively, therefore 

enhancing the overall reaction rate (Gerardi, 2003; Michelan et al., 2009). 

 Mixing within the AnSBR is provided by biogas recirculation, liquid recirculation or mechanical 

mixing (Zaiat et al., 2001; Michelan et al., 2009).  Different mixing regimes are reported for AnSBR 

and can be equipped either by intermittent of continuous mixing regimes (Michelan et al., 2009).  

According to the mini-review by Zaiat et al. (2001) the mixing conditions in AnSBRs have not been 

established, although some studies are indicative of conditions.  Results related to mixing methods 

are inconsistent (Kaparaju et al., 2008).  According to Michelan et al. (2009) most of the AnSBR 

mixing regimes are carried out by means of mechanical mixing or biogas recirculation.  Literature 

varies in terms of the type of mixing methods (gas recirculation; liquid recirculation or mechanical 

mixing), the mode of operation (continuous or intermittent mixing) and the intensities of the mixing 

modes.  
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The initial studies done by Dague (1993) on fat-free milk substrates concluded that the total COD 

reduction was higher for wastewaters with an intermittent mixing regime (2 min.h-1) in comparison 

with the continuous mixing regime.  This reduces the cost of the system.  Sung & Dague (1995) 

tested continuous and intermittent mixing regimes on the performance of the AnSBR by means of 

biogas recycling.  The tested mixing regime conditions varied.  The first mixing condition under 

experimental design was continuous mixing.  The second condition was mixing for 5 minutes every 

hour.  The third condition was mixing for 2.5 minutes every half an hour and the last condition was 

mixing for 100 seconds every 20 minutes.  The authors concluded from their experiments that 

intermittent mixing in general provided a higher COD reduction in comparison to continuous mixing.  

They found that intermittent mixing for 5 min.h-1 increased the ability of the biomass to settle 

effectively and consequently increased the reactors efficiency in terms of COD removal for synthetic 

milk substrate. 

Zaher et al. (2007) stated that the usage of gas recirculation in an AnSBR as a mixing method 

is less expensive and more successful.  Li et al. (2005) studied the treatment of coking wastewater 

with an AnSBR with a COD concentration ranging from 400 - 1 300 mg.L-1 using recirculated biogas 

as a mixing method with an intensity of 0.025 L biogas.L-1(reactor volume).min-1.  An optimal 

intermittent mixing mode of 100s.45min-1 was established with a COD reduction of only 38 - 50%.  

Massé & Masse, 2000 studied a mixing mode of 1 min.5 min-1 by recirculating the biogas with 

dualhead pumps with a maximum capacity of 22.5 L.min-1 treating slaughterhouse wastewater.  A 

COD reduction of 90 - 96% was obtained from the initial COD range of 6 908 - 11 500 mg.L-1.  In 

contrast, Brito et al. (1997) stated that biogas recirculation as a mixing method is not efficient for low 

strength wastewater treatments (< 1 000 mgCOD.L-1).  Therefore they studied the recirculation of 

reactor liquid (effluent) by a diaphragm pump.  A COD removal of 60 - 70% for the low strength 

wastewater was obtained.  

Farina et al. (2004) used continuous liquid recirculation as a mixing aid on distillery 

wastewater with a COD content ranging from 20 000 - 120 000 mg.L-1.  A COD reduction of 70 - 80% 

was obtained in the pilot scale AnSBR.  Krapvinia et al. (2007) studied the effect of continuous liquid 

recycling as a mixing regime in an AnSBR treating yeast wastewater with a COD concentration 

ranging from 14 400 - 25 700 mg.L-1.  A liquid recycling intensity of 0.48 - 0.51 L.h-1 were applied 

giving a COD reduction of 84%.  Shizas & Bagley, (2002) however crushed the granules (due to the 

effect of continuous mixing) which did not re-form during the treatment of synthetic wastewater in an 

AnSBR.  Liquid recirculation as a mixing mode was operated with a small peristaltic pump running 

continuously at 0.025 L (pumped) L-1 (reactor volume).min-1.  Sarti et al. (2007) compared continuous 

mechanical mixing (operated at 30 rpm) with liquid recirculation on the treatment of domestic 

wastewater with an initial COD content of 563 ± 118 mg.L-1 in two different reactors.  The authors 

concluded that the reactor operated under liquid recirculation did not deliver acceptable results with 

a 40% COD reduction.  The reactor operated under mechanical mixing obtained better results with 

a 60 % total COD reduction.  The authors however concluded that further studies should fill the 
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research gap on better conditions for liquid recirculation as mixing methods such as intermittent 

mixing.  

 Zaiat et al. (2001) stated that the mechanical mixing method is not as common to use in 

AnSBR as the repairs of the mechanisms are difficult to maintain.  In contrast to this statement 

various studies have used mechanical mixing in AnSBR's.  Timur & Özturk (1999) as well as Dugba 

& Zhang (1999) used mechanical bars as a mixing aid for 1 min.h-1 rather than gas recirculation.  

Timur & Özturk (1999) noted a 64 - 85% COD reduction on their landfill leachate. Ruiz et al. (2002) 

noted a 98% COD reduction on winery wastewater with an initial COD content of 8 500 mg.L-1 by 

means of continuous magnetic stirring in the AnSBR.  Rodrigues et al. (2003) conducted their mixing 

experiments on synthetic domestic wastewater with a mixing regime ranging from: no mixing;  

25 rpm, 50 rpm and 75 rpm using a six-vertical-blade disk turbine impeller.  A mixing intensity of 50 

rpm indicated a relatively good solid retention and no granule rupture with an 88% filtered COD 

reduction.  A study done by Cubas et al. (2004) used propeller impellers to vary the mixing from  

300 - 900 rpm.  The COD content of the residual synthetic substrate (mean of 560 ± 53 mg.L-1) 

decreased significantly at a mixing rate of 800 rpm.  Ammary (2005) treated olive mill wastewater in 

an AnSBR with an initial COD range from 4 000 - 32 000 mg.L-1 using a continuous mixing stirrer.  A 

COD reduction of 83% was obtained. Mockaitis et al. (2006) treated cheese whey (500 - 4 000  

mgCOD.L-1) in an AnSBR.  Mechanical mixing (from a six-verticle-blase turbine impeller) was 

continuously applied ranging from 50 - 75 rpm resulting in a COD reduction of 90%.  Mockaitis et al. 

(2006) based their intensities of mixing on the studies done by Rodrigues et al. (2003) as no damage 

to the granules was seen.  Upendrakumar et al. (2006) investigated intermittent mechanical mixing 

(8 min.30 min-1) with intensity 60 - 80 rpm on raw cheese substrates treated in an AnSBR.  A 93% 

COD reduction was obtained.  Shao et al., 2008 used a magnetic stirrer in an AnSBR with an intensity 

of 150 rpm treating brewery wastewater with a COD content of 1 500 - 5 000 mg.L-1 and a COD 

reduction of more than 90% was obtained.  

 It can be noted from this literature that the intensity of mixing is also an important factor to 

consider.  It was found that vigorous mixing caused granules to rupture (Dague 1993; Angenent & 

Dague, 1995).  Mixing should be as gentle as possible to avoid disrupting the formation of bacterial 

flocs (Massé & Masse, 2000).  According to the study done by Li et al. (2005) the treated effluent 

contained a higher TSS content in comparison to the substrate fed to the AnSBR.  This occurrence 

could be due to over mixing of the biomass as the granule may be ruptured.  

f) HRT 

The Hydraulic retention time (HRT) is defined as the time the wastewater spent in the reactor to 

digest the organic materials (Zaher et al., 2007).  According to Gerardi (2003), the HRT is the most 

important operational parameter which affects the volatile acid to methane gas conversion.  The 

optimal HRT varies with regards to the technology used, substrate characteristics and the different 
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processes of different wastewater generation (Beukens, 2005).  Shizas & Bagley (2002) defined the 

HRT for AnSBR in the following equation: 

� =      � �   �  

The HRT for lab-scale AnSBR applied on different substrates ranges from 1 - 3 days (Dague, 1993; 

Timur & Özturk, 1999; Massé & Masse, 2001; Ruiz et al., 2002; Shizas & Bagley, 2002; Ammary, 

2005).  However, the HRT for the study done by Krapvinia et al. (2007) ranged from 2.5 - 10 days.  

The authors treated yeast industry wastewaters which contained sulphate.  A HRT of 20 days were 

applied by the study done by Upendrakumar et al. (2006) which treated wastewater containing 

simple and complex organic compounds. 

g) Oxidation-reduction potential (ORP) 

The ORP is a measure of the extent of reactions within the digester (Colmenarejo et al., 2004).  

Amani et al. (2010) stated that the fermentation process in the anaerobic digestion takes place only 

when the ORP is lower than -300 mV.  Hydrolysis takes place at an ORP of -300 mV, whereas the 

methananogens produce methane at an ORP value close to -500 mV.  According to a study done 

by Colmenarejo et al. (2004) a logarithmic relationship between the HRT and ORP exists.  From the 

equation it is noticeable that the ORP decreases when the HRT increases.  The relationship is given 

in the equation: 

 ORP = -267.6 [ln(HRT)] - 32.1 (11) 

The optimal ORP in general for anaerobic digestion for optimal methane production is lower than -

300 mV (Gerardi, 2003). 

h) Substrate to biomass ratio (F:M)  

Various studies indicate the specific organic loading in AnSBR experiments, whereas various other 

studies note the substrate to biomass ratio (F:M) both given as (kgCOD.kgVSS-1.d-1).  The substrate 

to biomass ratio (F:M) within the AnSBRs are calculated according to the COD loading rate (OLR) 

and the mixed liquor volatile suspended solids (MLVSS) (Reyes & Dague, 1995).   

 �: =  �  � � . − . −�  � � . −   

 

The substrate concentrations surrounding the micro-organisms (F:M ratio) in continuous feeding and 

mixing systems (such as the UASB) are constant (Reyes & Dague, 1995).  In contrast the AnSBR is 

unique to operate in a batch mode as cyclic performance in the F:M ratios is achieved (Reyes & 

Dague, 1995).  The F:M ratio is high immediately after the feeding phase , but low at the end of the 

react phase (Reyes & Dague, 1995).  This occurrence results in the alternating "feast" and "famine" 
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conditions within the AnSBR (Sung & Dague, 1995).  These conditions are in accordance with Monod 

kinetics (Ndon & Dague, 1997; Massé & Masse, 2000).  The "feast" condition (high F:M ratio) results 

in a high COD alteration (Sung & Dague, 1995).  This is confirmed by the study done by Massé & 

Masse (2001) on slaughterhouse wastewater.  The methane production rate reached a maximum at 

the beginning of the react phase (at high F:M ratio).  The "famine" condition (low F:M ratio) resulted 

in efficient biomass granulation and settleability, hence lower suspended solids in the effluent (Sung 

& Dague, 1995; Zaiat et al., 2001).  The best way to achieve a low F:M ratio is to have a low 

concentration of substrate (F) and/or have a higher amount of micro-organisms (M) available (Sung 

& Dague, 1995).  

 Anaerobic Sequencing Batch Reactors (AnSBR) are normally seeded with a specific organic 

loading which varies from 0.11 - 0.63 kgCOD.kgVSS-1.d-1 (Shizas & Bagley, 2002).  According to 

Gerardi (2003) loading rates of 0.5 - 0.6 kgCOD.kgVSS1.d-1 are recommended for anaerobic 

digesters.  According to previous AnSBR studies on various wastewaters the F:M for all studies 

varies and is given from the lowest to highest F:M ratios.  Donoso-Bravo et al. (2009) treated wine 

distillery wastewater with a specific organic loading of 0.12 kgCOD.kgVSS-1.d-1.  Shaw et al. (2002) 

indicate in their study that AnSBR can treat complex waste such as coloured textile effluents with a 

F:M ratio of 0.15.  Shizas & Bagley (2002) treated a glucose substrate and seeded the reactor with 

0.27 kgCOD.kgVSS-1.d-1.  Ammary (2005) treated olive mill wastewater with a specific organic 

loading of 0.44 kgCOD.kgVSS-1.d-1.  Reyes & Dague (1995) concluded that the most optimal F:M 

ratio for a faster and stable start-up was 0.5. Ruiz et al. (2002) operated the AnSBR on winery 

wastewater at a mass loading rate ratio of 0.96 kgCOD.kgVSS-1.d-1.  A study done by Timur & Özturk 

(1999) treated landfill leachate with a specific organic loading varied at 0.17 - 1.85  

kgCOD.kgVSS-1.d-1. 

Reyes & Dague (1995) investigated the initial seed concentration during start up of an AnSBR 

treating fat-free dry milk (NFDM).  Several F:M ratios were investigated ranging from 0.09 - 1.33.  

The authors concluded that an AnSBR seeded with too much biomass (low F:M ratio of 0.09) results 

in severe biomass washout in the effluent, whereas a low seed concentration (high F:M ratios of  

1.00 - 1.33) results in a high gas production during the settling phase.  Gasification occured (biomass 

is passed into the effluent) which increased the total chemical oxygen demand (TCOD).  It should 

be noted that the F:M ratio is directly related to the feeding strategy (Damasceno et al., 2007).  

i) Feeding strategy (Feed to cycle ratio: [F:C]) 

The feeding strategy could be regarded as the most important operating condition which affects the 

efficient performance on the AnSBR (Ratusznei et al., 2003).  AnSBRs operation adapts to different 

feeding strategies such as batch feeding or fed-batch feeding (Zaiat et al., 2001).  AnSBR are 

normally operated in a batch mode with quick feeding times in relation to the complete cycle length 

resulting in smaller F:C ratios (Sung & Dague, 1995).  Hansen & Cheong (2008) classified batch 

mode feedings with the following F:C ratios: 0.01; 0.02 and 0.04 in their experiments.  The influent 
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flow-rate of a fed-batch AnSBR is selectively altered resulting in a longer feeding time in relation to 

the complete cycle length (larger F:C ratios) (Zaiat et al., 2001).  Hansen & Cheong (2008) classified 

fed-batch operations with the following F:C ratios: 0.21; 0.42; 0.79 and 0.83 in their experiments.  

 The recorded F:C ratios for batch operated AnSBRs varies in literature from 0.007 - 0.06 with 

COD reductions ranging from 70 - 93 % (Dague, 1993; Timur & Özturk, 1999; Massé & Masse, 2001; 

Ratusznei et al., 2003; Rodrigues et al., 2003; Farina et al., 2004; Mockaitis et al., 2006; Krapivina 

et al., 2007; Hansen & Cheong, 2008).  Whereas the recorded F:C ratios for fed-batch operated 

AnSBRs varies from 0.125 - 0.75 with COD reductions ranging from 35 - 95%. (Shizas & Bagley, 

2002; Li et al., 2005; Sarti et al., 2007; Hansen & Cheong, 2008; Shao et al., 2008). 

 Studies done by Ratusznei et al. (2003) indicated that a batch (low F:C ratios) AnSBR 

provides better COD removal efficiencies and reactor stability (measured through alkalinity and VFA 

concentration) than  a fed-batch (high F:C ratios) reactor.  A 0.02 F:C ratio (batch mode) gave a 

removal efficiency of 86% in comparison to a 1.0 F:C ratio (fed-batch mode) with only 66%.  In 

contrast Angenent & Dague (1995) noted that a low F:C ratio (batch) operation lead to rapid acid 

formation (VFAs) in the system.  The rate of the VFAs production is higher in comparison to the rate 

of VFAs consumption by the acetogens and metanogens.  

 According to Angenent & Dague (1995) a larger F:C ratio (fed-batch) results in a decrease 

in the VFA concentrations.  This was confirmed by Shizas & Bagley (2002) by an increased F:C 

ratio, the acid build up rate in the system was reduced which improved the reactors performance.  

This was also confirmed by Hansen & Cheong, (2008) as lower VFA concentrations were noticed 

for fed-batch feeding strategies.  Zaiat et al. (2001) indicated that a longer feeding time will eliminate 

the initial overloading of organic material within the AnSBR.  The objective of Hansen & Cheong 

(2008) study was to determine if different feeding strategies affects the performance of an AnSBR 

treating synthetic wastewater.  Two identical reactors were operated in batch mode (smaller F:C 

ratios) and the other operated in fed-batch mode (larger F:C ratios).  The conclusion was made that 

the reactor operated in fed-batch mode with a F:C ratio of approximately 0.42 showed to be more 

efficient with a COD reduction of 86 - 95%.  Li et al. (2005) investigated three different F:C ratios 

(0.3; 0.5 and 1.0) treating coking wastewater in and AnSBR.  The authors concluded that a F:C ratio 

of 0.5 gave the most optimum COD reduction ranging from 38 - 50%.  

 Overall the feeding regimes (batch of fed-batch) vary within literature regarding AnSBR. 

j) Inhibition and toxicity 

Wastewater regularly includes waste which is toxic to the bacteria (Gerardi, 2003).  Methanogenic 

bacteria can tolerate higher concentrations of toxic material when acclimatised to the wastewater, 

characterised by chronic toxicity (Gerardi, 2003).  If not acclimatised, the methane-forming bacteria 

are more sensitive to environmental changes and thus more prone to be inhibited resulting in a 

reduction in methane gas (Rajagopal et al., 2013).  Toxicity indicators include: the reduction in 
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hydrogen and methane gas; an increase in total volatile fatty acids and a decrease in bicarbonate 

alkalinity and pH (Gerardi, 2003). 

 Toxicity may occur from the cation part of salts (mainly due to cleaning agents) in high 

concentrations (Na+, NH4
+, K+, Ca2+ and Mg2+) although the contrary is observed in that low 

concentrations of these minerals accelerate the bacterial cells to grow (Chernicharo, 2007; Chen et 

al., 2008).  Although in some digesters chemicals are added to maintain a stable pH (Shizas & 

Bagley, 2002; Buekens, 2005), it should be noted that potassium concentrations of 2 500 - 4 500 

mg.L-1 and sodium concentrations of 3 500 - 5 500 mg.L-1 could be moderately inhibiting to the 

methanogenic bacteria (Chernicharo, 2007).  Toxicity may also occur from a high concentration of 

metals (Cr2+, CrO4
2-, Ni2+, Zn2+, Cu2+, As and HCN) (Lin, 1992; Chernicharo, 2007; Zaher et al., 2007; 

Amani et al., 2010).   

 Toxicity may also occur from free ammonia (NH3) (Mata-Alvarez et al., 2000; Chernicharo, 

2007; Chen et al., 2008).  However, it should be noted that ammonium (NH4) is formed from amino 

acids and proteins during anaerobic digestion and acts as a nutrient and a pH buffer (Gerardi, 2003; 

Chernicharo, 2007).  For a balanced system ammonia and ammonium needs to be in equilibrium 

(according to equation 12) as both forms could result in inhibition if present in high concentrations 

(Chernicharo, 2007): 

 NH4
+ ↔ NH3 + H+ (12) 

 Both compounds are pH dependant (Chen et al., 2008).  A high pH (pH ≥ 7.2) results in a 

decrease in H+ concentrations and shifts the equilibrium to the right and thus the free ammonia cause 

toxicity to the methane-forming bacteria (Gerardi, 2003; Chernicharo, 2007).  A low pH (pH ≤ 7.2), 

however, results in an increase in the hydrogen ion (H+) and causes the equilibrium to shift to the 

left, resulting in inhibition related to the high ammonium (NH4
+) concentration (Chernicharo, 2007).  

A concentration of > 50 mg.L-1 free ammonia could cause toxicity (Gerardi, 2003). Mata-Alvarez  

et al. (2000) concluded that high ammonia-Nitrogen concentrations (740 - 3 500 mg N.L-1) cause a 

reduction in the glucose degradation rate.  Therefore the authors concluded that high amounts of 

free ammonia cause inhibition of the glucolytic pathway.  To avoid ammonia toxicity the anaerobic 

reactor should be kept at an optimum pH of 6.8 - 7.2; the C:N ratio should be adapted and the 

ammonia levels within the substrate should be diluted (Mata-Alvarez et al., 2000; Gerardi, 2003; 

Chernicharo, 2007; Amani et al., 2010). 

 The anaerobic microorganisms require soluble sulphur in the form of HS- (Gerardi, 2003).  

However, toxicity through high concentrations of sulphide (S2-) and hydrogen sulphide gas (H2S) 

could occur in anaerobic digesters (Gerardi, 2003; Chernicharo, 2007).  If high amounts of sulphate 

(SO4
2-) within the substrate are present sulphur reducing bacteria (SRB) such as Desulfovibrio 

desulfuricansare activated and multiplies within the anaerobic digester (Gerardi, 2003; Chen et al., 

2008).  The SRB competes with the methanogenic bacteria for substrates (they also utilise hydrogen 

and acetate) and this results in a biogas with high levels of hydrogen sulphide gas (H2S) and lower 

levels of methane gas (CH4) (Gerardi, 2003; Chen et al., 2008).  Hydrogen sulphide is able to 
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dissociate in water according to the equation (Hilton & Oleszkiewicz, 1998; Gerardi, 2003; 

Chernicharo, 2007). 

 H2S↔ H+ + HS- ↔ 2H+ + S2- (13) 

Un-ionised H2S occurs with a pH < 7, whereas ionised HS- occurs at pH values 7 - 14 (Chernicharo, 

2007).  Inhibition through sulphide (S2-) is interdependent with the non-dissociated hydrogen 

sulphide (H2S) within the substrate.  These compounds are also pH dependant (Hilton & 

Oleszkiewicz, 1998; Chernicharo, 2007).  Un-ionised H2S is 90% present at a pH of 6 and 50% 

present at a pH of 7 and only 10% present at a pH of 8 (Hilton & Oleszkiewicz, 1998). 

 Sulphides (S2-) are dependent on the methane gas production as more sulphides are 

removed from the liquid phase to the gaseous phase (Chernicharo, 2007).  At higher substrate COD 

concentrations (thus higher methane production) hydrogen sulphide toxicity will not occur and a 

COD/SO4
2- ratio > 10 will eliminate this toxicity.  A low COD/SO4

2- ratio in the substrate fed to the 

anaerobic digester could result in high H2S formation (Gerardi, 2003; Chenicharo, 2007; Krapivina 

et al., 2007).  Sulphides in the H2S form could be toxic to anaerobic digesters at a concentration  

> 200 mg.L-1 (Gerardi, 2003; Chernicharo, 2007). The following operational procedures could be 

implemented to avoid sulphide toxicity: Increase the COD/SO4
2- ratio to release the sulphides to the 

gaseous formation from the liquid phase; increase the pH to 8 to favour non-dissociated HS- 

formation; reducing the sulphides in the substrate and the usage of iron salts will help to precipitate 

sulphides (Gerardi, 2003; Chernicharo, 2007). 

 Toxicity may also occur from benzene ring compounds, chlorinated hydrocarbons and 

formaldehyde (Gerardi, 2003). 

k) Reactor geometry  

The geometry of the AnSBR influences the performance of the reactor.  The length/diameter ratio 

(L:D) is a factor to consider before designing the reactor.  A high L:D ratio configuration retains the 

biomass better versus a low L:D ratio.  A high L:D ratio of 1.83 - 5.60 is preferred over a low L:D 

ratio of approximately 0.61 - 0.93 (Zaiat et al., 2001).  Research done by Sung & Dague (1995) 

indicated that the reactor geometry contributes to the COD removal.  Higher L:D ratio reactors were 

also more efficient in granular sludge development as well as solid retentions. 

Summary 

The South African wine industry grows and contributes to the SA market.  However, the growth 

results in a strain on the resources (water, soil and vegetation) as large amounts of winery 

wastewater are generated which contribute to pollution (EPA, 2004; Gea et al., 2005; Van Schoor, 

2005).  Treated industrial wastewater can be recycled and be beneficial for domestic, industrial and 

agricultural usages as not all of the water uses require drinking quality water (Anderson et al., 2001).  

Therefore, the conversion of wastewater into an additional water resource is currently the potential 

method to add to better water management strategies (Angelakis et al., 2002; Salgot, 2008).  
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However, the global wine sector is challenged to oblige to environmental legislation before winery 

wastewater (WW) can be discharged (Van Schoor, 2005; Republic of South Africa, 2013).   

 Winery wastewater is difficult to treat due to the seasonal production and its characteristically 

high COD concentrations, acidic pH and presence of polyphenols (Ruiz et al., 2002; Malandra et al., 

2003).  Anaerobic digestion (AD) treatment methods are compatible for the treatment of winery 

wastewater due to the biodegradability of the organic material within the wastewater stream (Ruiz et 

al., 2002; Grady et al., 2011).  The Anaerobic Sequencing Batch Reactor (AnSBR) is a specific AD 

bioreactor which could be feasible to treat seasonal winery wastewater streams, due to the kinetic 

advantage [alternating F:M ratios (food to micro-organisms) ratios], flexibility and more efficient 

control system in place compared to continuous bioreactors (Zaiat et al., 2001).  

 An effective anaerobic degradation system is dependent on the balance of the operational 

conditions (Rajeshwari, et al., 2000; Chernicharo, 2007).  These factors also affect the performance 

of the AnSBR in particular.  The physical operational conditions such as the: temperature; mixing 

regime (continuous or intermittent mixing); organic loading rate (OLR); substrate to micro-organisms 

ratio (F:M); feeding regime (batch or fed-batch process); hydraulic retention time (HRT); solid 

retention time (SRT) and the geometry of the reactor are more easily controlled (Zaiat et al., 2001; 

Ratusznei et al., 2003; Buekens, 2005).  Whereas the chemical conditions such as the oxidation-

reduction potential (ORP), pH, alkalinity, VFA's, carbon/nitrogen ratio (C:N), nutrient requirements 

as well as the toxicity within the digester are more difficult to control (Beukens, 2005). 

 Although the AnSBR process has been widely studied for various substrates, it should be 

noted that limited research is available using the AnSBR specifically on winery waster.  Ratusznei et 

al. (2003) mentioned that a laboratory-scale process should be investigated and optimised before 

the process can be applied to larger scales.  
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CHAPTER 3  

 

INVESTIGATING THE FEASIBILITY AND OPTIMISATION OF THE pH, 

FEEDING STRATEGY AND MIXING REGIME ON THE PERFORMANCE 

OF A NOVEL ANAEROBIC SEQUENCING BATCH REACTOR (ANSBR) 

TREATING SYNTHETIC WINERY WASTEWATER 

SUMMARY 

A 14.7 L automated laboratory scale Anaerobic Sequencing Batch Reactor (AnSBR) was operated 

for a total of 180 consecutive cycles treating a synthetic winery wastewater substrate.  Each cycle 

length was approximately 24 h and the HRT of each cycle was approximately 1.65 days.  The reactor 

was seeded with 2 kg granulated anaerobic biomass resulting in a specific organic loading of 0.35 

kgCOD.kgVSS-1.d-1.  The OLR was increased step-wise from 0.60 - 4.23 kgCOD.m-3.d-1 to treat the 

substrate with a COD content ranging from 1 000 to 7 000 mg.L-1.  The operation was sub-divided 

into four distinct phases (A - D).  A polyphenolic compound (grape skin extract) was introduced to 

the substrate after the 22nd cycle, once an average COD reduction of >80% was achieved.  A central 

composite experimental design (CCD) was used at two distinct COD concentrations: 4 000 (Phase 

B) and 7 000 mg.L-1 (Phase D) to optimise operational parameters.  The pH, feeding strategy 

(feeding time) and mixing regime (mixing frequency) in the AnSBR were aimed to be optimised.  

Overall, the feasibility of the novel AnSBR was demonstrated as the bioreactor successfully treated 

the synthetic winery wastewater.  During Experimental Study Phase B (COD of 4 000 mg.L-1) the 

optimal values were determined as: pH ca. 6.7 – 7.3 (pH = 7.3); feeding time of 4 h [with regards to 

a total cycle length of 24 h] and a mixing frequency of every 110.5 min.  During Experimental Study 

Phase D (COD of 7 000 mg.L-1) the optimal values were determined to be: pH ca. 6.7 – 7.3 (pH = 

7.3); a feeding time of 4 h [with regards to a 24 h total cycle length] and a mixing frequency of every 

110 min.   

INTRODUCTION 

The wine industry grows on a global scale (South Africa ranks 9th in the world) (OIV, 2013).  The 

South African wine industry in particular is an important economic grower which contributes to the 

South African GDP (SAWIS, 2009).  However, this growth results in strain on the vital resources 

such as water (endangered resource), soil and vegetation as the industry utilises large amounts of 

freshwater and generates large amounts of wastewater to produce 1 L of wine (EPA, 2004; Gea et 

al., 2005; Van Schoor, 2005).  The estimated range being: 0.3 - 10 L water used and 0.8 - 14 L of 

wastewater produced (Fillaudeau et al., 2008; Oliveira & Duarte, 2011).  These large amounts of 

winery wastewater (WW) are a cause for concern as not all of this winery wastewater is handled to 
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its full potential and contributes to SA’s water pollution situation (Van Schoor, 2005; Dillon, 2011).  

The seasonal production and variable chemical characteristics of this WW make it difficult to treat 

(i.e. high COD, high salinity and sodicity, high nutrient content, acidic pH and recalcitrant compounds 

(polyphenols)) (Walsdorff et al., 2005; Mosse et al., 2011).  The winery wastewater needs treatment 

to conform to legislation before it can be discharged with regards to various possible uses (Van 

Schoor, 2005; Republic of South Africa, 2013).   

 Anaerobic digestion (AD) processes are compatible for the treatment of the WW, however 

only some of these specific processes have been used on WW (Mosse et al., 2011).  The Anaerobic 

Sequencing Batch Reactor (AnSBR) is a specific process which could be feasible to treat seasonal 

winery wastewater streams.  Although some researchers have achieved supportive results this type 

of AD process is still under development and the operation has not been optimised at laboratory-

scale on various substrates (Zaiat et al., 2001).  Therefore, limited research is available using an 

AnSBR specifically on winery wastewater (Ruiz et al., 2002).  Limited and variable research is 

available with regards to the operating conditions for the AnSBR, such as the feeding strategy 

(feeding time: batch (shorter feeding time) vs. fed-batch process (longer feeding time), the mixing 

regime (mode and frequency of mixing) and the operating pH on the AnSBR treating the various 

substrates (Zaiat et al., 2001).   

 The first aim of this study was to achieve a successful lab-scale stabilisation and operation 

of the AnSBR to evaluate the feasibility to treat synthetic winery wastewater.  The second aim was 

to optimise operational parameters: the mixing regime (mixing frequency), feeding strategy (feeding 

time) and the pH on the performance of the AnSBR.  These aims will be achieved by monitoring the 

COD reductions, pH, alkalinity, volatile fatty acids (VFA), total suspended solids (TSS), methane 

percentage and polyphenol reduction during each of the phases.  

MATERIALS AND METHODS 

Outline of Experimental Phases 

The study was subdivided into different Experimental Phases (A – D), each with its own specific aim 

at different COD concentrations (mg.L-1) of the synthetic winery wastewater (SWW) (Table 3.1).   

AnSBR reactor design and setup 

An automated laboratory-scale Anaerobic Sequencing Batch Reactor (AnSBR) was custom 

designed and built for this study (Fig 3.1 - 3.4).  The AnSBR was designed and custom built at 

Stellenbosch University (Department of Process Engineering workshop) (Smit, J., 2014, Master's 

student, Process Engineering, Stellenbosch University, South Africa, personal communication,  

2 March).  The AnSBR had a total volume of 14.7 L with a 10% head space for biogas production, 

resulting in a working volume of 13.2 L.  The reactor consisted of a glass cylinder which was clamped 

with rods between a separate base and top.  The glass cylinder was made of a borosilicate glass 



74 

 

vessel, while the reactor’s base and top were made of HDPE.  The base had a conically shaped 

inside to facilitate mixing (Fig. 3.3).   

 

Table 3.1  Summary of the outline and aim of each Phase (A – D) used during this study 

Experimental 

Phase 

Cycles Aims Type of 

experimental 

design 

COD concentrations 

A 1 – 70 Start-up; increase 

and stabilisation 

None Increased from 1 000 – 

4 000 mg.L-1 

B 71 – 118 Optimisation of 

operational 

parameters 

Central 

Composite 

Design (CCD) 

Constant at 4 000 mg.L-1 

C 119 – 141  Increase and 

stabilisation 

None Increased from 4 000 – 

7 000 mg.L-1 

D 142 - 180 Optimisation of 

operational 

parameters 

Central 

Composite 

Design (CCD) 

Constant at 7 000 mg.L-1 

 

The biogas exited the reactor at the top (Fig. 3.1 & 3.2).  Two separate 5 L gas bags (SupelTM-Inert 

Gas Sampling Bags with ThermogreenTM LB-2 Septa) were inserted in the biogas line to maintain 

the pressure in the system and to prevent atmospheric oxygen from entering the system (during the 

decanting step) (Fig. 3.1).  The amount of produced biogas per cycle was measured by the use of a 

bubble counter.  The substrate was fed to the reactor with a peristaltic pump (Thermo Scientific P/S 

pump equipped with a Masterflex® P/S Easy-load® II pump head) (Fig. 3.4).  The substrate entered 

the system from a pipe which ran from the top of the reactor with an opening at the inside bottom of 

the reactor at the conical base (Fig. 3.3).  The different feeding strategy times were controlled by 

setting the program on batch or fed-batch mode and manually setting the rate of the peristaltic pump.  

A washing machine pump was used for liquid recirculation at a velocity of 8.8 - 9.2 L.min-1 to ensure 

the granular biomass could be kept in suspension (Fig. 3.1 & 3.4).  An adjustable decanting pipe for 

liquid recirculation was fitted inside the reactor.  The pipe was adjusted to the lowest liquid level to 

ensure mixing could occur for all the various feeding strategies (Fig. 3.1 & 3.2).  The liquid level 

during a long feeding time needs to be high enough to reach the liquid recirculating pipe for mixing.  

The liquid was recirculated and entered the system at the bottom at the conical base (same pipe as 

for filling) (Fig. 3.1 - 3.3).  The lab-scale reactor functions were automatically controlled from the 
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electronic control panel.  A pH probe fitted inside a sleeve which ran to below the liquid level inside 

the reactor (when the reactor was completely full) was used to measure the pH (Fig. 3.1 & 3.2).  An 

in-line dosing system was used to control the pH (with 2 M KOH) with the use of a peristaltic dosing 

pump (Watson Marlow 302S) which only switched on when mixing occurred (dosing only occurred if 

the pH reached 0.05 below the set value) (Fig. 3.1 & 3.4).  The temperature was automatically 

controlled by a PT 100 temperature probe, insulation was also used (Fig. 3.2).  The reactor was 

operated at a temperature of 35°C which was controlled by 1 cm wide heating tape wrapped around 

the reactor, with 2.5 cm spaces between the coils.  The heat tracing and insulation resulted in 25 

W.m-1 insulation.  Decanting occurred from the top which was operated by an adjustable straight 

pipe (with a sieve on top) which ran through the reactor base (Fig 3.1, 3.2 & 3.4).  The straight pipe 

was adjusted to ensure 3 L of the effluent be retained in the AnSBR for the next cycle.  The AnSBR 

was kept in a dark room. 

Reactor start-up and general operation 

The AnSBR was initially filled with 11 L of water, containing 500 mg.L-1 urea ((NH2)2CO) and 500 

mg.L-1 di-potassium hydrogen orthophosphate (K2HPO4) whilst the temperature (35°C) was set.  

Thereafter the reactor was seeded with 2 kg of anaerobic granules obtained from a full-scale UASB 

reactor treating distillery wastewater in Wellington, South Africa (The James Sedgwick Distillery, 

Wellington, South Africa).  Overall, the AnSBR was operated in to four distinctive steps per cycle: 

feed (8 L substrate fed to the reactor); react (mixing occurred in this step); settling (the biomass 

settled to the base of the reactor) and decanting (8 L effluent was drained).  During each decanting 

step 8 L of effluent was decanted leaving 3 L of effluent in the reactor to maintain alkalinity in the 

system.  For the first cycle, the AnSBR was initially fed with diluted synthetic winery wastewater 

stock solution (SWWSS) with an additional 200 mg.L-1 glucose added to the substrate (initial COD 

concentration of substrate feed = 1 000 mg.L-1).  Thus the calculated initial COD inside the reactor 

for the first cycle due to the 2.7:1 dilution inside the AnSBR was 700 mg.L-1.  The substrate COD 

was increased step-wised per cycle with 10 - 15% when a COD reduction of more than 80% was 

achieved.  A trace element solution (1 mL.L-1 of substrate) was prepared and fed to the reactor every 

second week (Table 3.2).   
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Figure 3.1  Diagram of the laboratory-scale Anaerobic Sequencing Batch Reactor (AnSBR). 
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Figure 3.2  3-D design of the laboratory-scale Anaerobic Sequencing Batch Reactor (AnSBR)  

(Smit, J., 2014, Master's   student, Process Engineering, Stellenbosch University, 

South Africa, personal communication, 2 March).     
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Figure 3.3  Conical base and mixing flow representation within the AnSBR (Smit, J., 2014, Master's   

student, Process Engineering, Stellenbosch University, South Africa, personal 

communication, 2 March).    
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Figure 3.4  Practical set-up of the laboratory-scale Anaerobic Sequencing Batch Reactor 

(AnSBR). 
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Table 3.2  Composition of the trace element solution fed to the AnSBR per litre substrate (Nel et 

al., 1985) 

Trace element Concentration (mg.L-1) 

B (as H3BO3) 0.0124 

Ca (as CaCl2) 36  

Mn (as MnSO4•5H2O) 0.241 

Zn (as ZnCl2) 0.202 

Mg (as MgCl2•6H2O) 24 

Co (as CoCl2) 0.091 

Mo (MoO3) 0.066 

Al (as AlCl3) 0.081 

Se (as H2SeO) 0.092 

Si (as SiO2) 0.004 

W (as Na2WO4•2H2O) 0.002 

Ni (as NiCl2) 0.006 

 

Wastewater 

Synthetic winery wastewater stock solutions (SWWSS) were prepared in 5 L Schott bottles as 

needed during the experiments and stored at 4 °C prior to use.  The compounds for the SWWSS 

published by Malandra et al. (2003) were modified (Table 3.3).  A polyphenol compound known as 

grape skin extract (SJVC RM# 3011801VC Döhler) was added to the SWWSS after the 22nd cycle 

of operation.  The amount of grape skin extract was added according to the polyphenol content of 

the solution to mimic the measured amount of polyphenols in industrial winery wastewater 

(polyphenol content was determined in industrial winery wastewater from a winery in the 

Stellenbosch region).  A theoretical COD stock solution of 100 000 mg.L-1 was aimed for in a 5 L 

solution, however the SWWSS had a COD range of 65 151 - 81 540 mg.L-1; a pH range of  

4.00 - 4.86 and a TSS content of 1.40 g.L-1.  At each COD substrate concentration of the synthetic 

winery wastewater (SWW) the calculated volume of SWWSS was diluted with tap water to a total 

volume of 8 L.  The pH of the substrate was adjusted to a pH range of 7.0 - 7.4 during phase A and 

C.  During phase B and D the pH ranged from 6.7 - 7.3 depending on the required pH in each cycle 

according to the experimental central composite design (CCD).  The pH of the substrate during 

Experimental Study Phase B & D was also the set-point for the pH on the AnSBR control panel set 

to be maintained during each cycle.  The pH was adjusted with 2 M potassium hydroxide (KOH).  

However, after the 46th cycle of operation the SWWSS was modified.  The new substrate did not 

contain any ammonium sulphate (NH4SO4) as it could be an inhibiting compound.  From cycle  

36 - 180 additional buffer (potassium hydrogen carbonate) was added to the substrate at a 
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concentration of 500 mg.L-1 to increase the alkalinity.  From cycle 55 – 180 the COD:N:P ratio of the 

substrate was adjusted as urea was added to facilitate the recommended COD:N:P of 1 000:7:1.  

From cycle 68 – 180 1 L of the effluent was added back to the next cycle’s substrate, also with the 

goal of increasing the alkalinity.   

 

Table 3.3  Chemical composition and concentration of compounds in the synthetic winery 

wastewater stock solution (SWWSS) modified from Malandra et al., 2003 

Compounds Concentration in synthetic 

winery wastewater stock 

solution 

Theoretical concentration 

COD contributed by the 

pure solution (mg.L-1) 

Synthetic stock solution  100 000 

Glucose 20.45 g.L-1 23 863.34 

Fructose 20.45 g.L-1 22 727.27 

Citric acid 11.36 mg.L-1 11.36 

Tartaric acid 22.73 mg L-1 45.45 

Malic acid 22.73 mg L-1 22.73 

Lactic acid 18.8 µL.L-1 34.09 

Propanol 17.93 µL.L-1 45.45 

Butanol 14.03 µL.L-1 45.45 

i-Amyl alcohol 53.31 µL.L-1 125 

Acetic acid 2.71 mL.L-1 2 954.55 

Ethanol 144.75 µL.L-1 3 409.09 

Ethyl acetate 50.51 µL.L-1  

Propionic acid 91.82 µL.L-1  

Valeric acid 12.22 µL.L-1  

Hexanoic acid 6.11 µL.L-1  

Octanoic acid 8.74 µL.L-1  

Yeast extract 19.32 g.L-1  

*NH4SO4 56.82 g.L-1  

**Grape skin extract 

(polyphenol compound) 

5.68 g.L-1  

* Substrate used for cycle 1 - 45 contained NH4SO4.  Substrate used for cycle 46 - 180 did not contain 
NH4SO4. 

**Grape skin extract was only added to the SWWSS from the 22nd cycle onwards. 
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Analytical methods 

Several operational parameters were monitored on the synthetic winery wastewater stock solution 

(SWWSS), AnSBR substrate (SWW) and the AnSBR treated effluent.  These parameters included: 

pH; total alkalinity; total amounts of volatile fatty acids (VFA); VFA:Alkalinity ratio; total suspended 

solids (TSS); volatile suspended solids (VSS); COD concentrations; total polyphenols; 

orthophosphate (PO4
3-); nitrogen and the percentage methane (CH4) of the biogas. 

 

These following operational parameters were measured by using standard methods (APHA, 1998): 

1. pH (senTix®41 electrode pH probe was used) 

1.1. Influent (SWW) (Adjusted with 2 M KOH to desired pH fed to the AnSBR) 

1.2. Effluent (Measured within 30 s after effluent was decanted) 

2. Alkalinity (mgCaCO3.L-1) 

2.1. Effluent during Phase A - D 

3. COD (mg.L-1) 

3.1. Influent (SWW) measured colorimetrically by a DR2000 spectrophotometer (Hach Co. 

Loveland, CO) measured within the COD solution range of 500 – 10 000 mg.L-1  

3.2. Effluent filtered with the use of Whatman filter paper no.1 measured colorimetrically 

by a DR2000 spectrophotometer (Hach Co. Loveland, CO) measured within the COD 

solution range of 100 – 1 500 mg.L-1 

4. TSS (Total Suspended Solids) (g.L-1) 

4.1.  Effluent during Phase B & D 

5. VSS (Volatile Suspended Solids) 

5.1. Mesophilic granules used in the AnSBR to calculate the specific organic loading 

(amount of biomass) within the AnSBR 

6. VFA (Volatile Fatty Acids) (mg.L-1) 

6.1. Effluent during Phase A – D 

 

These following operational parameters were measured by alternative methods: 

7. COD (mg.L-1)  

7.1. Synthetic winery wastewater stock solution (SWWSS) tested by Spectroquant® COD 

Cell Test kits (Merck, South Africa) due to the high concentrations (COD > 60 000 

mg.L-1) 

8. Orthophosphate Phosphorus (PO4)  

8.1. Influent (SWW) was measured by Spectroquant® P Cell Test kits (Merck, South 

Africa) 

9. Nitrogen content 

9.1. Influent (SWW) was measured by Spectroquant® N Cell Test kits (Merck, South 

Africa) 
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10. Polyphenols  

10.1. Synthetic winery wastewater stock solution (SWWSS) determined by the Folin-

Ciocalteau method (Singleton & Rossi, 1965).   

11. Methane 

11.1 The biogas produced from the treatment of synthetic winery wastewater within the 

AnSBR was captured within the gas bags (SupelTM-Inert Gas Sampling Bags with 

ThermogreenTM LB-2 Septa).  Duplicate samples were withdrawn from a latex pipe 

which connected the gasbags and the AnSBR.  The concentration of the compounds 

within the biogas (mainly CO2 and CH4) was quantified.  During phase B and D (central 

composite experimental design phases) the biogas composition was determined for 

each cycle.  The biogas composition was quantified by the use of a Varian 3300 gas 

chromatograph (GC).  Helium was used as the carrier gas with a flow rate of  

30 mL.min-1 with an oven temperature at 55°C.  The GC had a thermal conductivity 

detector.  A Haysep Q (Supelco, Bellefonte, PA) 80/100 mesh pack column.  A 0.2 mL 

sample size was used.  

Reactor operation times 

The AnSBR operated in four consecutive steps per cycle: feed; react; settlement and decant.  After 

each cycle the next cycle started again with the feed step.  The AnSBR operated according to a total 

cycle length of 24 hours, with a calculated HRT time of 1.65 days calculated according to the formula:  

HRT =  reactor volumevolume decanted per cycle cycle per day  

HRT =  .  L8 L  per day  

HRT =  .  days 

The feeding time (filling step) was dependent on the experimental design value during Phase B and 

Phase D, however for Experimental Phase A and C the feeding time was approximately 30 min 

(Table 3.4).  To ensure the AnSBR operated in a batch mode (shorter filling time) the peristaltic 

feeding pump was manually controlled to be fast; whereas in the fed-batch mode (longer filler time) 

it was controlled with a slower peristaltic pump action.  Mixing only occurred during the react step 

with the exception being during the fed-batch modes during Phase B and Phase D (longer filling 

time) where mixing also occurred in the feed step (Table 3.4).  Therefore, the recirculation pipe was 

adjusted to be lower to ensure mixing could also occur when a lower volume of liquid was inside the 

AnSBR.   

The mixing intervals were set for Phase A and C as follows: a 10 second burst of liquid 

recirculation to lift the granular bed of biomass with a frequency of every 20 minutes for the entire 

react step period (Table 3.4).  During Phase B and D the mixing intervals were set according to the 
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central composite experimental design values for each cycle (Table 3.4).  However, the burst of 

liquid recirculation was kept constant for 10 seconds, whilst the mixing frequency varied for Phase 

B and D.  The settlement time of 30 min was chosen for Phase A and B (Table 3.4).  The settlement 

time was adjusted to 60 min at a higher COD concentration, therefore Phase C and D had a longer 

settling times (Table 3.4).  The decanting time was approximately 20 min for each cycle during Phase 

A - D, decanting occurred by means of gravity (Table 3.4).   

 

Table 3.4  Summary of the outline of each operating time during Experimental Phase (A – D)  

Phases COD 
concentrations 

Feeding time React time Mixing 
regime 

Settlement 
time 

Decant 
time 

A 1 000 – 4 000 
mg.L-1 

± 30 min ± 22.67 h = 
 24 h cycle – 
(feeding time + 
settlement time 
+ decant time) 

10 s.20 min-1 30 min 20 min 

B Constant at 
4 000 mg.L-1 

Varied. 
Dependant on 
CCD value 
(6/53/123/192/
240 min) 

24 h cycle – 
(variable feeding 
time + 30 min 
settling time + 
20 min 
decanting time) 

Dependant 
on CCD. 
10s.9.5/30/6
0/90/110.5 
min-1 

30 min 20 min 

C 4 000 – 7 000 
mg.L-1 

± 30 min ± 22.33 h = 
24 h cycle – 
(feeding time + 
settlement time 
+ decant time) 

10 s.20 min-1 60 min 20 min 

D Constant at 
7 000 mg.L-1 

Varied. 
Dependant on 
CCD value 
(6/53/123/192/
240 min) 

24 h cycle – 
(variable feeding 
time + 60 min 
settling time + 
20 min 
decanting time) 

Dependant 
on CCD. 
10s.20/38/65
/92/110.min-1 

60 min  20 min 

 

EXPERIMENTAL STUDIES 

The experimental study was subdivided into different Experimental Phases (A – D), each containing 

its own type of experimental design and statistical analysis at different COD concentrations (mg.L-1) 

of the synthetic winery wastewater (SWW) (Table 3.5).   
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Table 3.5   Outline of the different Experimental Phases, the type of experimental designs and 

statistical analysis at different COD concentrations of the synthetic winery 

wastewater (substrate) 

Experimental 
Phase 

Type of experimental design and 
statistical analysis 

COD concentrations of 
substrate 

A  No statistical experimental design Increased from 1 000 – 4 000 
mg.L-1 

B  Central Composite Design (CCD) 

 Regression coefficient model 

 Response surface methodology 
(RSM) 

 Optimisation 

Constant at 4 000 mg.L-1 

C  No statistical experimental design Increased from 4 000 – 7 000 
mg.L-1 

D  Central Composite Design (CCD) 

 Regression coefficient model 

 Response surface methodology 
(RSM) 

 Optimisation 

Constant at 7 000 mg.L-1 

 

Experimental designs & Statistical analysis at Experimental Phases B and D 

For the goal of optimisation a central composite experimental design (CCD) was applied during 

Experimental study Phases B and D.  The data obtained from the CCD was analysed according to 

a regression coefficient function (model) to fit a prediction model known as the response surface 

methodology (RSM).  The RSM therefore required three distinct steps:  

1) Experimental design and experiments.  

2) RSM through the regression coefficient model. 

3) Optimisation. 

RSM was therefore used to determine the most optimal operating conditions or determining the 

region were the process satisfied the requirements for the novel AnSBR specifically treating synthetic 

winery wastewater.  RSM indicates a prediction model of the effect of the interaction between 

different parameters.  Therefore, the data obtained from the central composite design (CCD) was 

analysed based on the regression coefficient function.  The regression coefficient function was 

thereafter used to form 2-D and 3-D graphs (RSM graphs). Y= b + b X + b X + b X + b  + + + ∙ + ∙ + ∙   where: 



86 

 

= Predicted response surface function (Efficiency measurement) 

= Model constant 

 ;  ;  = Linear coefficients 

 ;  ;  = Quadratic coefficients 

 ;  ;  = Interaction coefficients = pH = Feeding time (min) = Mixing frequency (mixing set for 10 s every  min) 

The experimental design required three different independent parameters ( ;   ;  ) at five 

different levels: 

-α = Absolute minimum value (calculated according to the experimental design) 

-1 = Minimum value  

0 = Centre point value (calculated according to the experimental design) 

+1 = Maximum value 

+α = Absolute maximum value (calculated according to the experimental design) 

During Experimental study Phases B and D the parameters were analysed according to different 

responses (Y):  

1) TSS content of the effluent 

2) COD reduction 

3) VFA (Volatile Fatty Acids): Alkalinity ratio 

4) Methane percentage 

5) Polyphenol reduction 

The experimental runs (16 runs) were done in duplicate, however it is seen as Experiment 1 and 

Experiment 2, respectively.  The statistical significant effect of the values under investigation was 

evaluated according to the p-value (probability) with a 95% confidence level.  A p-value within the 

regression coefficient function lower than 0.05 indicates that the null hypotheses were rejected at a 

5% confidence interval.  Thus, functions with a p-value lower than 0.05 indicates that the involved 

function had a significant effect on the measured response.  

Experimental Study: Phase A 

During Experimental Study Phase A no statistical experimental design was required.  Phase A 

required the stabilisation of the AnSBR which consisted of the start-up period and a gradual increase 

in the feed COD concentration.  The time period of Phase A was 70 cycles (13 weeks), each cycle 
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approximately 24 h long.  Substrate 1 which contained the ammonium sulphate compound was used 

for cycle 1 - 45, thereafter Substrate 2 was implemented which did not contain the ammonium 

sulphate compound.  The COD substrate concentrations fed to the AnSBR gradually increased from 

1 000 - 4 000 mg.L-1.  During Phase A the COD substrate concentration was increased by 10 - 15% 

once a COD reduction of 80% was achieved.  A polyphenol solution (grape skin extract) was added 

after the AnSBR had stabilised (average COD reduction > 80%) from the 22nd cycle to acclimatise 

the granules to be able to treat the synthetic winery wastewater substrate.  

Experimental Study: Phase B 

During Phase B the average synthetic winery wastewater substrate fed to the AnSBR was constant 

at approximately 4 000 mg.L-1 for cycle 71 - 118.  During Phase B a central composite experimental 

design (CCD) was used to optimise the following parameters: pH ( ; feeding strategy (feeding time 

( )) and the mixing regime (mixing frequency: mixing set for 10 s every  min).  The CCD enabled 

the optimisation of three different parameters within the same data set.  The minimum and maximum 

values of each parameter were chosen, whereas the absolute minimum, centre point and absolute 

maximum values were calculated according to the CCD.  Therefore, for each parameter five levels 

were investigated (Table 3.6). 

 

Table 3.6  Central composite experimental design (CCD) values for each parameter during 

Experimental Study Phase B 

  pH * 
(� ) 

Feeding time (min) 
(� )  

Mixing frequency (min) 
(� ) 

-α Absolute minimum 6.7 6 9.5 

-1 Minimum 6.8 53 30.0 

0 Centre point 7.0 123 60.0 

+1 Maximum 7.2 192 90.0 

+α Absolute maximum 7.3 240 110.5 

* The pH of the influent (6.7 – 7.3) was also the set-point for the pH on the AnSBR control panel set 

to be maintained during each cycle. 

 
The CCD required 16 experimental standard runs (cycles) to be performed in duplicate.  However, 

the following set of 16 runs were performed after the first set of runs were completed.  Although 

Table 3.6 indicates the values under investigation, Table 3.7 indicates a summary of the 

combinations of these values under investigation during each run.   
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Table 3.7  Central composite experimental design values and combinations of the values used 

during Experimental Study Phase B 

Standard run 
(cycles) 

pH (� ) Feeding time 
(minutes) (� ) 

Mixing frequency  
(minutes) (� ) 

1 6.8 53.0 30 

2 6.8 53.0 90 

3 6.8 192.0 30 

4 6.8 192.0 90 

5 7.2 53.0 30 

6 7.2 53.0 90 

7 7.2 192.0 30 

8 7.2 192.0 90 

9 6.7 123.0 60 

10 7.3 123.0 60 

11 7.0 6.0 60 

12 7.0 240.0 60 

13 7.0 123.0 9.5 

14 7.0 123.0 110.5 

15 (C) 7.0 123.0 60 

16 (C) 7.0 123.0 60 

 

Experimental Study: Phase C 

During Experimental Study Phase C no statistical experimental design was required.  Due to 

extensive biomass washout during Experimental study Phase B an additional 1 kg of granular 

biomass was added to the AnSBR at the start of Phase C.  During Phase C the COD content of the 

synthetic winery wastewater substrate content was step-wised increased from 4 000 mg.L-1 to 

approximately 7 000 mg.L-1.  The time period was approximately 22 cycles (cycles 119 - 141).  The 

COD substrate concentration was increased with 10 - 15% when a COD reduction of 80% had been 

achieved.  The settling time of the biomass was increased from 30 to 60 min before decanting 

occurred.   
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Experimental Study: Phase D 

During Experimental Study Phase D (cycle 142 - 180) the average synthetic winery wastewater 

substrate fed to the AnSBR was kept constant at approximately 7 000 mg.L-1.  During Phase D 

another central composite experimental design (CCD) (Table 3.8) was performed to optimise the 

following parameters: pH; feeding strategy (feeding time) and the mixing regime (mixing frequency).  

Each of the parameters had five different levels under investigation (Table 3.8).  The minimum and 

maximum values of each parameter were chosen, whereas the absolute minimum, centre point and 

absolute maximum values were calculated according to the CCD.  Therefore, for each parameter 

five levels were investigated (Table 3.8). 

 

Table 3.8  Central composite experimental design (CCD) values for each parameter during 

experimental Study Phase D 

  pH * 
(� ) 

Feeding time (min) 
(� )  

Mixing frequency (min) 
(� ) 

-α Absolute minimum 6.7 6 20.0 

-1 Minimum 6.8 53 38.0 

0 Centre point 7.0 123 65.0 

+1 Maximum 7.2 192 92.0 

+α Absolute maximum 7.3 240 110.0 

* The pH of the influent (6.7 – 7.3) was also the set-point for the pH on the AnSBR control panel set 

to be maintained during each cycle. 

 

The CCD required 16 experimental standard runs to be performed in duplicate.  However, the 

following set of 16 runs were performed after the first set of runs were completed.  Although Table 

3.8 indicates the values under investigation, Table 3.9 indicates a summary of the combinations of 

these values under investigation during each run (cycle).   
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Table 3.9  Central composite experimental design values and combinations of the values used 

during Experimental Study Phase D 

Standard run pH (� ) Feeding time 
(minutes) (� ) 

Mixing frequency  
(minutes) (� ) 

1 6.8 53.0 38 

2 6.8 53.0 92 

3 6.8 192.0 38 

4 6.8 192.0 92 

5 7.2 53.0 38 

6 7.2 53.0 92 

7 7.2 192.0 38 

8 7.2 192.0 92 

9 6.7 123.0 65 

10 7.3 123.0 65 

11 7.0 6.0 65 

12 7.0 240.0 65 

13 7.0 123.0 20 

14 7.0 123.0 110 

15 (C) 7.0 123.0 60 

16 (C) 7.0 123.0 60 

 

RESULTS AND DISCUSSION 

Experimental Study: Phase A (Cycle 1 - 70) 

The overall goal of Phase A (70 cycles) involved the start-up and stabilisation of the AnSBR treating 

the synthetic winery wastewater substrate.  The COD concentrations of the substrate fed to the 

AnSBR gradually increased from 1 000 to 4 000 mg.L-1 during the 70 cycles, resulting in an OLR 

ranging from 0.6 - 2.42 kgCOD.m-3.d-1.  The biogas was measured within the range: 1.30 – 5.86  

L biogas.d-1.  Phase A was sub-divided into three successive sections: cycle 1 - 32; cycle 33 - 45 

and cycle 46 - 70.   

Cycle 1 - 32 

The COD concentrations of the substrate fed to the AnSBR during cycle 1 - 32 ranged from 1 000 to 

3 423 mg.L-1 resulting in an OLR of 0.60 - 2.07 kgCOD.m-3.d-1.  The COD concentrations of the 

effluent treated by the AnSBR ranged between 116 - 629 mg.L-1 which resulted in an average COD 



91 

 

reduction percentage of 80% (range: 56 - 93%) indicating a stable process.  During these cycles the 

alkalinity gradually increased from 500 - 1 900 mgCaCO3.L-1.  Low VFA concentrations were 

obtained for the treated effluent with concentrations within the range of 38 - 150 mg.L-1 (resulting in 

an average VFA value of 89 mg.L-1).  For these cycles an average VFA:Alkalinity ratio of 0.07 was 

obtained (which is well within the recommended range of 0.05 – 0.20 (but definitely < 0.30) APHA, 

1998; Gerardi, 2003; Amani et al., 2010).  The pH of the substrate ranged from 7.12 - 7.67 with an 

average of 7.44.  The pH of the effluent ranged from 7.27 - 7.69 with an average of 7.42.  The pH 

meter fitted inside the AnSBR measured the pH at the end of each cycle.  The pH measured at the 

end of each cycle ranged from 6.80 - 7.36 with an average of 7.03.  Overall for cycle 1 - 27 an 

average of 0.11 mol KOH was automatically dosed during each cycle to ensure the maintained pH.   

 During the first two weeks (cycle 1 - 15) the COD reduction efficiency ranged from 56 - 84%.  

During the third week (cycle 16 - 21) the COD reduction efficiencies stabilised to an average of 85%.  

The polyphenol compound was introduced from the 22nd cycle.  Thereafter (cycle 22 - 32), an 

average COD reduction of 78% was reached, which was slightly lower than the previous week.  The 

decreased COD reduction percentages could have been influenced by the sudden presence of 

polyphenols and the high amounts of ammonium sulphate within the substrate. 

According to Gerardi (2003) methanogenic bacteria are able to tolerate higher concentrations 

of toxic material when the bacteria are acclimatised to the wastewater substrate (known as chronic 

toxicity).  However, if the bacteria are not acclimatised the functioning of the methanogenic bacteria 

may be influenced by environmental changes (Gerardi, 2003; Rajagopal et al., 2013).  Polyphenolic 

compounds from winery wastewater are difficult to degrade due to their characteristics as the 

structure consists of an aromatic structure with a high molecular weight (Grismer et al., 2003).  

Winery wastewater contains polyphenols, tannins and lignins (Arienzo et al., 2009).  The polyphenol 

compound used in the substrate during this study was produced from grapes.  Polyphenols could 

inhibit microbial digestion, therefore influencing the AnSBR digestion process as seen in Fig. 3.5 by 

the declined COD reduction percentages from day 22 to 32 (Sarni-Manchado et al., 1999; Herderich 

& Smith, 2005).  Polyphenols and tannins within winery wastewater have a larger biodegradability 

rate compared to organic acids and alcohol, therefore they are not so easily degraded (Picot & 

Cabanis, 1998 as cited by Arienzo et al., 2009).  Therefore, the polyphenol compounds could have 

delayed the anaerobic degradation process.  A pre-treatment step would be recommended to 

convert the larger molecular weight compounds (polyphenolic compounds) into smaller compounds 

that are easier to degrade (Melamane et al., 2007).  It should be noted that the reduction of 

polyphenols during the anaerobic digestion process could be a good indicator of the reactor's 

performance (Melamane et al., 2007).   

Another possible explanation for the gradual lower COD reduction percentage obtained for 

cycle 17 - 32 (Fig. 3.5) could be caused by inhibiting compounds within the substrate (Gerardi, 2003; 

Chen et al., 2008).  The gradual increase in OLR (increase in substrate COD concentrations) 

resulted in higher values of ammonium and sulphate in the substrate (Table. 3.3).  Table 3.10 is a 



92 

 

summary of the amounts of calculated ammonium and sulphate that was present within the substrate 

at the various COD concentrations.   

 

Table 3.10  Calculated amounts of ammonium and sulphate in the substrate at various COD  

concentrations 

Substrate COD 
concentration 

Compounds 

NH4 SO4
2- 

1 000 mg.L-1 0.222 g 0.590 g 

2 000 mg.L-1 0.443 g 1.180 g 

3 000 mg.L-1 0.665 g 1.770 g 

 

It is important that ammonia (NH3) and ammonium (NH4) are in equilibrium as both of the forms could 

have an inhibiting effect on the methanogenic bacteria at these high concentrations (Mata-Alvarez 

et al., 2000; Chernicharo, 2007; Chen et al., 2008).  However, the equilibrium could easily be shifted 

as both the compounds are pH dependent (Chen et al., 2008).  The possible methanogenic bacteria 

inhibition could have influenced the AnSBR efficiency and resulted in the lowered COD reductions. 

 Possible methanogenic inhibition could also have occurred due to the high amounts of 

sulphate within the substrate.  The sulphur reducing bacteria (SRB) could be activated, which 

compete with the methanogenic bacteria for substrates resulting in the formation of hydrogen 

sulphide gas (Gerardi, 2003; Chen et al., 2008).  Hydrogen sulphide gas (H2S) was detected during 

these cycles.  It is possible that the hydrogen sulphide dissociated into the liquid phase within the 

AnSBR (Hilton & Oleszkiewicz, 1998; Gerardi, 2003; Chernicharo, 2007).  Therefore sulphides (S2-) 

could have formed which could have inhibited the methanogenic bacteria (Gerardi, 2003; 

Chernicharo, 2007). 

 During this cycle the alkalinity gradually increased from 500 - 1 900 mgCaCO3.L-1.  For a 

stable anaerobic process an alkalinity concentration between 1 300 - 3 000 mgCaCO3.L-1is advised 

as the optimum range (Gerardi, 2003; Amani et al., 2010).  Therefore, the alkalinity produced by the 

process could be seen as sufficient for a stable anaerobic digestion process.  Overall, a stable 

operation was noticed during these cycles measured in terms of the low VFA concentrations (range 

of 38 - 150 mg.L-1) obtained for the treated effluent.  For a stable operation a VFA concentration 

within the range 50 - 500 mg.L-1 is recommended (Gerardi, 2003). 
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Figure 3.5  Monitored operational parameters during Experimental Study Phase A. 

Cycle 46 - 70 Cycle 1 - 32 Cycle 33 - 45 
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The VFA:Alkalinity ratio is an alternative indicator of reactor stability.  A stable operation is seen 

when the alkalinity within the system can neutralise the build up of VFA's (thus buffer the pH) 

(Chernicharo, 2007).  For a stable reactor a ratio below 0.3 is recommended with an optimal ratio 

between 0.05 - 0.20 (Ross et al., 1992; APHA, 1998; Gerardi, 2003; Amani et al., 2010).  For cycles 

1 - 32 an average of 0.07 was obtained indicating a stable operating AnSBR. 

The pH of the substrate ranged from 7.12 - 7.67 with an average of 7.44.  The pH of the 

effluent ranged from 7.12 - 7.69 with an average of 7.42.  Therefore, a stable correlation between 

the pH of the substrate and the pH of the effluent could be seen.  It is important for the anaerobic 

digestion process to operate at an optimum pH to avoid process failure (Gerardi, 2003).  The pH 

measurement (measurement at the end of each cycle) of the pH probe fitted inside the AnSBR 

rangedfrom 6.80 - 7.36 with an average of 7.03.   

 For optimal methane production it is important for the pH of the system to operate constantly 

within the pH range of 6.8 - 7.2 (Gerardi, 2003; Chernicharo, 2007; Amani et al., 2010).  During the 

operation of the AnSBR the pH of the system was automatically controlled by 2M KOH in-line dosing 

system.  Overall for cycle 1 - 32 an average of 0.11 mol KOH were automatically dosed during the 

operations.  The stable pH during the operations of the AnSBR could have attributed to the gradual 

increase in alkalinity.  However, the pH and alkalinity are linked.  The alkalinity within the system 

influences the buffer capacity of the system, therefore avoiding fluctuations in pH (Chernicharo, 

2007).  Therefore, a direct correlation between the amounts of KOH dosed, effluent alkalinity and 

effluent pH could be seen in Fig. 3.5.  Cycle 1 – 32 indicates stable effluent pH values.  It is clear 

from Fig. 3.5 that a trend could be seen regarding the amount of KOH dosed and alkalinity.  An 

increase in the amount of KOH dosed resulted in an increase in alkalinity (cycles 1 – 18).  It is also 

clear when the amount of KOH dosed decreased, a decrease in alkalinity was noticed (cycles  

23 – 26).  Cycle 27 indicates a sharp increase in the amount of KOH dosed, resulting in a sharp 

increase in alkalinity.   

 A direct correlation between the COD concentration of the effluent and the VFA concentration 

of the effluent could be seen (Fig 3.5).  From cycle 1 – 32 a trend could be observed: Increase in 

COD effluent concentrations resulted in an increase in VFA.  A decreased in COD effluent 

concentrations resulted in a decrease in VFA’s.  A slight increase in the COD concentration of the 

effluent and a slight increase in the total amounts of VFA’s could be observed during cycle 12.  VFA's 

are an intermediate product during the anaerobic digestion process (acidogens produces VFA's) 

which in a stable operation are being utilised by the methanogens (Parawira, 2004; Shao et al., 

2008).  The organic acids within the substrates are measured in terms of the COD.  Methane (CH4) 

and carbon dioxide (CO2) are the end products of the anaerobic digestion process.  Therefore, the 

COD reduction percentages could be directly linked to the methane formation.  High COD reduction 

percentages and low VFA concentrations indicate a stable syntrophic relationship between the 

acidogens (VFA producers) and the methanogens (utilises the VFA's).  A stable operation was 
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noticed during cycle 1 - 32 due to the high COD reduction percentages (average of 79%) and the 

low VFA concentrations (range of 38 - 150 mg.L-1) obtained for the treated effluent.  

 It was noticed that a low VFA concentration resulted in a higher alkalinity concentration.  This 

higher alkalinity and low amounts of VFA also indicated an overall syntrophic relationship between 

the acidogens (VFA producers) and the methanogenic bacteria (utilises the VFA) (Ratusznei et al., 

2003; Rodrigues et al., 2003).   

Cycle 33 - 45 

During cycle 33 - 45 the COD of the substrate was kept fairly constant with an average COD of  

3 236 mg.L-1 and an average OLR of 1.96 kgCOD.m-3.d-1.  During these cycles varying COD 

concentrations of the effluent were noticed (500 – 1 250 mg.L-1) which resulted in unstable COD 

reduction percentages, ranging from 53 - 79% with an average of 65%.  It is clear (Fig. 3.5) that the 

COD reduction percentages reduced drastically (72 - 53%) from cycle 33 to cycle 35, and thereafter 

(cycle 36 - 45) the COD reductions varied.   

During cycle 33 - 35 the alkalinity decreased from 1 550 to 1 325 mgCaCO3.L-1.  From cycle 

36 onwards the trend can be observed that the alkalinity gradually increased to 2 625 mgCaCO3.L-1 

by cycle 45.  The increased in alkalinity (cycle 36 - 45) could be influenced by the additional buffer 

(potassium hydrogen carbonate) added to the substrate at a concentration of 500 mg.L-1.  The 

KHCO3 is known to directly supply bicarbonate alkalinity to the system (Chernicharo, 2007).  

Therefore, the alkalinity increased and became stable.  However, a direct correlation was also noted 

with regard to the amounts of KOH dosed in the AnSBR and the effluent alkalinity (cycles 33 – 45).  

VFA concentrations ranging from 165 - 700 mg.L-1 were measured during these cycles.  However, 

cycles 33 – 40 obtained an average VFA concentration of 249 mg.L-1, which is within the 

recommended range <500 mg.L-1 (Gerardi, 2003).  Cycles 41 – 43 obtained high VFA concentrations 

with an average of 650 mg.L-1 which is not recommended.  The VFA:Alkalinity ratio is a good indicator 

of the reactor’s performance.  Although the VFA concentrations were high during cycles 41 – 43 the 

VFA:Alkalinity ratios were within the recommended ranges for cycles 33 – 45 with an average ratio 

of 0.15 (range of 0.06 - 0.24).  These ratio ranges are all within the recommended ranges of  

0.05 – 0.20 (< 0.30 required) (APHA, 1998; Gerardi, 2003; Amani et al., 2010).  A direct correlation 

between the higher VFA concentrations (cycles 41 – 43), high COD concentrations of the effluent 

and the lower COD reduction percentages could be noted (Gerardi, 2003; Parawira, 2004; Shao et 

al., 2008).   

The pH of the substrate ranged from 7.3 - 7.6 with an average of 7.43.  The pH of the effluent 

ranged from 6.82 - 7.54 with an average of 7.15.  It is clear (Fig. 3.5) that the pH of the effluent 

drastically decreased from cycle 33 - 35.  This was the result of a broken pH probe fitted inside the 

AnSBR (cycle 33 – 39), consequently the pH within the system was not automatically controlled 

within the recommended range of 6.8 – 7.2 (Gerardi, 2003; Chernicharo, 2007; Amani et al., 2010).  

However, during cycle 33 – 39 2 M KOH was manually added to the AnSBR with an average of  
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0.1 mol KOH during each cycle to try and maintain the pH.  This fluctuating pH during the cycles 

could have contributed to the unstable COD reduction percentages.  A direct correlation between 

the pH of the effluent and the alkalinity of the effluent could be seen (Chernicharo, 2007).  A decrease 

in the pH of the effluent resulted in a decrease in the alkalinity.  An increase in the pH of the effluent 

resulted in an increase in the alkalinity.  Therefore, the pH of the substrate was slightly increased 

from 7.3 - 7.6 to affect the effluent alkalinity during cycles 32 - 39.  Overall the faulty pH electrode 

inside the AnSBR resulted in an uncontrolled fluctuating pH during the cycles, a reduction in the 

effluent alkalinity, total VFA concentrations to increase and the COD reduction percentages to 

decrease to an average of 67% during cycle 33 - 39.  During cycle 35 the alkalinity reached a low of 

1 325 mgCaCO3.L-1, the VFA concentration increased to 325 mg.L-1, the pH of the effluent was 6.56 

and a COD reduction percentage of 53% was obtained, all these parameters indicated a poor 

operating AnSBR (Fig. 3.5) (Gerardi, 2003; Chernicharo, 2007).  It could be noted that a strong 

correlation exists between the low COD reduction, the lower effluent pH, the lower effluent alkalinity 

and higher VFA concentrations (Fig. 3.5).  However, the new pH electrode inside the AnSBR resulted 

in effective monitoring and controlling of the pH during cycle 40 - 45 with the automated in-line dosing 

system.  An average of 0.19 M KOH was dosed during cycles 40 - 45 and resulted in the effluent pH 

to be within the range of 7.21 - 7.54.  During cycles 40 – 45, when effective pH control was in place 

the COD reduction increased and the alkalinity increased.  Therefore, pH control should be regarded 

as an highly important parameter to manage within an anaerobic digestion process.   

 During these cycles (33 – 45) (with a COD substrate average of 3 236 mg.L-1) it is possible 

that ammonium and sulphate inhibition occurred as the values present in the substrate were quite 

high (Table 3.10) (Chen et al., 2008).  This phenomenon could have contributed to the unstable 

operating AnSBR.  Hydrogen sulphide gas was noticed which is known to be corrosive (Ross et al., 

1992; Zhang et al., 2008).  These inhibiting compounds and operating conditions could have directly 

influenced the efficiency of the process which is directly indicated by the lower COD reduction 

percentages.   

Cycle 46 - 70 

A new substrate was introduced from the 46th cycle which did not contain ammonium sulphate.  It is 

evident from Fig. 3.5 that the anaerobic digestion process stabilised from cycle 52 onwards.  Cycle 

46 - 51 was operated according to a constant OLR of 1.95 kgCOD.m-3.d-1 as an average COD 

substrate concentration of 3 220 mg.L-1 was fed to the AnSBR.  The COD of the effluent was within 

the range of 800 - 1 300 mg.L-1 which resulted in a COD reduction of 60 - 70%.  As the COD reduction 

increased the OLR was increased.  Therefore, cycle 52 - 70 was operated according to an increasing 

OLR of 1.87 - 2.42 kgCOD.m-3.d-1, hence a COD substrate concentration of 3 100 - 4 000 mg.L-1.  

During these cycles (cycles 52 - 70) the COD reduction gradually increased from 74 - 90%.  During 

cycle 46 - 51 the alkalinity decreased from 2 675 to 1 825 mgCaCO3.L-1, whilst the average VFA’s 

were 330 mg.L-1.  For these cycles (46 - 51) an average VFA:Alkalinity ratio of 0.17 was obtained.  
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However, these conditions changed during cycle 52 - 70 as the alkalinity gradually increased from  

1 800 - 2 925 mgCaCO3.L-1, the average VFA concentrations were 108 mg.L-1 and an average 

VFA:Alkalinity ratio of 0.05 was obtained.  For cycle 46 - 51 the pH of the substrate was at an average 

of 7.43, the pH of the effluent at an average of 7.14 and the average pH inside the AnSBR at the 

end of each cycle was 7.02.  During these cycles (cycle 46 - 51) an average amount of KOH dosed 

into the AnSBR was 0.17 mol.  For cycle 52 - 70 the pH of the substrate fed to the AnSBR was at an 

average of 7.68 (with the aim to increase the alkalinity of the system).  The average pH of the effluent 

was measured to be 7.30 and the average pH inside the AnSBR at the end of each cycle was 

approximately 7.15.  During these cycles (cycles 52 - 70) and average amount of 0.21 mol KOH was 

dosed into the AnSBR.   

 It was clear from the 52nd cycle onwards that the effluent COD concentrations decreased 

resulting in the COD reductions to increase (average of 87%).  During these cycles the micro-

organisms could have stabilised while using a new substrate (excluding the ammonium sulphate), 

hence the increase in the COD reduction.  The COD:N:P ratio of the substrate was adjusted from 

the 55th cycle.  Urea compound was added to facilitate the recommended COD:N:P ratio of 1 000:7:1 

for the substrate (Gerardi, 2003; Amani et al., 2010).   

 The pH of the substrate was increased during cycle 52 - 67 (within the range 7.6 - 8.0).  This 

pH increase was done due to the alkalinity drop from 3 700 mgCaCO3.L-1 (cycle 40) to  

1 525 mgCaCO3.L-1 (cycle 50).  The increased pH partially contributed to the alkalinity of the effluent 

increasing from 1 525 mgCaCO3.L-1 (cycle 50) to 2 925 mgCaCO3.L-1 (cycle 70).  The higher alkalinity 

values indicate a more stable operation, thus indicating more buffer capacity within the system.  From 

cycle 68 onwards 1 L of the effluent was added back to the next cycle's substrate.  Therefore, the 

pH of the substrate was lowered to the range 7.2 - 7.4.  A prominent increase in effluent alkalinity 

was noticed (Fig. 3.5).  The increase in alkalinity was not linked to a high amount of KOH dosed 

during the cycles, therefore the conclusion was made that the effluent recycled into the next cycle's 

feed increased the alkalinity.  The pH of the effluent was within the range of 7.17 - 7.49 during cycle 

52 - 70 which indicated a stable operation in terms of pH maintenance.  During cycle 52 - 67 a direct 

correlation could be seen between the amounts of KOH dosed during each cycle and the effluent 

alkalinity.  

 The total amounts of VFA were low during cycle 52 - 70 with an average of 125 mg.L-1.  The 

new substrate (which did not contain ammonium sulphate) could have contributed to the reduced 

amounts of VFA concentrations as the biological system was under less inhibition.   

Experimental Study: Phase B (Cycle 71 - 118) 

The central composite design (CCD) experiment was conducted during Phase B (Table 3.11).  Three 

operating parameters were under investigation with the aim to optimise them: pH ( ; feeding 

strategy (feeding time ( )) and the mixing regime (mixing frequency: mixing set for 10 seconds 
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every  min).  Randomised standard runs were done in duplicate.  The first 16 runs were first 

completed followed by the second 16 runs.  The centre point was done in duplicate (run 15 and 16).   

 

Table 3.11  Central composite experimental design during Experimental study Phase B 

Standard run pH 

(� ) 

Feeding time 
(minutes) (� ) 

Mixing frequency  
(minutes) (� ) 

1 6.8 53.0 30.0 

2 6.8 53.0 90.0 

3 6.8 192.0 30.0 

4 6.8 192.0 90.0 

5 7.2 53.0 30.0 

6 7.2 53.0 90.0 

7 7.2 192.0 30.0 

8 7.2 192.0 90.0 

9 6.7 123.0 60.0 

10 7.3 123.0 60.0 

11 7.0 6.0 60.0 

12 7.0 240.0 60.0 

13 7.0 123.0 9.5 

14 7.0 123.0 110.5 

15 (C) 7.0 123.0 60.0 

16 (C) 7.0 123.0 60.0 

 

However, during the first experiment (16th run) the mixing frequency was found to be excessive to 

the extent that the anaerobic granules were disintegrated.  This occurrence was the result of 

standard run number 13.  This mixing regime (mixing frequency of every 9.5 min) caused the 

granules to disintegrate.  Approximately 1 L of the disintegrated granules were washed out  

(Fig. 3.6b).  This phenomenon resulted in technical operating difficulties due to the finer particles 

which caused pipe blockages within the AnSBR.  Figure 3.6a indicates the initial granules fed to the 

AnSBR.  Figure 3.6b indicates the disintegrated granules.  Therefore, 1 kg of new granules was 

added to the AnSBR between the first Experiment (first 16 runs) and second Experiment (next 16 

runs) during Phase B.  Due to the variance the duplicate data could not be used in conjunction, rather 

Experiment 1 and 2 are discussed separately.  Experiment 1 contained predominantly larger 

granules which were acclimatised to the SWW for approximately four months.  Experiment 2 
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contained predominantly the disintegrated granules (finer particles) (Fig. 3.6b) together with new 

granules (Fig. 3.6a) which had not yet acclimatised to the SWW to the same extent as those in 

Experiment 1.   

 

 

(a) Initial granules 

 

(b) Disintegrated granules 

Figure 3.6  Initial granules (Fig. 3.6a) and disintegrated granules (Fig. 3.6b) used during this study. 

 

1) TSS content of the effluent 

The total suspended solids (TSS) content within the substrate fed to the AnSBR was approximately 

1.00 g.L-1.  If the TSS content within the effluent were higher, it could indicate the loss of granular 

biomass or build-up (i.e no breakdown of TSS).  The higher TSS content could be an indication of 

over-mixing of the granules as the granules may have ruptured or sheared.  The high TSS content 

within the effluent could also indicate insufficient settling of the biomass.   

 

The data obtained from the central composite design (CCD) was used to fit the regression coefficient 

model: Y= b + b X + b X + b X + b  + + + ∙ + ∙ + ∙    

 

 

 

The regression coefficients (i.e the b-values within the function) indicate if the involved parameter 

(  = pH  = feeding time and  = mixing frequency) had an significant effect on the various 

efficiency measurements (COD reduction, TSS content of the effluent, VFA:Alkalinity, Methane (%) 

and Polyphenol reduction) within the three distinct parts of the function (linear, quadratic and 

   

Linear effect Quadratic effect Interaction effect 
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interaction effect).  Each bar chart within the pareto chart indicates the t-values for each of the effects.  

These effects are coded (within the pareto charts for Phase B) as follows: 

 

pH: t-value of the pH ( ) at the linear effect 

Feeding: t-value of the feeding time ( ) at the linear effect 

Mixing off:  t-value of the mixing frequency ( ) at the linear effect 

pH^2: t-value of the pH ( ) at the quadratic effect 

Feeding^2: t-value of the feeding time ( ) at the quadratic effect 

Mixing off^2: t-value of the mixing frequency ( ) at the quadratic effect 

pH*Feeding: t-value of the interaction effect between the pH and the feeding time ( · ) 

pH*Mixing off   t-value of the interaction effect between the pH and the mixing frequency 

( · ) 

Feeding*Mixing off  t-value of the interaction effect between the feeding time and the mixing 

frequency ( · ) 

 

Experiment 1 - According to the analyses from the regression coefficients none of the factors 

significantly affected the response for Experiment 1 (TSS content).  These results were visible within 

the pareto chart (Fig. 3.7a) as none of the t-values (represented as the bar charts) for each of the 

parameters in terms of the linear, quadratic and interaction effect went beyond the red line.  

Therefore, interpreted as no significant effect.   

Experiment 2 – According to the regression coefficients and pareto chart a significant effect 

on the TSS content of the effluent was noticed during Experiment 2.  The feeding time (parameter ; 
t-value = 4.988) had a significant effect on the TSS content at the linear function with a p-value of 

0.004.  The interaction effect between the pH (parameter ) and feeding time (parameter ) also 

contributed to a significant effect (p-value = 0.004) on the TSS content of the effluent  

(t-value = 4.894) according to the pareto chart (Fig. 3.7b).  Both these coefficient functions (feeding 

and pH*feeding) represented within the bar chart went beyond the red line, indicating a significant 

effect (Fig. 3.7b). 

During Experiment 1 a TSS effluent content with the range 0.244 - 1.495 gTSS.L-1 was 

obtained with an average value of 0.537 gTSS.L-1.  These values are lower compared to the TSS 

content for Experiment 2 where values within the range 0.233 - 1.980 gTSS.L-1 (average of 

0.845 gTSS.L-1) were obtained.  During Experiment 1 the seeded granules were mainly still intact 

(until run 13 of 16) and thus had a better settling ability compared to the predominantly disintegrated 

granules present for Experiment 2.  The high TSS content of the effluent obtained during Experiment 

2 could be as a result of the finer particles which did not settle efficiently, and therefore were 

withdrawn during decanting.  If the biomass settles sufficiently to the base (Fig. 3.8a) less biomass 

will be decanted out of the AnSBR.  If the biomass does not sufficiently settle to the base (Fig. 3.8b) 

the biomass in suspension could be decanted out of the AnSBR together with the effluent.  
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(b) Experiment 2 

Figure 3.7  Pareto charts of the effluent’s TSS content during Experiment 1 and 2 during Phase 

B. 
 

 

 

 

     (a) Sufficient settling of biomass 

 

(b) Insufficient settling of biomass 

Figure 3.8  Illustration of (a) sufficient and (b) insufficient settling of the biomass. 

 

Figure 3.9 indicates a response surface methodology (RSM) contour plot of the interaction between 

the feeding time and pH which indicates the effect it had on the TSS content of the effluent.   

Experiment 1 - According to the t-values of the different effects the interaction between the 

feeding time and pH did not have a significant effect on the TSS content.  An overall assumption 

could be made from Experiment 1 (Fig. 3.9a) that the interaction between the two factors could 

contribute to a high TSS content at red zone indicated as A (Fig. 3.9a A).  This region (at a high pH 

Decanting port 

Clear effluent 

Settled biomass 

Biomass and 
effluent 
suspension 

Decanting port 

Settled biomass 
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A 

and a low feeding time) of parameters should therefore be avoided, as the green regions are more 

favourable.  The short feeding time could possibly be too vigorous.  The vigorous filling of the AnSBR 

could cause the granules to shear.   

Experiment 2 - Figure 3.9b indicated the overall higher TSS content compared to  

Experiment 1 (Fig. 3.9a) (indicated in the scale).  According to the t-values of the different effects 

the interaction between the feeding time and pH had a significant effect on the TSS content.  

Therefore, extreme high TSS content regions were visible in two distinct regions indicated in the red 

zones as B and C in Fig. 3.9b, it should be noted that the green regions are the more favorable TSS 

values.  A lower pH and short feeding time should be avoided (Fig. 3.9b B).  It is interesting to note 

that a higher pH together with a longer feeding time should also be avoided if finer particles are 

within the AnSBR (Fig. 3.9b C).   
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(b) Experiment 2 

Figure 3.9  Contour plots of the effluent's TSS content response with regards to the interaction 

between the feeding time and pH during Experiment 1 and 2 during Phase B. 

 

Figure 3.10 shows a RSM contour plot for the interaction between the mixing frequency and the pH 

and indicates the effect it had on the TSS content of the effluent.   

Experiment 1 – Although the interaction between the mixing frequency and pH did not 

significantly affect the TSS content, an observation could still be made.  It is clear from Fig. 3.10a, 

that for Experiment 1 a high TSS content could possibly be obtained at any pH (indicated in the red 

region as D in Fig. 3.10a).  However, as mixing time increased from 0 to 20 min the possibility of 

obtaining higher TSS contents increases with an increase in pH (Fig. 3.10a D).  Therefore, a 

conclusion could be made that the more frequent mixing could increase the TSS content of the 

effluent.  The green regions are more favourable within Fig. 3.10a.   

A 

C 

B 
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Experiment 2 – This high TSS at any pH was also visible in Fig. 3.10b for Experiment 2 (high TSS 

values at a more frequent mixing (<40 min) at any pH value).  However, due to the fact that 

Experiment 2 predominantly contained finer granules (disintegrated granules) a high TSS content 

was noticed at all mixing frequencies and the entire pH range, but specifically at region E and F 

(Fig. 3.10 b).  This could be due to the insufficient settling properties of the finer particles hence 

increasing the TSS content of the effluent.  It should be noted that the green regions indicated in the 

plot are more favourable conditions.   
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(b) Experiment 2 

Figure 3.10  Contour plots of the effluent’s TSS content response with regards to the interaction 

between the mixing frequency and pH during Experiment 1 and 2 during Phase B. 

 

Figure 3.11 shows the contour plot for the interaction between the mixing frequency and the feeding 

time and their effect on the TSS content of the effluent.  For both Experiments the interaction between 

the two factors did not affect the TSS content of the effluent, however observations could still be 

made from the graphs.  

Experiment 1 - It is clear from Fig. 3.11a that a shorter mixing frequency in conjunction with 

a shorter feeding time could result in an increase in TSS (indicated in the red region as G).  The 

frequent mixing could result in over-mixing of the granules which could have contributed to the 

disintegration of the granules (hence the increase in TSS content).  It is interesting to note that any 

feeding time would be sufficient with a less frequent mixing regime (> 40 min) to obtain lower TSS 

values (indicated in the green regions).   

Experiment 2 - Indicated in Fig. 3.11b the high TSS content regions were obtained at a more 

frequent mixing regime in conjunction with any feeding time (indicated as H in the lower strip of  

Fig. 3.11b).  However, a high TSS content was also observed at any mixing frequencies at a low 
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feeding time (indicated as I in the left strip of Fig. 3.11b).  This could be due to the predominantly 

finer particles (disintegrated granules) present during Experiment 2.  The finer particles did not settle 

to the same extent, causing an increase in the TSS content of the effluent.  The short feeding time 

could have been too vigorous which also could have caused the granules to shear further (i.e. all 

substrate pumped in at the start of cycle).  A longer feeding time (80 – 260 min) in conjunction with 

a less frequent mixing regime (> 50min) could be recommended for a lower TSS content in the 

effluent indicated in the green regions of Fig. 3.11b.   
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(b) Experiment 2 

Figure 3.11  Contour plots of the effluent’s TSS content response with regards to the interaction 

between the mixing frequency and feeding time during Experiment 1 and 2 during 

Phase B. 

 

According to the profiles for predicted values and desirability the overall optimum values for a low 

TSS content within the treated wastewater (effluent) are indicated in Table 3.12.  Values for 

Experiment 1 and 2 are given separately.  The optimal values differ the two Experiments.  For 

Experiment 1 a shorter feeding time was more optimal, whereas for Experiment 2 a longer feeding 

time was found to be more optimal.  In terms of the mixing frequency: Experiment 1 showed better 

results at an optimal mixing frequency of every 39.8 min, whereas Experiment 2 required an optimal 

mixing frequency value of every 110.5 min.  Although the optimal pH values differ for both the 

Experiments, both values are still within the recommended range advised for anaerobic digestion.   
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Table 3.12  Optimal values of the parameters regards to a more favourable TSS content within 

the treated effluent as obtained during Experiment 1 and 2 during Phase B 

 Experiment 1 Experiment 2 

pH 7.34 6.83 

Feeding time (min) 6.00 240.00 

Mixing frequency (min) 39.8 110.50 

 

2) COD reduction (%) 

The data obtained from the central composite design (CCD) was used to fit the regression coefficient 

model: Y= b + b X + b X + b X + b  + + + ∙ + ∙ + ∙    

Experiment 1 - According to the analyses from the regression coefficient model a significant effect 

on the COD reduction was noticed from various effects.  These results were visible in the pareto 

chart with the bar charts (representing t-values of all the different effects) beyond the red line  

(Fig. 3.12a) 

1) The interaction effect between the pH ( ) and mixing frequency ( ) had a significant effect 

(p-value = 0.001) on the COD reduction indicated as t = 5.525 (indicated as pH*mixing off); 

2) The mixing frequency at the linear function ( ) had a significant effect (p = 0.002) on the 

COD reduction (t-value 5.251) (indicated as mixing off); 

3) The interaction effect between the feeding time ( ) and mixing frequency ( ) had a 

significant effect (p-value = 0.006) on the COD reduction with a t-value of 4.097 (indicated as 

Feeding*Mixing off); 

4) The interaction effect between the pH ( ) and feeding time ( ) had a significant effect 

(p-value = 0.001) on the COD reduction (t-value of 2.716) (indicated as pH*Feeding); 

5) The feeding time ( ) at the linear function also had a significant effect on the COD reduction 

(p-value 0.001917) (indicated as Feeding) with a t-value of 2.460. 

These above mentioned function's null hypothesis was rejected at a 5% confidence interval and 

therefore significantly affect the response (COD reduction).  

Experiment 2 - According to the regression coefficients and pareto chart (Fig. 3.12b) no 

significant effect on the COD reduction was noticed during Experiment 2.  

Overall, during Experiment 1 and 2 high COD reductions were obtained.  For Experiment 1 

an average of 80% (with a range of 64.57 - 89.34%) COD reduction occurred.  An average of 73% 

(with a range of 65.95 - 83%) COD reduction was obtained for Experiment 2.  It is clear that the COD 

reduction obtained in Experiment 2 was slightly lower than compared to Experiment 1.  Experiment 

1 predominantly contained granular and acclimatised micro-organisms.   
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(b) Experiment 2 

Figure 3.12  Pareto charts of the COD reduction during Experiment 1 and 2 during Phase B. 

 

The biomass present during Experiment 2 contained predominantly finer particles (disintegrated 

granules) together with un-acclimatised granules.  The granular form of the micro-organisms is 

denser and contains a stronger structure (Liu & Tay, 2004).  The granular form is known to have a 

better biomass settling capacity (Liu & Tay, 2004).  The shearing of the granules caused the 

consortium of micro-organisms to rupture which exposed the various micro-organisms.  One of the 

most sensitive micro-organisms within this consortium of micro-organisms are the methanogenic 

bacteria.  The exposure of these methanogenic bacteria (during Experiment 2) could have resulted 

in the lower COD reduction as the methanogens especially were exposed to less favourable 

conditions than when in the granular form (i.e. pH fluctuations, ORP changes), resulting in reduced 

efficiency.  Figure 3.13 indicates a contour plot graph of the interaction of the two factors (feeding 

time and pH) on the COD reduction.   

Experiment 1 - It is clear from Fig. 3.13a that two distinct high COD reduction regions were 

obtained (shown as J and K).  This distinct regions could be the result of the significant effect the 

interaction between the feeding time and pH had with regard to the COD reduction.  A high COD 

reduction could be obtained with a combined lower feeding time and lower operating pH (Fig. 3.13a 

J).  A high COD reduction could also be obtained during a longer feeding time and a higher pH  

(Fig. 3.13a K).  Two different feeding strategies exists for the AnSBR: batch (shorter feeding time) 

and fed-batch (longer feeding time).  Fig. 3.13a & b indicates that a high COD reduction could be 

obtained in a batch mode (shorter feeding times) and in the fed-batch mode (longer feeding times).  

It is therefore clear that the same results were obtained and are independent of the feeding strategy. 

The combined shorter feeding time and lower pH combinations (Fig. 3.13a J) could be 

explained as follows: The batch mode (shorter feeding time) caused the bioreactor to be completely 

full within a short period of time.  According to literature, if an AnSBR are filled too quickly rapid VFA 
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production could occur which could negatively influence the anaerobic digestion process (Angenent 

& Dague, 1995).  However, for this designed AnSBR the pH probe was fitted at the top of the reactor.  

Hence, the pH could only be controlled when the AnSBR was completely full.  A lower pH was also 

easier to maintain throughout the process as the chemical dosing only occurred when the mixing 

mode was set.  The “mixing on” mode was only for 10 s in which chemical dosing occurred to 

maintain the pH.   

 The combined longer feeding time and higher pH combinations (Fig. 3.13a K) could be 

explained as follows: A longer feeding time (fed-batch mode) is known in literature to have a lower 

VFA build up rate (hence, not a drastic change in pH).  A longer feeding time caused the substrate 

to be partially degraded as it is fed into the AnSBR over time.  Therefore, no initial VFA overloading 

could have occurred (Angenent & Dague, 1995).  However, this operation needs to be in conjunction 

with a high operating pH to compensate for a possible decrease in pH during the longer feeding 

period.  The pH probe was fitted inside the AnSBR at the top, therefore the pH was only measured 

and maintained by the 2 M KOH when the AnSBR was completely filled with substrate.   

 Experiment 2 - Although none of the parameters had a significant effect on the COD reduction 

during Experiment 2, two high COD reduction regions could be obtained as seen in the dark red 

regions (Fig. 3.13b L and M).  As for Experiment 1, a high COD reduction was obtained at a short 

feeding time and lower pH (Fig. 3.13b L).  A high COD reduction region was also obtained at a longer 

feeding time and a higher operating pH (Fig. 3.13b M).  However, it should be noted that these two 

regions were not as distinct as in Experiment 1 and could be explained that the parameters did not 

significantly affect the COD reduction during Experiment 2.   
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(b) Experiment 2 

Figure 3.13  Contour plots of the COD reduction response with regards to the interaction between 

the feeding time and pH during Experiment 1 and 2 during Phase B. 
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The contour plot (Fig. 3.14) indicates the interaction of two parameters (mixing frequency and the 

pH) on the COD reduction.   

Experiment 1 - It is clear from Fig 3.14a that a higher COD reduction was achieved at two 

distinct regions (indicated as N and O in the red regions).  Fig. 3.14a N indicates a high COD 

reduction with a combined more frequent mixing and lower operating pH.  Fig. 3.14a O also indicated 

a high COD reduction with a combined less frequent mixing and a higher operating pH.  The first 

high COD reduction region (Fig. 3.14a M) could be explained as follows: A lower operating pH was 

more efficiently maintained (due to the KOH dosing system).  A stable pH contributes to the efficient 

activity of the micro-organisms.  Mixing is an important step within the process.  Mixing results in the 

uniform conditions within the AnSBR and to release methane bubbles trapped by the granules.  

Therefore, a more frequent mixing regime could have resulted in a more uniform condition in the 

AnSBR.  It is also important to notice that the automated KOH dosing only occurred whilst the mixing 

took place.  Therefore, with a more frequent mixing the pH was adjusted more regularly resulting in 

more stable conditions and thus higher COD reductions.  The second high COD reduction region 

(Fig. 3.14a O) could be explained as follows: When the AnSBR process is operated with a less 

frequent mixing, the pH should be higher.  The less frequent mixing could result in a gentler mixing, 

hence the risk of granule disintegration could be lower under those conditions.  However, as the 

KOH dosing was only implemented when mixing occurred it is advised to operate the AnSBR at a 

higher pH to facilitate a decrease in the operating pH.  This resulted in a more stable pH and favoured 

conditions.  

Experiment 2 – During Experiment 2 (Fig. 3.14b) high COD reductions were obtained with a 

combination of more frequent mixing and a higher operating pH (indicated in the red region as P).  It 

should be noted that in Experiment 2 with the combined disintegrated granules and newly added 

granules the optimum would be to operate at a higher pH.  More frequent mixing should also 

commence to constantly facilitate pH control through KOH dosing.   

Figure 3.15 is a contour plot of the interaction of two parameters (mixing frequency and 

feeding time) on the COD reduction.  

Experiment 1 – High COD reductions were obtained at two distinct combinations (indicated 

as Q and R in Fig. 3.15a).  High COD reduction was obtained with a less frequent mixing combined 

with a shorter feeding time (Fig. 3.15a Q).  The other high COD reduction was obtained with a 

combined higher feeding time and more frequent mixing (Fig. 3.15a R).  The combined operations 

(Fig. 3.15a Q) could be explained as follows: The shorter feeding time means the AnSBR was filled 

in a shorter period of time.  Hence the pH control was active earlier in the cycle (due to the position 

of the pH probe) and therefore more stable conditions were observed (higher COD reduction).  The 

combined operations (Fig. 3.15a R) could be explained as follows: The longer feeding time caused 

the AnSBR to only be full after a longer period.  Hence the pH probe was only reached after a longer 

period and pH control could only be implemented from that point.  Therefore, a more frequent mixing 

was required to more frequently dose chemicals (KOH) to better control the pH within the system.   
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(b) Experiment 2 

Figure 3.14  Contour plots of the COD reduction response with regards to the interaction between 

the mixing frequency and pH during Experiment 1 and 2 during Phase B. 
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(b) Experiment 2 

Figure 3.15  Contour plots of the COD reduction response with regards to the interaction between 

the mixing frequency and feeding time during Experiment 1 and 2 during Phase B. 

 

Experiment 2 (Fig. 3.15) – During Experiment 2 a higher COD reduction was obtained with a shorter 

feeding time and more frequent mixing (Fig. 3.15b S) which is in contrast compared to Experiment 

1.  Thus for predominantly disintegrated granules and newly added granules a shorter feeding time 
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was advantageous.  The AnSBR was full within a shorter time period and thus the pH was being 

controlled at an earlier stage.  For efficient pH control more frequent mixing is advised to obtain a 

high COD reduction percentage within the AnSBR.  However, no significant effect on the interaction 

between the two factors was obtained according to the regression coefficient model.  The higher 

COD reduction percentage region is therefore not distinct within the graph (Fig. 3.15b). 

According to the profiles for predicted values and desirability the overall optimum values for 

a maximum COD reduction are indicated in Table 3.13.  Values for Experiment 1 and 2 are given 

separately.  It is clear that the optimal values differ for the two Experiments.  The optimal values 

obtained for Experiment 1 are a higher pH, longer feeding time and less frequent mixing.  In contrast, 

for Experiment 2 the optimal values are a lower pH, shorter feeding time a more frequent mixing 

(Table 3.13).   

 

Table 3.13  Optimal values of the parameters regard to an optimum COD reduction (%) obtained 

during Experiment 1 and 2 during Phase B   

 Experiment 1 Experiment 2 

pH 7.34 6.73 

Feeding time (min) 240.00 6.00 

Mixing frequency (min) 110.50 29.70 

 

3) VFA:Alkalinity ratio  

The data obtained from the central composite design (CCD) was used to fit the regression coefficient 

model: Y= b + b X + b X + b X + b  + + + ∙ + ∙ + ∙    

Experiment 1 & 2 - According to the analyses from the regression coefficient model no significant 

effect on the VFA:Alkalinity ratio was noticed from the various effects (t-values)  These results were 

visible in the pareto chart with none of the bar charts (representing the t-values of the different 

effects) beyond the red line (indicating a significant effect) (Fig. 3.16). 

The VFA:Alkalinity ratio is a good indication of the amounts of total VFA and total amounts 

of alkalinity produced within the AnSBR.  The ratio indicates the syntrophic relationship between the 

acidogens (VFA producers) and the methanogenic activity (utilise the VFA) (Rodrigues et al., 2003)  

According to literature a VFA:Alkalinity ratio within an optimal range of 0.050 - 0.20 is advised, and 

should be lower than 0.3 (APHA, 1998; Gerardi, 2003; Amani et al., 2010).   

Experiment 1 - The VFA:Alkalinity ratio for Experiment 1 ranged from 0.023 - 0.180 with an average 

value of 0.066.   

Experiment 2 - The VFA:Alkalinity ratio ranged from 0.076 - 0.227 with an average of 0.156.  It is 

clear that the VFA:Alkalinity ratio for Experiment 2 was higher than in Experiment 1.  
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(b) Experiment 2 

Figure 3.16  Pareto charts of the VFA:Alkalinity ratio during Experiment 1 and 2 during Phase B. 

 

It should be noted that the overall range of the VFA:Alkalinity ratio indicates the stability of the 

anaerobic process (Ratusznei et al., 2003).  Therefore, a conclusion can be made that the overall 

anaerobic process was more stable during Experiment 1 with lower values.  The anaerobic 

degradation process of the acclimatised granules (Experiment 1) was thus more stable compared to 

Experiment 2.  This was most likely due to the predominantly disintegrated granules and newly 

added granules that had not acclimatized to the same extent as the granules in Experiment 1.  

Figure 3.17 indicates a contour plot of the interaction of two factors (feeding time and pH) on 

the VFA:Alkalinity ratio.  A stable VFA:Alkalinity ratio is advised to be within the range: 0.050 – 0.200.   

Experiment 1 - From the scale indicated in Fig. 3.17a a conclusion could be made that most 

of the VFA:Alkalinity ratio values were within the optimal range.  Therefore, the feeding time and pH 

did not have a significant effect on a stable anaerobic digestion operation.  

Experiment 2 - From the scale indicated in Fig. 3.17b a conclusion could be made that most 

of values (in the scale) are outside the recommended optimal VFA:Alkalinity ratio values.  Therefore, 

to obtain VFA:Alklalinity ratio values within the recommended range certain feeding times and pH 

combinations are advised for a stable operation during Experiment 2 (Fig. 3.17b).  The most optimal 

values are indicated in the dark green regions within Fig. 3.17b T.  Two parallel lines can be drawn 

to indicate the region showing a feeding time between 0 - 100 min and a feeding time between  

80 - 240 minutes to be optimal, combined with a linear increase in pH from 6.7 - 7.4 (Fig. 3.17b T). 

The dark red regions in Fig. 3.17b indicate the absolute values where the ratio was too high.  

It is clear that a longer feeding time and lower pH could contribute to a high VFA:Alkalinity ratio.  The 

longer feeding time resulted in a longer time period before the AnSBR was completely full, hence a 

longer time period before pH control could be implemented.  The pH could have dropped during this 

time period which could have affected the amount of alkalinity within the system.  Although a higher 
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pH is recommended for a more stable VFA:Alkalinity ratio another absolute high VFA:Alkalinity ratio 

was seen in Fig. 3.17b.  The shorter feeding times together with a high pH could contribute to a high 

VFA:Alkalinity ratio.  The short feeding time could lead to a rapid rate of VFA production which could 

affect the ratio.   
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(b) Experiment 2 

Figure 3.17  Contour plots of the VFA:Alkalinity ratio response with regards to the interaction 

between the feeding time and pH during Experiment 1 and 2 during Phase B. 

 

The contour plot (Fig. 3.18) indicates the interaction of two parameters (mixing frequency and the 

pH) on the VFA:Alkalinity ratio  Although the regression coefficients implied that these factors had 

no significant effect on the VFA:Alkalinity ratio, certain assumptions could be made according to  

Fig. 3.18.   

Experiment 1 -. From the scale indicated in Fig. 3.18a a conclusion could be made that most 

of the VFA:Alkalinity ratio values were within the optimal range (i.e. <0.20).  Therefore, the mixing 

frequency and pH did not had a significant effect to maintain a stable anaerobic digestion operation. 

Experiment 2 - From the scale indicated in Fig. 3.18b a conclusion could be made that most 

of values (in the scale) are outside the recommended optimal VFA:Alkalinity ratio values.  Values 

lower than 0.20 (as recommended) could be achieved as indicated in Fig. 3.18b region U.  The 

region includes: with an increase in pH, the mixing frequency should decrease to obtain optimal 

VFA:Alkalinity ratio values.   

 The red region seen in Fig. 3.18b indicates an absolute high ratio which needs to be avoided 

for a stable anaerobic process.  Chemical dosing (to control the pH) only occurred when the mixing 

occurred.  Therefore, the less frequent mixing regimes could have resulted in the pH within the 

AnSBR dropping and possibly taking longer to correct.  It is possible that a lower pH resulted in 

T 
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insufficient buffer capacity within the system to counteract the VFA build up.  Therefore, it is 

recommended that the system be operated at a higher pH, when mixing is not frequent. 
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(b) Experiment 2 

Figure 3.18  Contour plots of the VFA:Alkalinity ratio response with regards to the interaction 

between the mixing frequency and pH during Experiment 1 and 2 during Phase B. 

 

Figure 3.19 is a contour plot of the interaction of two parameters (mixing frequency and feeding time) 

on the VFA:Alkalinity ratio  

Experiment 1 - From the scale indicated in Fig. 3.19a a conclusion could be made that most 

of the VFA:Alkalinity ratio values were within the optimal range (0.05 – 0.20).  Therefore, the 

combined mixing frequency and feeding time did not have a significant effect to achieve a stable 

anaerobic digestion operation. 

Experiment 2 - In contrast, Experiment 2 indicates more stable regions in which the 

VFA:Alkalinity values are within the recommended range below 0.20 (Fig. 3.19b V).  This is a 

hyperbolic region between 0 - 190 min feeding time and a mixing frequency of every 20 - 83 minutes 

indicated as V within Fig. 3.19b.   

The absolute high VFA:Alkalinity values obtained in Fig. 3.19b are indicated in the red colour.  

The shorter feeding time in conjunction with a less frequent mixing is not recommended.  The short 

feeding time could have resulted in a rapid VFA build up.  The VFA build up could have had a 

negative effect on the pH.  Chemical dosing only occurred when the mixing mode was turned on.  

Therefore, the less frequent mixing regime could have resulted in a long time period before the pH 

was stable within the operating range.  The same unfavourable values were also obtained with a 

long feeding time (>200 min) in conjunction with any mixing frequency.  The reason could be that 

U 
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longer time was needed to completely fill the AnSBR.  Therefore, the pH was only automatically 

controlled when the AnSBR was completely full resulting in an unstable system, until that point.  
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(b) Experiment 2 

Figure 3.19  Contour plots of the VFA:Alkalinity ratio response with regards to the interaction 

between the mixing frequency and feeding time during Experiment 1 and 2 during 

Phase B. 

 

According to the profiles for predicted values and desirability the overall optimum values for an 

optimum VFA:Alkalinity ratio are indicated in Table 3.14.  Values for Experiment 1 and 2 are given 

separately.  It is clear that the optimal values differ slightly for the two Experiments.  A higher pH 

value was found to be more optimal during Experiment 1, and a slightly lower pH value was found 

to be more optimal for Experiment 2, however both these values are within the recommended pH 

range (6.8 – 7.2).  An intermediate feeding time was found to be more optimal for Experiment 1 and 

a longer feeding time was found to be more optimal for Experiment 2.  The AnSBR process could 

be operated according to a batch process (shorter feeding time) or a fed-batch process (longer 

feeding time).  A feeding time between these two feeding regimes could be identified as an 

intermediate feeding time.  For both these Experiments a less frequent mixing was found to be more 

optimal. 
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Table 3.14  Optimal values of the parameters with regards to an optimum VFA:Alkalinity ratio 

obtained during Experiment 1 and 2 during Phase B  

 Experiment 1 Experiment 2 

pH 7.34 7.07 

Feeding time (min) 123.00 240.00 

Mixing frequency (min) 100.40 110.50 

 

4) Methane (%) 

The data obtained from the central composite design (CCD) was used to fit the regression coefficient 

model: Y= b + b X + b X + b X + b  + + + ∙ + ∙ + ∙    

Experiment 1 - According to the analyses from the regression coefficient model the feeding time  

(t-value of 2.382; p = 0.055) and interaction effect between the pH and the feeding time (pH*Feeding, 

p = 0.056; t-value of 2.358) almost resulted in a significant effect on the methane percentage.  These 

results were visible in the pareto charts with the bar charts (representing the t-values of all the 

different effects) almost intercepting the red line (Fig. 3.20a).   

Experiment 2 - No significant effect on the methane percentage was noticed from the various 

effects.  These results were visible in the pareto chart with none of the bar charts (representing the 

t-values) intercepting the red line (Fig. 3.20b), which would indicate a significant effect (at p = 0.05). 
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(b) Experiment 2 

Figure 3.20  Pareto charts of the methane (%) during Experiment 1 and 2 during Phase B. 
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Methanogenic bacteria produce methane and carbon dioxide from acetate, hydrogen and carbon 

dioxide (Anderson et al., 2003; Chernicharo, 2007).  The methane-forming bacteria are known to be 

sensitive to environmental changes and are prone to be inhibited, resulting in a reduction in methane 

gas (Rajagopal et al., 2013).  The methanogenic bacteria are the most sensitive to pH and function 

optimally at a pH range from 6.8 - 7.2 (Gerardi, 2003; Amani et al., 2010). The methane percentages 

for both Experiment 1 & 2 were high.   

Experiment 1 – The methane percentages ranged from 74.10 - 85.46% with an average of 79.34%.   

Experiment 2 – The methane percentages ranged from 72.66 - 91.03% with an average of 82.27%.  

These methane percentage values were higher than expected.  Biogas predominantly consists of 

60 - 65% methane (Fillaudeau et al., 2008).  It could be noted that the average methane percentage 

was slightly higher in Experiment 2.  It was expected that higher methane percentages would be 

obtain in Experiment 1 (containing more intact and acclimatised granules).  Figure 3.21 indicates a 

contour plot of the interaction of two factors (feeding time and pH) on the methane percentages   

Experiment 1 - It is clear from Fig. 3.21a W that for Experiment 1 a higher pH (pH > 7.1) and 

lower feeding time (< 120 min) could result in the high percentage methane region.   

Experiment 2 - However, according to Fig. 3.21b X for Experiment 2 a high methane 

percentage was obtained at any feeding time if the operating pH was above 7.1.  The t-values of the 

interaction between the factors did not indicate a significant effect.   

For both these experiments it is clear that the pH could directly affect the methane 

percentage.  The higher pH resulted in the methanogenic bacteria being in a more favourable 

condition.  However, it is interesting to note the difference in terms of feeding time between the two 

Experiments.  For Experiment 1 the feeding time needed to be less than 120 minutes.  The feeding 

time directly influenced the time when pH control (chemical dosing) started.  It is interesting to note 

for Experiment 2 (predominantly disintegrated granules together with newly added granules) the 

feeding time did not affect the methane percentages if the operating pH was higher.   

The contour plot (Fig. 3.22) indicates the interaction of two parameters (mixing frequency 

and the pH) on the methane (%).  Although the regression coefficient implied that these factors had 

no significant effect on the methane (%) certain assumptions could be made according to Fig. 3.22.   

Experiment 1 - Higher methane percentages were obtained with more frequent mixing 

(mixing less than every < 40 min) in conjunction with a higher operating pH (pH > 7.2) (Fig. 3.22a Y)  

Experiment 2 - Higher methane percentages were obtained regards to a higher pH  

(pH> 7.2), however a mixing frequency of every 40 - 120 minutes is favourable.   

As mentioned the methane percentage increased at a higher operating pH (Fig. 3.22a Z).  

Mixing is required in an anaerobic process to improve the contact between the substrates and the 

biomass, to ensure standardised conditions within the reactor, substrate and nutrients are evenly 

circulated and the pH and temperature are evenly controlled (Zaiat et al., 2001; Rodrigues et al., 

2003; Michelan et al., 2009).   
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(a) Experiment 1  
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(b) Experiment 2 

Figure 3.21  Contour plots of the methane (%) response with regards to the interaction between 

the feeding time and pH during Experiment 1 and 2 during Phase B. 

 

 

 > 88 
 < 87 
 < 85 
 < 83 
 < 81 
 < 79 
 < 77 
 < 75 
 < 73 

6.6 6.7 6.8 6.9 7.0 7.1 7.2 7.3 7.4

pH

0

20

40

60

80

100

120

M
ix

in
g

 f
re

q
u

e
n

c
y

 (
m

in
)

 

(a) Experiment 1 
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(b) Experiment 2 

Figure 3.22  Contour plots of the methane (%) response with regards to the interaction between 

the mixing frequency and pH during Experiment 1 and 2 during Phase B. 
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For Experiment 1 (Fig. 3.22a Y) a more frequent mixing was required.  The granular form of the 

micro-organisms has a good settling property.  Therefore, it could be possible that more frequent 

mixing was required for an improved contact between the substrates and the granules.  More 

frequent mixing could have resulted in more uniform conditions within the AnSBR which resulted in 

the high methane percentages.  In contrast for Experiment 2 (Fig. 3.22b Z) the mixing regime did not 

affect the results to the same extend as any mixing frequency of 40 - 120 min resulted in maximum 

methane percentages.  The granules were predominantly in a disintegrated state (hence a smaller 

form) during Experiment 2.  The finer particles did not settle to the same extent as the intact granules.  

Therefore, an assumption could be made that the micro-organisms were more in suspension during 

Experiment 2, resulting in a better contact between the substrate and micro-organisms.  The mixing 

frequency did not affect the methane percentages to the same extent as for Experiment 1.  Figure 

3.23 is a contour plot of the interaction of two parameters (mixing frequency and feeding time) on 

the methane (%)  

Experiment 1 - During Experiment 1 two distinct higher methane percentage regions were 

obtained.  As indicated in Fig. 3.23a AA a high methane percentage was obtained with regards to a 

less frequent mixing regime (every 100 - 120 min) and a feeding time below 110 minutes.  If the 

substrate is fed to the AnSBR over a shorter period of time, it can operate under a less frequent 

mixing regime.  A possible explanation could be that the initial pH was controlled as soon as the 

AnSBR was full.  Another distinct region was obtained with a more frequent mixing (< 20 min) and a 

feeding time <190 min (Fig. 3.23a AB).  With a longer feeding time more frequent mixing was 

necessary to control the pH.   

Experiment 2 - However, for Experiment 2 (Fig. 3.23b AC) the highest methane percentage 

region was in the middle of the plot.  Any feeding time combined with a mixing frequency regime of 

40 - 100 minutes was favourable.  Again this could be linked to the pH of the system.  The physical 

state of the granules in Experiment 2 could have contributed to the bigger area within the plot  

(Fig. 3.23b AC) where high methane percentages was obtained.   

According to the profiles for predicted values and desirability the overall optimum values for 

a high methane percentages are indicated in Table 3.15.  Values for Experiment 1 and 2 are given 

separately.  It is clear that the optimal values differ slightly for the two Experiments.  A high pH (7.34) 

was found to be the most optimal value for both of these Experiments.  A shorter feeding time  

(76.2 min) was found to be more optimal for Experiment 1, compared to an intermediate feeding time 

of 146.4 min for Experiment 2.  For both these Experiments a less frequent mixing was found to be 

more optimal (i.e within the range of every 90.3 – 110.5 min). 
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(b) Experiment 2 

Figure 3.23  Contour plots of the methane (%) response with regards to the interaction between 

the mixing frequency and feeding time during Experiment 1 and 2 during Phase B. 

 

Table 3.15  Optimal values of the parameters with regards to an high methane (%) obtained during 

Experiment 1 and 2 during Phase B 

 Experiment 1 Experiment 2 

pH 7.34 7.34 

Feeding time (min) 76.2 146.4 

Mixing frequency (min) 110.5 90.3 

 

5) Polyphenol reduction (%) 

The data obtained from the central composite design (CCD) was used to fit the regression coefficient 

model: Y= b + b X + b X + b X + b  + + + ∙ + ∙ + ∙  

Experiment 1 & 2 - No significant effect on the polyphenol reduction (%) was observed from 

the various t-values of each effect.  These results were visible in the pareto chart with none of the 

bar charts (representing the t-values of the different effects) intercepting the red line (Fig. 3.24), 

which would indicate a significant effect.  
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(b) Experiment 2 

Figure 3.24  Pareto charts of the polyphenol reduction (%) during Experiment 1 and 2 during Phase 

B. 

 

Polyphenols are not easy to degrade, therefore the polyphenol reduction percentage could be a 

good indicator of the anaerobic process to indicate the AnSBR's performance (Melamane et al., 

2007).  

Experiment 1 - The polyphenol reduction (%) varied for Experiment 1 as a range of 21.54 - 70.95% 

was obtained with an average of 53.57%.   

Experiment 2 - For Experiment 2 a range of 24.55 - 61.53% was obtained with an average of 50.50%.   

Overall it is clear that Experiment 1 obtained slightly greater reductions.  Polyphenols have 

a longer degradability rate compared to other organic material within wastewater.  This could be due 

to the higher molecular weight of the molecules.  Polyphenols are therefore more difficult to degrade 

and could have delayed the anaerobic process.  The methanogenic bacteria are very sensitive and 

could tolerate toxic material within wastewater if the bacteria are acclimitised (Gerardi, 2003).  

Experiment 1 contained predominantly acclimatised granules.  Hence the polyphenol reduction was 

greater for Experiment 1 compared to Experiment 2.  Figure 3.25 indicates a contour plot of the 

interaction of two factors (feeding time and pH) on the polyphenol reduction percentages   

Experiment 1 & 2 - It is clear from Fig. 3.25b AD and Fig. 3.25b AE (for both experiments) 

that a higher polyphenol reduction percentage could be obtained regards to a higher feeding time  

(220 - 260 min) in conjunction with a pH within the approximate range of 6.9 - 7.2.  The pH is within 

the recommended range for optimal methanogenic bacteria functioning.  A longer feeding time is 

advised.  The longer feeding time could have resulted in fewer amounts of polyphenols to be in 

contact with the granules at a time.  As the synthetic winery wastewater was fed to the AnSBR over 

a period of time the micro-organisms started to degrade the polyphenols.  Therefore, there was not 

an initial overload to the granules.  
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(b) Experiment 2 

Figure 3.25  Contour plots of the polyphenol reduction (%) response with regards to the    

interaction between the feeding time and pH during Experiment 1 and 2 during 

Phase B. 

 

The contour plot (Fig. 3.26) indicates the interaction of two parameters (mixing frequency and the 

pH) on polyphenol reduction (%).  Although the regression coefficients implied that these factors had 

no significant effect on the polyphenol reduction, certain assumptions could be made according to 

Fig. 3.26.   

Experiment 1 - It is clear from Fig 3.26a AF (Experiment 1) that a higher polyphenol reduction 

percentage was obtained with a combined pH within the range 6.9 - 7.2 and a mixing frequency of 

every 60 - 100 minutes.  For Experiment 1 the higher polyphenol reduction percentage was obtained 

at the optimal pH range recommended for methanogenic bacteria stability (pH: 6.8 – 7.2).  For this 

Experiment the more acclimatised granules did not require frequent mixing.   

Experiment 2 - The higher polyphenols reduction regions were obtained at two distinct 

regions (Fig. 3.26b).  The first region required an operating pH between 6.7 - 7.1 with a mixing 

frequency of every  110 - 120 minutes (Fig. 3.26b AG). The second region required an operating pH 

between 6.7 - 7.1 combined with a mixing frequency regime of every 20 - 25 minutes  

(Fig. 3.26b AH).  In contrast  as for Experiment 1 a slightly lower operating pH (6.7 - 7.1) resulted in 

more efficient polyphenol reduction percentages.  This could be as a result of the slightly lower pH 

being more easily reached, as a result of the automatic chemical dosing system.  This could have 

resulted in an overall more stable process, due to less variation in pH.  A seen in Fig. 3.26b two 

distinct optimum regions could be seen in the plot.  A less frequent mixing and more frequent mixing 

regime could be sufficient.  The more frequent mixing could have resulted in a more stable pH as 

the pH was controlled when the mixing mode was turned on.  However, during Experiment 2 a less 

AD AE 
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frequent mixing could also be sufficient.  During Experiment 2 predominantly disintegrated granules 

were within the AnSBR.  This resulted in finer particles which did not settled efficiently to the same 

extent as the larger granules.  Therefore, an assumption could be made that these finer granules 

were more in suspension (contact) with the polyphenolic compounds, thus not requiring as frequent 

mixing to facilitate contact. 
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(b) Experiment 2  

Figure 3.26  Contour plots of the polyphenol reduction (%) response with regards to the interaction  

between the mixing frequency and pH during Experiment 1 and 2 during Phase B. 

 

Figure 3.27 is a contour plot of the interaction of two parameters (mixing frequency and feeding time) 

on the polyphenol reduction (%)  

Experiment 1 - During Experiment 1 (Fig. 3.27a AI) a high polyphenol reduction was obtained 

within the region: mixing frequency of every 60 - 115 min and a feeding time between 220 - 260 

minutes.  This longer feeding time would thus be recommended.  This feeding regime is 

recommended as the initial overload in polyphenols could be avoided.  In conjunction a less frequent 

mixing is recommended as the acclimatised granules did not require frequent mixing if the substrate 

was fed over a longer period of time.   

Experiment 2 - It is also clear from Fig. 3.27b AJ that a high polyphenol reduction percentage 

could be obtained with regard to a less frequent mixing regime and a longer feeding time.  The 

interaction between the two factors was very similar to Experiment 1 (Fig. 3.27a).  It could be 

recommended, for both acclimatised granules and the disintegrated granules that a longer feeding 

time and less frequent mixing would result in a high polyphenol reduction percentage.   
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(b) Experiment 2  

Figure 3.27  Contour plots of the polyphenol reduction (%) response with regards to the interaction 

between the mixing frequency and feeding time during Experiment 1 and 2 during 

Phase B. 

 

According to the profiles for predicted values and desirability the overall optimum values for a high 

polyphenol reduction percentage are indicated in Table 3.16.  Values for Experiment 1 and 2 are 

given separately.  The optimal feeding time (240 min) and optimal mixing frequency (every  

110.5 min) were the same for both Experiments.  The optimal pH values differ only slightly for 

Experiment 1 and 2.  For Experiment 1 an optimal pH value of 7.34 was obtained and for Experiment 

2 an optimum pH value of 7.27 was obtained, however these values are comparable.  Therefore, 

both Experiment 1 and 2 indicated a longer feeding time and less frequent mixing at a pH range of  

7.27 – 7.34.   

 

Table 3.16  Optimal values of the parameters with regards to a high polyphenol reduction (%) 

obtained during Experiment 1 and 2 during Phase B 

 Experiment 1 Experiment 2 

pH 7.34 7.27 

Feeding time (min) 240.00 240.00 

Mixing frequency (min) 110.50 110.50 
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6) pH 

Although the influent pH was one of the parameters to optimise (with feeding time and mixing 

frequency), pH of the effluent was one of the efficiency parameters monitored.  The pH of the effluent 

is a good indication of the anaerobic process.  Therefore, Fig. 3.28 and Fig. 3.29 indicate that the 

pH was maintained efficiently throughout the process.  The gradual change in colour in the plots 

(with increasing pH (i.e. from left to right) correlates with the increasing pH scale (bottom right of 

plot), thereby indicating that pH was efficiently maintained at its set-point value (Fig. 3.28 and 3.29).  
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(b) Experiment 2 

Figure 3.28  Contour plots of the pH response with regards to the interaction between the feeding 

time and pH during Experiment 1 and 2 during Phase B. 

 

7) Overall optimal values for each parameter in Phase B 

The optimal values for each of the three parameters for each specific efficiency measurements 

(Table 3.12 – 3.16) are summarised into Table 3.17.  Table 3.17 indicates the overall optimal values 

for each of the parameters with regards to each of the efficiency measurements.  It is clear from 

Table 3.17 that the overall optimum values differ for Experiment 1 and 2.  Due to the granular 

biomass having been more intact (not sheared), acclimatized and settleable, the optimal values from 

Experiment 1 will be taken as slightly more representative, but conclusions will also be drawn from 

Experiment 2, where possible.  For pH an optimal value of 7.34 was found to be more optimal.  A 

longer feeding time (with regards to a total cycle length of 24 h) was found to be more optimal with 

a time of 240 min possibly being more favourable also when biomass has been affected (i.e. longer 

feeding times also more favourable in Experiment 2).  A less frequent mixing of every 110.50 min 
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was also found to be more optimal for a more stable operating AnSBR to treat synthetic winery 

wastewater.  This was also seen to be more favourable in Experiment 2.  Therefore, at an influent 

COD = 4 000 mg.L-1, optimal conditions would be an influent pH of ca. 6.7 – 7.3, a longer feeding 

time (possibly 240 min with regards to a 24 h cycle length) and less frequent mixing (only every ca. 

110.50 min).   

 

 > 7.6 
 < 7.525 
 < 7.425 
 < 7.325 
 < 7.225 
 < 7.125 
 < 7.025 

6.6 6.7 6.8 6.9 7.0 7.1 7.2 7.3 7.4

pH

0

20

40

60

80

100

120

M
ix

in
g

 f
re

q
u

e
n

c
y

 (
m

in
)

 

(a) Experiment 1 

 > 7.6 
 < 7.5 
 < 7.3 
 < 7.1 
 < 6.9 
 < 6.7 

6.6 6.7 6.8 6.9 7.0 7.1 7.2 7.3 7.4

pH

20

30

40

50

60

70

80

90

100

110

120

M
ix

in
g

 f
re

q
u

e
n

c
y

 (
m

in
)

 

(b) Experiment 2 

Figure 3.29  Contour plots of the pH response with regards to the interaction between the mixing 

frequency and pH during Experiment 1 and 2 during Phase B. 

 

Table 3.17  Overall optimal values of the efficiency parameters with regards to the most optimum 

results   obtained during Experiment 1 and 2 during Phase B 

 pH Feeding time (min) Mixing frequencies 
(min) 

 Ex 1 Ex 2 Ex 1 Ex 2 Ex 1 Ex 2 

TSS (g.L-1) 7.34 7.34 6.00 240.00 39.80 110.50 

COD reduction (%) 7.34 6.73 240.00 6.00 110.50 29.70 

VFA: Alkalinity 7.34 7.07 123.00 240.00 100.40 110.5 

Methane (%) 7.34 7.34 76.20 146.40 110.50 90.30 

Polyphenol reduction 
(%) 

7.34 7.27 240.00 240.00 110.50 110.50 
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Experimental Study: Phase C (Cycle 119 - 141) 

The overall goal of Phase C involved the stabilisation of the AnSBR treating an increased synthetic 

winery wastewater substrate (Fig. 3.30).  The COD concentration of the substrate fed to the AnSBR 

gradually increased from 4 000 to 7 000 mg.L-1 (Fig. 3.30) during the 23 cycles, resulting in an OLR 

ranging from 2.42 – 4.23 kgCOD.m-3.d-1.  The biogas was measured within the range: 5.86 – 11.50 

L biogas.d-1.  The COD concentrations of the effluent treated by the AnSBR ranged between 292 – 

1 564 mg.L-1 which resulted in an average COD reduction percentage of 81.5% (range: 70 – 90%).  

It should be noted, with an increase in COD substrate concentrations the COD effluent 

concentrations also increased (Fig. 3.30).  Although fluctuating COD reduction percentages are 

noticed in Fig. 3.30, an overall stable COD reduction trend can be observed at the 80% trend line.  

During these cycles the alkalinity was measured at an average of 2 300  

mgCaCO3 .L-1 (range: 1 800 – 3 000 mgCaCO3.L-1), these values are within the recommended stable 

range of 1 500 – 3 000 mgCaCO3.L-1 (Gerardi, 2003; Amani et al., 2010).  The VFA concentrations 

obtained for the treated effluent ranged between 100 – 600 mg.L-1 (average: 260 mg.L-1) which 

indicates a stable anaerobic process.  The average VFA:Alkalinity ratio obtained for these cycles 

ranged between 0.04 – 0.22 with an average of 0.11.  These VFA:Alkalinity ratio values indicate a 

stable and syntrophic relationship between the acetogens (VFA’s producers) and methanogens 

(VFA’s utilisers) as these values are within the recommended range (0.05 – 0.20 and below 0.3).  

The pH of the substrate ranged from 7.00 – 7.30 with an average of 7.12.  The pH of the effluent 

ranged from 7.06 – 7.42 with an average of 7.27.  As indicated in Fig. 3.30 the pH of the effluent was 

efficiently controlled to maintain those pH values measured in the effluent.  The pH meter fitted inside 

the AnSBR measured the pH at the end of each cycle.  The pH measured at the end of each cycle 

ranged from 7.15 – 7.44 with an average of 7.27.  An average of 0.18 mol 2 M KOH was automatically 

dosed during each cycle to ensure the maintained pH.  This value (0.18 mol) are slightly higher as 

for Experimental Study Phase A, were an average value of 0.16 mol KOH were dosed for each cycle.  

Therefore, an assumption could made that at a higher COD more frequent fluctuations in pH occurs 

(due to the larger amounts of organic compounds to degrade) which needs to be maintained.  A 

direct correlations could be observed with regards to the measured effluent alkalinity and the amount 

of chemical dosing which occurred during each cycle (Fig. 3.30).   

 

 

 

 

 



127 

 

Cycles

120 125 130 135 140

C
O

D
 s

ub
st

ra
te

 &
 e

ffl
ue

nt
 (m

g.
L-1

);
 A

lk
al

in
ity

 (m
gC

aC
O

3.L
-1

);
 V

FA
 (m

g.
L-1

)

0

2000

4000

6000

8000

C
O

D
 R

ed
uc

tio
n 

(%
)

-40

-20

0

20

40

60

80

100

120

pH

0

2

4

6

8

m
ol

 K
O

H
 a

ut
om

at
ic

al
ly

 d
os

ed

0.0

0.2

0.4

0.6

0.8

1.0

Alkalinity
VFA
COD substrate

COD effluent
COD reduction (%)
pH substrate

pH effluent
mol KOH dosed

 

Fig. 3.30  Monitored operational parameters during Experimental Study Phase  



128 

 

Experimental Study: Phase D (Cycle 142 - 180)  

The central composite design (CCD) experiment was conducted during Phase D (Table 3.18).  Three 

operating factors were under investigation with the aim to optimise them: pH ( ; feeding strategy 

(feeding time ( )) and the mixing regime (mixing frequency: mixing set for 10 seconds every  

min).  Randomised standard runs (16) were done in duplicate.  The first 16 runs were first completed 

followed by the second 16 runs.  The centre point was done in duplicate (run 15 and 16).  Overall 

the results of the two distinct sets of standard runs (16) were discussed separately as Experiment 1 

(first 16 runs) and Experiment 2 (following 16 runs).   

The effect of the three different parameters was measured in terms of the five efficiency 

measurements (Y): 

1) COD reduction (%) 4)  Methane (%) 

2) TSS content of the effluent    5)  Polyphenol reduction (%) 

3) VFA:Alkalinity 

 

Table 3.18  Central composite experimental design during Experimental Study Phase D 

Standard run pH Feeding time 
(minutes)  

Mixing frequency 

(minutes) 

1 6.8 53.0 38 

2 6.8 53.0 92 

3 6.8 192.0 38 

4 6.8 192.0 92 

5 7.2 53.0 38 

6 7.2 53.0 92 

7 7.2 192.0 38 

8 7.2 192.0 92 

9 6.7 123.0 65 

10 7.3 123.0 65 

11 7.0 6.0 65 

12 7.0 240.0 65 

13 7.0 123.0 20 

14 7.0 123.0 110 

15 (C) 7.0 123.0 60 

16 (C) 7.0 123.0 60 
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1) COD reduction (%) 

The data obtained from the central composite design (CCD) was used to fit the regression coefficient 

model: Y= b + b X + b X + b X + b  + + + ∙ + ∙ + ∙    

 

 

 

The regression coefficients (i.e. the b-values within the function) indicate if the involved parameter 

(  = pH,  = feeding time and  = mixing frequency) had an significant effect on the various 

efficiency measurements (COD reduction, TSS content of the effluent, VFA:Alkalinity, Methane (%) 

and Polyphenol reduction (%)) within the three distinct parts of the function (linear, quadratic and 

interaction effect).  Each bar chart within the pareto chart indicates the t-values of all the different 

effects.  These effects are coded (within the pareto charts for Phase D) as follows: 

 

pH: t-value of the pH ( ) at the linear effect 

Feeding time (min): t-value of the feeding time ( ) at the linear effect 

Mixing frequency (min):  t-value of the mixing frequency ( ) at the linear effect 

pH^2: t-value of the pH ( ) at the quadratic effect 

Feeding time (min)^2: t-value of the feeding time ( ) at the quadratic effect 

Mixing frequency (min)^2: t-value of the mixing frequency ( ) at the quadratic effect 

pH*Feeding time (min): t-value of the interaction effect between the pH and the feeding time 

( · ) 

pH*Mixing frequency (min):  t-value of the interaction effect between the pH and the mixing 

frequency ( · ) 

Feeding time (min)*Mixing  

frequency min:   t-value of the interaction effect between the feeding time and the 

mixing frequency ( · ) 

 

Experiment 1 & 2 – According to the analyses from the regression coefficients none of the 

parameters significantly affected the response (COD reduction) for both Experiment 1 and 2.  These 

results were visible in the pareto charts (Fig. 3.31) with none of the bar charts (representing the  

t-values of the different effects) intercepting the red line (indicating a significant effect).   

Overall, during Experiment 1 and 2 high COD reductions were obtained.  For Experiment 1 

an average of 73.13% (with a range of 69.84 – 75.40%) COD reduction was achieved.  An average 

of 74.62% (with a range of 72.86 – 76.48%) COD reduction was obtained for Experiment 2.  Although 

the regression coefficients implied that these factors had no significant effect on the COD reduction, 

certain assumptions could be made as observed in the response surface methodology (RSM) plots.   

   

Linear effect Quadratic effect Interaction effect 
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(b) Experiment 2 

Figure 3.31  Pareto charts of the COD reduction during Experiment 1 and 2 during Phase D. 

 

Figure 3.32 indicates a response surface methodology (RSM) contour plot of the interaction between 

the feeding time and the pH with regards to the COD reduction.   

Experiment 1 & 2 - A high COD reduction was obtained within the red regions of these plots.  

The high COD reduction regions could therefore be seen at the lower part of the plots, i.e. at any pH 

value combined with a shorter feeding time (Fig. 3.32a AK & Fig. 3.32b AL).  The shorter feeding 

time (batch mode) caused the bioreactor to be completely full within a short period of time.  As a 

result the substrate (within the AnSBR) reached the pH probe (at the top, inside of the AnSBR) as 

soon as the reactor was full (shorter feeding time).  This resulted that the pH to be controlled (2 M 

KOH) from an earlier stage, hence a more effective controlled pH resulted in a more stable process 

measured in the high COD reductions.   

The contour plot (Fig. 3.33) indicates the interaction of two parameters (mixing frequency 

and the pH) on the COD reduction.   

Experiment 1 – As indicated in Fig. 3.33a AM a high COD reduction was obtained at any pH 

combined with a more frequent mixing.  The more frequent mixing could be advantageous as the 

chemical dosing occurred when the mixing was set.  Therefore, the more frequent mixing constantly 

facilitates pH control through the 2 M KOH dosing.  The more frequent mixing could result in an 

improved contact between the substrate and the biomass and thereby ensure standardised 

conditions within the reactor (i.e. better temperature and pH control, the substrate is also evenly 

circulated) (Zaiat et al., 2001; Rodrigues et al., 2003; Michelan et al., 2009). 

Experiment 2 – The same observation was observed in Fig. 3.33b AN with a high COD 

reduction observed at any pH combined with a more frequent mixing.  The more frequent mixing was 

advantageous as the chemical dosing occurred more constantly. Therefore the pH was better 
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maintained and more homogenous conditions could occur inside the bioreactor throughout the 

anaerobic digestion process.   

The conclusion could be made for both these Experiments, if more frequent mixing will occur 

inside the AnSBR the operating pH does not have an effect (within the recommended range).   
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(b) Experiment 2 

Figure 3.32  Contour plots of the COD reduction response with regards to the interaction between 

the feeding time and pH during Experiment 1 and 2 during Phase D. 
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(b) Experiment 2 

Figure 3.33  Contour plots of the COD reduction response with regards to the interaction between 

the mixing frequency and pH during Experiment 1 and 2 during Phase D. 
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Figure 3.34 is a contour plot of the interaction of two factors (mixing frequency and feeding time) on 

the COD reduction.  

High COD reductions were obtained for both of the Experiments (1 & 2) within the red regions 

of Fig. 3.34a AO and Fig. 3.34b AP.  These results were obtained at a shorter feeding time and more 

frequent mixing.  The shorter feeding time could be advantageous as the bioreactor would be filled 

more quickly, and therefore the pH could be controlled more quickly.  The more frequent mixing 

could result in more uniform conditions within the AnSBR.  The more frequent mixing could also 

result in more frequent chemical dosing (2 M KOH) to ensure a stable pH maintained throughout the 

anaerobic digestion process.   
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(b) Experiment 2 

Figure 3.34  Contour plots of the COD reduction response with regards to the interaction between 

the mixing frequency and feeding time during Experiment 1 and 2 during Phase D. 

 

According to the profiles for predicted values and desirability the overall optimum values for a 

maximum COD reduction are indicated in Table 3.19.  Values for Experiment 1 and 2 are given 

separately.  It is clear that the optimal pH values differ for the two Experiments.  However, both of 

these pH values are within the recommended range advised for anaerobic digestion.  For both of 

these experiments a longer feeding time (240 min with regards to a full cycle length of 24 h) was 

found to be more optimal.  This phenomenon could be explained by the fact that there was less 

substrate available for the micro-organisms to degrade at a specific time.  The less frequent mixing 

(mixing for 10 s every 110 min) was more optimal for both experiments.  It could be explained that 

the less frequent mixing was sufficient to ensure optimal contact between substrate and micro-

organisms and also cause less shearing.   

 

AO AP 
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Table 3.19   Optimal values of the parameters with regards to an optimum COD reduction (%) 

obtained during Experiment 1 and 2  

 Experiment 1 Experiment 2 

pH 6.76 7.30 

Feeding time (min) 240.00 240.00 

Mixing frequency (min) 110.00 110.00 

 

1) TSS content of the effluent 

The data obtained from the central composite design (CCD) was used to fit the regression coefficient 

model: Y= b + b X + b X + b X + b  + + + ∙ + ∙ + ∙  

Experiment 1 & 2 – According to the analyses from the regression coefficients no significant 

effect was noticed on the TSS content of the effluent for both these experiments, which is also 

indicated in the pareto charts (Fig. 3.35) with none of the bar charts (representing the t-values of the 

different effects) intercepting the red line (indicating a significant effect).   
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(b) Experiment 2 

Figure 3.35  Pareto charts of the effluent’s TSS content during Experiment 1 and 2 during Phase 

D. 

 

During Experiment 1 a range of 0.266 – 1.985 gTSS.L-1, with an average of 1.087 gTSS.L-1 were 

obtained for the TSS content of the effluent.  Higher values were obtained during Experiment 2 with 

a range of 0.430 – 2.810 gTSS.L-1 and an average of 1.486 gTSS.L-1.  Figure 3.36 indicates a contour 
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plot graph of the interaction between the two factors (pH and feeding time) on the TSS content of 

the effluent.   

Experiment 1 – The lowest TSS content of the effluent (more favourable) was obtained in the 

green region within the graph at the following parameter values: 6.9 ≤ pH ≤ 7.2 together with 20 min 

≤ Feeding time ≤ 120 min (Fig. 3.36a AQ). 

Experiment 2 – The lowest TSS content of the effluent was obtained during Experiment 2 at 

the green regions within the graph (Fig. 3.36b AR and AS).  One low TSS content region was 

obtained at a low pH and a shorter feeding time (Fig. 3.36b AR).  The other low TSS content region 

were obtained at a higher pH regardless of any feeding time (Fig. 3.36b AS).   

 It is evident that the values and optimal regions within these two graphs (Fig. 3.36a & 3.36b) 

differ.  However, as indicated in the pareto charts (Fig. 3.35) the interaction between the feeding 

time and pH with regards to the effluent’s TSS content (indicated as pH*feeding time in Fig. 3.35) 

resulted in no significant effect (indicated by the shortest bar chart in Fig. 3.35).  Therefore, no 

specific conclusions could be drawn from Fig. 3.36.   
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(b) Experiment 2 

Figure 3.36  Contour plots of the  effluent’s TSS content with with regards to the interaction between 

the feeding time and pH during Experiment 1 and 2 during Phase D. 

 

The contour plot (Fig. 3.37) indicates the interaction effect between two parameters (mixing 

frequency and the pH) on the TSS content of the effluent   

Experiment 1 – The lowest TSS content (more advantageous) was found in the dark green 

region within the graph (Fig. 3.37a AT).  The region is within the ranges: 60 min ≤ Mixing frequency 

≤ 90 min and 6.9 ≤ pH ≤ 7.1.   

Experiment 2 – The lowest TSS content obtained for Experiment 2 was at two distinct green 

regions.  Fig. 3.37b AU indicates the region with a combined pH ≤ 6.7 and a mixing frequency 

AQ 

AS 

AR 
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between 40 – 120 min.  The other region could be obtained with a high pH of 7.4 combined with any 

mixing frequency (Fig. 3.37b AV).  A conclusion could be drawn from Experiment 2 that the mixing 

frequency did not have an effect on the TSS content of the effluent as low TSS values (favourable) 

were obtained with regards to a high operating pH.     

The optimal values and optimal regions differ within these two graphs (Fig. 3.37a & 3.37b).  

As indicated by the pareto charts (Fig. 3.35) the interaction between the mixing frequency and pH 

with regards to the effluent’s TSS content (indicated as pH*mixing frequency (min) in Fig. 3.35) 

resulted in no significant effect.  Therefore, no specific conclusions could be drawn from Fig. 3.37, 

regarding the effect of mixing frequency and pH on the TSS content.  
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(b) Experiment 2 

Figure 3.37  Contour plots of the effluent’s TSS content response with regards to the interaction 

between the mixing frequency and pH during Experiment 1 and 2 during Phase D. 

 

Figure 3.38 indicates a RSM contour plot of the interaction between the mixing frequency and 

feeding time which indicates the effect it had on the TSS content of the effluent.   

Experiment 1 – A low TSS content of the effluent was obtained during Experiment 1 in the 

dark green region, thus at a shorter feeding time and less frequent mixing (Fig. 3.38a AW).   

Experiment 2 – A low TSS content were obtained during Experiment 2 at a longer feeding 

time combined with the less frequent mixing (Fig. 3.38b AX).   

For both these Experiments the conclusion could be made that a less frequent mixing is more 

favourable.  It could be explained that the less frequent mixing was sufficient to ensure contact 

between substrate and micro-organisms and also cause less shearing.  The feeding time differs for 

the two Experiments.  However, as indicated in the pareto charts (Fig. 3.35) the interaction between 

the mixing frequency and feeding time with regards to the effluent’s TSS content resulted in no 

AT AV 

AU 
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significant effect.  Therefore, no specific conclusions could be drawn from Fig. 3.38, regarding 

optimal mixing frequency.  

 

 > 3.5 
 < 3.3 
 < 2.8 
 < 2.3 
 < 1.8 
 < 1.3 
 < 0.8 
 < 0.3 
 < -0.2 

-20
0

20
40

60
80

100
120

140
160

180
200

220
240

260

Feeding time (min)

0

20

40

60

80

100

120

M
ix

in
g

 f
re

q
u

e
n

c
y

 (
m

in
)

 

(a) Experiment 1 

 > 3 
 < 3 
 < 2.6 
 < 2.2 
 < 1.8 
 < 1.4 
 < 1 

-20
0

20
40

60
80

100
120

140
160

180
200

220
240

260

Feeding time (min)

0

20

40

60

80

100

120

M
ix

in
g

 f
re

q
u

e
n

c
y

 (
m

in
)

 

(b) Experiment 2 

Figure 3.38  Contour plots of the effluent’s TSS content response with regards to the interaction 

between the mixing frequency and feeding time during Experiment 1 and 2 during 

Phase D. 

 

According to the profiles for predicted values and desirability the overall optimum values for a lower 

TSS content within the effluent are indicated in Table 3.20.  Values for Experiment 1 and 2 are given 

separately.  For both of the Experiments a higher pH value of 7.3 was found to be the most optimum.  

A less frequent mixing was also found to be the most optimum for both of the experiments.  However, 

the feeding times differ for both of these Experiments as a shorter feeding time was found to be more 

optimal for Experiment 1 and a longer feeding time was found to be more optimal for Experiment 2.  

It would be expected that the longer feeding time (indicated in Table 3.20 for Experiment 2) would 

be more optimal, as less substrate would be available to the micro-organisms to degrade at a specific 

time.   

Table 3.20  Optimal values of the parameters with regards to low TSS content in the effluent 

obtained during Experiment 1 and 2 during Phase D   

 Experiment 1 Experiment 2 

pH 7.3 7.3 

Feeding time (min) 29.4 240 

Mixing frequency (min) 110 110 

AW 

AX 
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2) VFA:Alkalinity ratio 

The data obtained from the central composite design (CCD) was used to fit the regression coefficient 

model: Y= b + b X + b X + b X + b  + + + ∙ + ∙ + ∙  

According to the analyses from the regression coefficient model a significant effect on the 

VFA:Alkalinity ratio was found, which is also indicated in the pareto charts (Fig. 3.39) with some of 

the bar charts (representing the t-values of the different effects) intercepting the red line at p = 0.05, 

indicating a significant effect.  

Experiment 1 – As indicated in the pareto chart (Fig. 3.39a) the pH had a significant effect 

(p-value = 0.036) on the VFA:Alkalinity ratio at the linear function (indicated as pH with a t-value of 

2.68 in Fig. 3.39a) and at the quadratic function (p-value = 0.041) (indicated as pH^2 with a t-value 

of 2.589 in Fig. 3.39a).   

Experiment 2 – As indicated in the pareto chart (Fig. 3.39b) some of the functions significantly 

affected the VFA:Alkalinity ratio (bars crossing red lines).  The mixing frequency (min) (at the linear 

function) had a significant effect (p-value = 0.024) on the ratio with a t-value of 2.99.  The interaction 

effect between the pH and mixing frequency (indicated as pH*Mixing frequency (min)) also 

contributed to a significant effect (p-value = 0.021) with a t-value of 3.095 (Fig. 3.39b).  Lastly the 

interaction effect (feeding time (min)*mixing frequency (min) in Fig. 3.39b)) also had an significant 

effect (p-value = 0.007) on the VFA:Alkalinity ratio with a t-value of 3.95 in Fig. 3.39b.   
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Figure 3.39  Pareto charts of the VFA:Alkalinity ratio during Experiment 1 and 2 during Phase D. 

 

During Experiment 1 a range of 0.210 – 0.377, with an average of 0.299 were obtained for the 

VFA:Alklainity ratio.  Higher values were obtained during Experiment 2 with a range of 0.296 – 0.386 

and an average of 0.348.  These average values for both the Experiments were higher than 
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expected.  For a stable anaerobic digestion process a ratio between 0.05 – 0.2 are the most optimal 

ranges (Gerardi, 2003; Amani et al., 2010), whereas a ratio lower than 0.3 are strongly 

recommended (APHA, 1998).  However in these Experiments the values were within the danger 

zones (≥ 0.3), which could indicate an unstable anaerobic digestion process.  For both these 

Experiments the Alkalinity values were high.  Experiment 1 obtained an average alkalinity value of  

2 640 mgCaCO3.L-1, however the high VFA average of 790 mg.L-1 caused the VFA:Alkalinity ratio 

average (0.299) to be almost out of specifications.  During Experiment 2 an average alkalinity value 

of 2 840 mgCaCO3.L-1 was obtained, however, a very high VFA average of 990 mg.L-1 was obtained.  

A recommended VFA value below 500 mg.L-1 (Gerardi, 2003; Amani et al., 2010) should have been 

achieved for a stable ratio value.  A possibility for the high values could be due to the incomplete 

conversion of organic contents within the substrate (an increase in cycle length would be 

recommended for complete conversion of the VFA’s).  Figure 3.40 indicates a contour plot of the 

interaction between the two factors (pH and feeding time) on the VFA:Alkalinity ratio.   

Experiment 1 - The pH had an significant effect on the VFA:Alkalinity ratio at the linear 

function (p-value of 0.036; t-value = 2.68 in Fig. 3.39a) and at the quadratic function (p-value of 

0.041; t-value = 2.589 in Fig. 3.39a).  Therefore, a distinct region could be obtained in the graph  

(Fig. 3.40a AY).  Although most of the values within the graph were outside the recommended range 

(range: 0.05 – 0.3), the most applicable ratio was found in the dark green region at a pH between 

6.9 and 7.2 combined with a feeding time of below 140 min.   

Experiment 2 – Most of the values obtained in Fig. 3.40b were outside the recommended 

range advised for anaerobic digestion (range: 0.05 – 0.30).  The lowest values region (<0.33) were 

obtained in the graph at the darkest green region (Fig. 3.40b AZ), at a pH of 7.05 – 7.3 and a feeding 

time below 40 min, however these values obtained are still too high and not specifically 

recommended. 

Therefore, for both of these Experiments the more stable VFA:Alkalinity ratio values would 

be obtained at a higher operating pH and a shorter feeding time.  The VFA:Alkalinity ratios are pH 

dependent.  The shorter feeding time resulted in the AnSBR to be full in a shorter period of time, 

therefore the pH of the anaerobic digestion was controlled from that point by the chemical dosing  

(2 M KOH), which resulted in a more stable process. 
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(a) Experiment 1 

 > 0.42 
 < 0.41 
 < 0.39 
 < 0.37 
 < 0.35 
 < 0.33 

6.6 6.7 6.8 6.9 7.0 7.1 7.2 7.3 7.4

pH

-20

0

20

40

60

80

100

120

140

160

180

200

220

240

260

F
ee

d
in

g
 t

im
e 

(m
in

)

 

(b) Experiment 2 

Figure 3.40  Contour plots of the VFA:Alkalinity ratio response with regards to the interaction 

between the feeding time and pH during Experiment 1 and 2 during Phase D. 

 

The RSM contour plot (Fig. 3.41) indicates the interaction of two parameters (mixing frequency and 

the pH) on VFA:Alkalinity ratio.   

Experiment 1 – The more advantageous range was found with the dark green region within 

the graph (Fig. 3.41a BA).  The region was found at a mixing frequency of more than 60 min and a 

pH within the range of 6.85 – 7.1.  However, as the interaction effect between the mixing frequency 

and pH did not have an significant effect on the VFA:Alkalinity ratio (pH*Mixing frequency (min) bar 

chart in Fig. 3.39 did not intercept the red line) no specific conclusions could be drawn from the plot 

(Fig. 3.41a). 

Experiment 2 – During Experiment 2 a significant effect (p = 0.021) was seen between the 

interaction between the pH and mixing frequency (pH*Mixing frequency (min) in Fig. 3.39b  

(t-value = 3.095).  Although most of the values found in Fig. 3.40b were outside the recommended 

range (0.05 – 0.30), the most advantageous region in Fig. 3.40b could be obtained at two distinct 

regions - at a low pH and a less frequent mixing (Fig. 3.41b BB), and at a high pH and a more 

frequent mixing (Fig. 3.41b BC).  It would be expected that the region in Fig. 3.41b BC would achieve 

better results (i.e. a higher operating pH and a more frequent mixing).  The higher operating pH 

would favour the biomass, which would ensure better overall stability.  The more frequent mixing 

would be more advantageous as it would result in more uniform conditions within the AnSBR.  The 

more frequent mixing could also result in more frequent chemical dosing (2 M KOH) (as chemical 

dosing only occurred when mixing took place) to ensure a stable pH maintained throughout the 

anaerobic digestion process.   
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(b) Experiment 2 

Figure 3.41  Contour plots of the VFA:Alkalinity response with regards to the interaction between 

the mixing frequency and pH during Experiment 1 and 2 during Phase D. 

 

Figure 3.42 indicates a RSM contour plot of the interaction of two factors (mixing frequency and 

feeding time) on the VFA:Alkalinity ratio.   

Experiment 1 – The lowest VFA:Alkalinity ratio values were obtained within the dark green 

region in Fig. 3.42a BD, obtained with a mixing frequency between 60 – 100 min and a feeding time 

below 100 min.  As no significant effect between the interaction with regards to the mixing frequency 

and feeding time was obtained, the region in Fig. 3.42a BD is not conclusive. 

Experiment 2 – The lowest VFA:Alkalinity ratio values were obtained within the dark green 

region in Fig. 3.42b BE, obtained with a shorter feeding time combined with a more frequent mixing.  

This region was distinct as the interaction effect between these two parameters had an significant 

effect on the VFA:Alkalinity ratio (p-value = 0.007) indicated in the pareto chart (t-value = 3.95) in 

Fig. 3.38b.  As a significant effect between the interaction with regards to the mixing frequency and 

feeding time was obtained in Experiment 2, the region in Fig. 3.42b BE (i.e. at a more frequent mixing 

time and shorter feeding time) is probably the more accurate indication of the optimum.  This also 

makes sense as a shorter feeding time and more frequent mixing would be more advantageous for 

a stable VFA:Alkalinity ratio.  This ratio is pH dependent, hence the shorter feeding time and more 

frequent mixing would facilitate pH control early on in the cycle.  The shorter feeding time would 

result in the AnSBR being filled more quickly, and therefore the pH could be controlled earlier in the 

cycle.  The more frequent mixing would result in more uniform conditions within the AnSBR, and 

thus also in more frequent chemical dosing (2 M KOH) - ensuring a stable pH throughout the 

anaerobic digestion process.   
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(b) Experiment 2 

Figure 3.42  Contour plots of the VFA:Alkalinity ratio response with regards to the interaction 

between the mixing frequency and feeding time during Experiment 1 and 2 during 

Phase D. 

 

According to the profiles for predicted values and desirability the overall optimum values for a more 

stable VFA:Alkalinity ratio are indicated in Table 3.21.  Values obtained for Experiment 1 and 2 are 

given separately.  The optimal pH found for Experiment 1 was slightly lower (7.18) than the optimal 

pH found for Experiment 2 (7.3).  However, both these values are within the recommended range 

advised for anaerobic digestion.  Although the feeding time values differ between the two 

Experiments, both could be classified as a shorter feeding time (batch process).  The VFA:Alkalinity 

ratio is pH dependent.  The bioreactor had a pH probe fitted inside the reactor at the top.  Only when 

the reactor was completely full the pH could have been controlled by the chemical dosing (2 M KOH).  

Therefore, a shorter feeding time resulted in the pH to be controlled from that point when the reactor 

was completely full.  For both these Experiments a more frequent mixing was found to be more 

optimal.  The chemical dosing (to control the pH) only occurred when the mixing was set.  Therefore, 

a more frequent mixing resulted in a more uniform pH control and contributed to a lower 

VFA:Alkalinity ratio.   
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Table 3.21  Optimal values of the parameters with regards the most optimal VFA:Alkalinity ratio in 

the effluent obtained during Experiment 1 and 2 during Phase D  

 Experiment 1 Experiment 2 

pH 7.18 7.30 

Feeding time (min) 6.00 29.40 

Mixing frequency (min) 29.00 47.00 

 

3) Methane (%) 

The data obtained from the central composite design (CCD) was used to fit the regression coefficient 

model: Y= b + b X + b X + b X + b  + + + ∙ + ∙ + ∙  

According to the analyses from the regression coefficient model a significant effect on the methane 

(%) was found during Experiment 1, indicated in the pareto charts (Fig. 3.43a) with some of the bar 

charts (representing the t-values of the different effects) intercepting the red line, indicating a 

significant effect at p = 0.05.  As indicated in the pareto chart (Fig. 3.43a) the pH (t-value = 2.795) 

had an significant effect on the methane (%) at the linear function (p-value of 0.031) and at the 

quadratic function indicated by the t-value of 2.790 (p-value of 0.031).  None of the functions had a 

significant effect on the methane (%) during Experiment 2.   
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Figure 3.43  Pareto charts of the methane (%) during Experiment 1 and 2 during Phase D. 
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During Experiment 1 a range of 64.08 – 79.74% methane was obtained with an average of 72.20%.  

During Experiment 2 an average methane of 71.36% was obtained with a range between 63.73 – 

77.23%.  Therefore, the average methane percentages between the two Experiments were 

comparable.  The percentage methane values obtained during Experiment 1 and 2 were slightly 

higher than the expected 60 – 65% methane values (Fillaudeau et al., 2008).  Figure 3.44 shows 

contour plots of the interaction between the two factors (pH and feeding time) on the methane (%)   

Experiment 1 - The pH had a significant effect on the methane percentage at the linear 

function (t-value of 2.795; p-value of 0.031) and at the quadratic function (t-value of 2.790; p-value 

of 0.031) in Fig. 3.43.  Therefore, a distinct high methane region (dark red region) could be observed 

in Fig. 3.44a BF at a high pH combined with any feeding times.  The higher operating pH resulted in 

a more stable pH within the process.  A slightly higher pH will most likely have favoured the 

methanogens, resulting in a higher conversion to methane.   

Experiment 2 – During Experiment 2, a high methane percentage region (dark red region) 

could be observed in Fig. 3.44b BG at a pH range of 7.0 – 7.2, combined with any feeding time.  The 

high pH could have favoured the methanogens, hence the higher methane percentage.  

According to these plots any feeding time would be applicable, if operating the AnSBR at a 

higher pH (> 7.0).  However, a longer feeding time would be expected to be more optimal.  It could 

be explained that less substrate would be available for the biomass to degrade at a specific time.  

Therefore, the biomass would not be over-loaded with new substrate, which could be more 

favourable for a stable anaerobic digestion process and thus a higher methane percentage. 
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(b) Experiment 2 

Figure 3.44  Contour plots of the methane (%) response with regards to the interaction between the 

feeding time and pH during Experiment 1 and 2 during Phase D. 
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The contour plot (Fig. 3.45) indicates the interaction of two parameters (pH and mixing frequency) 

on methane (%). 

Experiment 1 - The pH had a significant effect on the methane at the linear function (t-value 

of 2.795; p-value of 0.031) and at the quadratic function (t-value of 2.790; p-value of 0.031) as 

indicated in the pareto chart in Fig. 3.43a.  Therefore, a distinct high methane region (dark red region) 

could be observed in Fig. 3.45a BH at a high pH combined with any mixing frequencies.  The higher 

operating pH resulted in a more stable pH within the process.  If a stable pH was maintained the 

methanogenic micro-organisms could have been more favoured, hence the higher methane 

production. 

Experiment 2 – During Experiment 2 (Fig. 3.45b BI) a high methane percentage region was 

obtained at any mixing frequency combined with an operating pH range of 6.7 – 7.3 (as the pH 

increases, the mixing frequency range increases).    

As the biomass is pH dependent a higher operating pH would be expected to be more optimal 

to favour the methanogenic bacteria for methane conversion.  A less frequent mixing would also be 

expected to be more optimal as less shearing of the granules would occur, hence providing 

methanogenic bacteria with conditions conductive to optimal efficiency.  
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(b) Experiment 2 

Figure 3.45  Contour plots of the methane (%) response with regards to the interaction between 

the mixing frequency and pH during Experiment 1 and 2 during Phase D.  

 

Figure 3.46 indicates a RSM contour plot of the interaction of two factors (mixing frequency and 

feeding time) on methane (%).   

Experiment 1 – During Experiment 1 a high methane percentage could be obtained at a 

longer feeding time combined with a more frequent mixing (Fig. 3.46a BJ).  The more frequent mixing 
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BI 
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resulted that more frequent chemical dosing (2 M KOH) to occur, therefore the pH within the system 

could have been in a more stable state, which would favour the methanogens.  

Experiment 2 – In contrast in Experiment 2 a high methane could be obtained at a shorter feeding 

time combined with a more frequent mixing (Fig. 3.46b BK).  The shorter feeding time could be 

advantageous as the bioreactor would be filled more quickly, and therefore the pH could be 

controlled more quickly.   

 It is evident that the values and optimal regions within these two graphs (Fig. 3.46a & 3.46b) 

differ.  However, as indicated in the pareto charts (Fig. 3.43) the interaction between the mixing 

frequency and feeding time with regards to the methane (%) resulted in no significant effect 

(indicated by the shortest bar (feeding time (min)*Mixing frequency (min) in Fig. 3.43).  Therefore, 

no definite conclusions could be drawn from Fig. 3.46.  It would be expected that a longer feeding 

time (Fig. 3.46a) would be the optimal value, as there would be less substrate for the micro-organims 

to degrade at a specific time.  Therefore, the micro-organisms would not be over-loaded with 

substrate, which could be more favourable for a stable anaerobic digestion process in terms of the 

methane production.  However, in contrast to Fig. 3.46a a less frequent mixing time would be 

expected to be more optimal, as less mixing would result in less granule shearing, hence protecting 

the methanogens.  

 

 > 90 
 < 90 
 < 85 
 < 80 
 < 75 
 < 70 
 < 65 

-20
0

20
40

60
80

100
120

140
160

180
200

220
240

260

Feeding time (min)

0

20

40

60

80

100

120

M
ix

in
g

 f
re

q
u

e
n

c
y

 (
m

in
)

 

(a) Experiment 1 

 > 82 
 < 82 
 < 80 
 < 78 
 < 76 
 < 74 
 < 72 
 < 70 
 < 68 
 < 66 

-20
0

20
40

60
80

100
120

140
160

180
200

220
240

260

Feeding time (min)

0

20

40

60

80

100

120

M
ix

in
g

 f
re

q
u

e
n

c
y

 (
m

in
)

 

(b) Experiment 2 

Figure 3.46  Contour plots of the methane (%) response with regards to the interaction between 

the mixing frequency and feeding time during Experiment 1 and 2 during Phase D. 

 

According to the profiles for predicted values and desirability the overall optimum values for a high 

methane percentage are indicated in Table 3.22.  The values for Experiment 1 and 2 are given 

separately.  The optimal pH values differ slightly for Experiment 1 and 2.  Experiment 1 had a slightly 
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higher optimal pH value of 7.3 and Experiment 2 had a slightly lower pH value of 7.24, but these 

values are comparable.  Both these values are within the recommended range advised for anaerobic 

digestion.  A longer feed time of 240 min (4 h with regards to a 24 h cycle length) was found to be 

the most optimal value for both of the Experiments.  Less substrate could have been available to the 

micro-organisms to degrade at a specific time, therefore more stable conditions was observed.  For 

both of these Experiments a less frequent mixing of every 110 min was found to be more optimal.  A 

less frequent mixing was sufficient to ensure optimal contact between substrate and micro-

organisms and also cause less shearing.   

 

Table 3.22  Optimal values of the parameters with regards the a high methane (%) in the effluent 

obtained during Experiment 1 and 2 during Phase D  

 Experiment 1 Experiment 2 

pH 7.30 7.24 

Feeding time (min) 240.00 240.00 

Mixing frequency (min) 110.00 110.00 

 

4) Polyphenol reduction (%) 

The data obtained from the central composite design (CCD) was used to fit the regression coefficient 

model: Y= b + b X + b X + b X + b  + + + ∙ + ∙ + ∙  

According to the analyses from the regression coefficient model a significant effect on the polyphenol 

reduction (%) was found the t-values of the different effects) intercepting the red line, indicating a 

significant effect at p = 0.05.  As indicated in the pareto chart (t-value of 2.68) (Fig. 3.47a) the mixing 

frequency (min) had a significant effect on the polyphenol reduction (%) at the linear function (p-

value of 0.036).  The interaction effect between the pH and mixing frequency (indicated as pH*Mixing 

frequency (min) with a t-value of 2.551) also had a significant effect on the polyphenol reduction (p-

value of 0.043).  None of the functions had a significant effect on the polyphenol reduction (%) during 

Experiment 2 (Fig. 3.47b).   

During Experiment 1 a range of 22.50 – 60.62% was found for polyphenol reduction with an 

average of 48.39%.  During Experiment 2 an average polyphenol reduction of 51.63% occurred with 

a range between 31.90 – 62.60%.  From this data it is clear that Experiment 2 had an overall better 

polyphenol reduction.   
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Figure 3.47  Pareto charts of the polyphenol reduction (%) during Experiment 1 and 2 during Phase 

D. 

 

Figure 3.48 indicates a RSM contour plot of the interaction between the two factors (feeding time 

and pH) on the polyphenol reduction (%)   

Experiment 1 – Although the percentages indicated in the scale (Fig. 3.48) were low – the 

highest percentages will be discussed.  For Experiment 1 the highest polyphenol reduction (%) was 

obtained in the darkest red region in Fig. 3.48a BL at a pH within the range of 7.0 – 7.1 and a feeding 

time below 140 min.   

Experiment 2 – For Experiment 2 a high polyphenol reduction was found at a low pH 

combined with a longer feeding time (Fig. 3.48b BM).  The longer feeding time could result in less 

substrate available to the micro-organisms to degrade at a specific time.  Resulting in a better 

polyphenol breakdown.   

 It is evident that the values and optimal regions within these two graphs (Fig. 3.48a & 3.48b) 

differ.  However, as indicated in the pareto charts (Fig. 3.47) the interaction between the feeding 

time and pH with regards to the polyphenol reduction (%) resulted in no significant effect (indicated 

by the smaller bar chart (pH*feeding time (min) in Fig. 3.47).  Therefore, no strong conclusions could 

be drawn from Fig. 3.48.  A longer feeding time would be expected to be optimal as less substrate 

would be available to the micro-organisms to degrade at a specific time.  Therefore, the polyphenols 

could be degraded more efficiently.  A lower operating pH would also be expected to be more optimal 

value as a lower pH could have been more easily reached and maintained, resulting in a more stable 

process. 
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(b) Experiment 2 

Figure 3.48  Contour plots of the polyphenol reduction (%) response with regards to the interaction 

between the feeding time and pH during Experiment 1 and 2 during Phase D. 

 

The contour plot (Fig. 3.49) indicates the interaction of two parameters (mixing frequency and pH) 

on the polyphenol reduction (%).     

Experiment 1 - The mixing frequency had a significant effect (p-value of 0.036) on the 

polyphenol reduction at the linear function indicated with a t-value of 2.68 in the pareto chart (Fig. 

3.47a).  The interaction effect between the pH and mixing frequency also had a significant effect (p-

value = 0.043) on the polyphenol reduction (%) indicated with a t-value of 2.551 in the pareto chart 

(Fig. 3.47a).  The highest polyphenol reduction could be observed in Fig. 3.49a BN in the middle of 

the plot (as the pH increases, the mixing frequency increases).  

Experiment 2 – During Experiment 2, the dark red region was obtained at a high pH and a 

more frequent mixing (Fig. 3.49b BO).   

It is evident that the values and optimal regions within these two graphs (Fig. 3.49a & 3.49b) 

differ.  However, the interaction between the mixing frequency and pH showed a significant effect 

(indicated as pH*Mixing frequency (min) in Fig. 3.47 with the bar chart intercepting the red line).  

Therefore, the conclusions could be made based upon Experiment 1 (due to the significant effect).  

The higher polyphenol reduction (%) could be obtained with an increasing pH and increasing mixing 

frequency.   
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(b) Experiment 2 

Figure 3.49  Contour plots of the polyphenol reduction (%) response with regards to the interaction 

between the mixing frequency and pH during Experiment 1 and 2 during Phase D. 

 

Figure 3.50 is a contour plot of the interaction of two factors (mixing frequency and feeding time) on 

polyphenol reduction (%).   

Experiment 1 – A high polyphenol reduction (%) was found in Experiment 1 with a feeding 

time between 10 – 110 minutes combined with a mixing frequency of every 75 – 100 minutes (Fig. 

3.50a BP). 

Experiment 2 – During Experiment 2 a high polyphenol reduction (%) was obtained at a longer 

feeding time combined with a less frequent mixing (Fig. 3.50b BQ).   

It is evident that the values and optimal regions within these two graphs (Fig. 3.50a & 3.50b) 

differ.  However, the interaction between the mixing frequency and feeding time did not show a 

significant effect (indicated as feeding time (min)*Mixing frequency (min) in Fig. 3.47 as the bar 

charts did not intercept the red line).  Therefore, no strong conclusions could be drawn from Fig. 

3.50.  However, a longer feeding time could be expected to be more optimal value as less substrate 

would be available to the micro-organisms to degrade at a time, hence the polyphenols could have 

been degraded more efficiently.  A less frequent mixing could be expected to be more optimal as it 

would ensure sufficient contact between the substrate and micro-organisms withouth shearing the 

granules.  
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(b) Experiment 2 

Figure 3.50  Contour plots of the polyphenol reduction (%) response with regards to the interaction 

between the mixing frequency and feeding time during Experiment 1 and 2 during 

Phase D. 

 

According to the profiles for predicted values and desirability the overall optimum values for a high 

polyphenol reduction percentage are indicated in Table 3.23.  For both these Experiments a lower 

pH was found to be the more optimum value (6.82 and 6.70).  A longer feeding time of 240 min was 

found to be more optimal for Experiment 1, whereas an intermediate feeding time of 146.4 min was 

found to be more optimal in Experiment 2.  However, considering the most optimal values for all the 

five responses (Table. 3.24) the longer feeding time of 240 min was found to be predominantly more 

optimal.  Both of these Experiments required a less frequent mixing as an optimal value, hence 

mixing for 10 s every 110 min.  The less frequent mixing was sufficient to ensure optimal contact 

between the substrate and micro-organism and also caused less shearing.  

 

Table 3.23  Optimal values of the parameters with regards the a highest polyphenol reduction (%) 

obtained during Experiment 1 and 2 during Phase D   

 Experiment 1 Experiment 2 

pH 6.82 6.70 

Feeding time (min) 240.00 146.40 

Mixing frequency (min) 110.00 110.00 

 

BP 

BQ 
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5) Overall optimum values for each parameter in Phase D 

The optimal values for each of the three parameters for each specific efficiency measurements 

(Table 3.19 – 3.23) are summarised into Table 3.24.  Table 3.24 indicates the overall optimal values 

for each of the parameters with regards to each of the efficiency measurements.  It is clear from 

Table 3.24 that the overall optimum values slightly differs for Experiment 1 and 2.  However, both of 

these experiments are representative and conclusions can be drawn using both these experiments.  

A higher pH 7.2 – 7.3 (i.e. only 3 out of 10 less than 7.2) was found to be more optimal.  A longer 

feeding time (with regards to a total cycle length of 24 h) was found to be more optimal with a time 

of 240 min possibly being more favourable i.e. only 3 out of 10 not indicating 146.40 or 240 min.  A 

less frequent mixing of every 110 min was also found to be more optimal for a more stable operating 

AnSBR to treat synthetic winery wastewater (i.e. only 2 out of 10 not indicating 110 min).  This mixing 

frequency was however not the most optimal value for a stable VFA:Alkalinity ratio for both 

Experiment 1 and 2.  Therefore, the values obtained for the VFA:Alkalinity ratio should be considered 

for a stable process.  Therefore, at an influent COD = 7 000 mg.L-1, optimal conditions would be an 

influent pH of ca. 6.7 – 7.3 (pH = 7.3), a longer feeding time (possibly 240 min with regards to a  

24 h cycle lenght) and less frequent mixing (only every ca. 110 min).   

 

Table 3.24  Overall optimal values of the efficiency parameters with regards to the most optimum 

results   obtained during Experiment 1 and 2 during Phase D 

 pH Feeding time (min) Mixing frequencies 
(min) 

 Ex 1 Ex 2 Ex 1 Ex 2 Ex 1 Ex 2 

COD reduction (%) 6.76 7.30 240.0 240.0 110 110 

TSS (g.L-1) 7.30 7.30 29.4 240.0 110 110 

VFA:Alkalinity 7.18 7.30 6.0 29.4 29 47 

Methane (%) 7.30 7.24 240.0 240.0 110 110 

Polyphenol reduction 
(%) 

6.82 6.70 240.0 146.4 110 110 

 

CONCLUSIONS 

Winery wastewater needs treatment before it can be legally discharged.  Several AD processes has 

been applied on an industry scale, however ongoing research still occurs to develop more treatment 

options.  The AnSBR was identified as a possible treatment options which could be able to treat the 

seasonal produced winery wastewater.  This process (the AnSBR) is still under development at a 

laboratory scale set-up as the operational parameters (affecting the performance of the process) still 
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requires optimisation on specific substrates.  Overall, the study showed the feasibility of the novel 

AnSBR to be able to treat a synthetic winery wastewater substrate over a COD range of 1 000 – 

7 000 mg.L-1 with an OLR ranging from 0.60 – 4.23 kg.COD.m-3.d-1.  The same results were almost 

obtained during the end cycle of Phase A (COD = 4 000 mg.L-1) and the end cycle of Phase C (COD 

= 7 000 mg.L-1).  At a COD of 4 000 mg.L-1 (Phase A) a 88% COD reduction occurred, the alkalinity 

was approximately at 3 000 mgCaCO3.L-1, the total Volatile Fatty Acid (VFA) concentration at 125 

mg.L-1 and the pH was effectively controlled at ca. 7.2 by the 2 M KOH chemical dosing system.  At 

a COD of 7 000 mg.L-1 (Phase C) an 80% COD reduction occurred, the alkalinity was approximately 

at 3 000 mgCaCO.L-1
3, the total VFA’s = 500 mg.L-1 and the pH was effectively controlled at ca. 7.2.  

It was noted that the VFA’s concentrations were much higher treating a higher COD concentration 

compared to a treating a lower COD concentration.  The higher VFA concentrations could indicate 

the slight incompletness of the anaerobic digestion process, or the insufficient conversion of the 

intermediate products to the end product.  It could be recommended that higher VFA concentrations 

at a high COD substrate concentration could be lowered by increasing the 24 h cycle length of the 

process to ensure a more complete anaerobic digestion of the substrates.  The results during Phase 

A also indicated that pH control is a very important parameter to manage.  When the automated 

chemical dosing (2 M KOH) did not occur within the AnSBR for a few cycles the efficiency 

measurements were unstable (due to the broken pH probe inside the AnSBR).  This study also 

indicated optimised operational parameters at two distinct COD concentrations (4 000 and 7 000 

mg.L-1) by conducting a CCD experiment and analysing the data by the regression coefficient model.  

The overall optimised operational parameters for Phase B (COD = 4 000 mg.L-1) and Phase D (COD 

= 7 000 mg.L-1) were comparable.  The overall optimised operational parameters (pH, feeding time 

and mixing frequency) were obtained at Phase B and D with regards to the five efficiency 

measurements (COD reduction, TSS content of the effluent, VFA:Alkalinity ratio, Methane (%) and 

Polyphenol reduction (%)).  These values were obtained in duplicate for both Phases (i.e. Experiment 

1 and 2).  For Phase B an overall optimal pH of 6.7 - 7.3 (optimum = 7.3) was obtained (i.e. only 2/10 

values were less than 7.3), for feeding time an overall optimal value of 240 min was obtained  

(i.e. only 4/10 values not indicating 146.40 or 240 min) and for the mixing frequency an overall 

optimal value of 110.5 min was obtained (i.e. only 2/10 values not indicating > 90 min).  These values 

were highly comparable in Phase D.  During Phase D an overall pH value of 6.7 – 7.3 (optimum = 

7.3) was obtained (i.e. only 3/10 less than 7.2), for feeding time a predominant time of 240 min was 

obtained (i.e. only 3/10 values not indicating 146.40 or 240.00 min) and a predominant mixing 

frequency of every 110 min was found to be more optimal (i.e. only 2/10 values lower than 110 min).  

Therefore, considering all the optimal values obtained for Phase B and D the following overall 

conclusion was made: At an influent COD = 4 000 and 7 000 mg.L-1, optimal conditions for the 

AnSBR would be an influent pH of ca. 6.7 – 7.3 (pH = 7.3), a longer feeding time (possibly 240 min 

with regards to a total cycle length of 24 h) and less frequent mixing (10 s mixing only every ca.  

110 min).   
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CHAPTER 4  

GENERAL DISCUSSION AND CONCLUSIONS 

Water is an endangered resource, therefore the freshwater supply needs to be sustained (Awaleh & 

Soubaneh, 2014; Cooley et al., 2014; Barbosa et al., 2015).  Currently more freshwater is withdrawn, 

polluted and not sustainably managed (Gleick & Palaniappan, 2010).  Large amounts of wastewater 

are produced from the industry that require treatment before re-use.  The re-use of treated 

wastewater (from the domestic and industrial sectors) should be an alternative resource for the 

agricultural industry (Moharikar et al., 2005; Pedrero et al., 2010).  To produce 1 L wine the wine 

industry utilises approximately 0.3 – 10 L freshwater and produce large amounts of wastewater (0.8 

– 14 L) (Fillaudeau et al., 2008; Oliveira & Duarte, 2011).  Although the wine industry is not seen as 

a polluting industry winery wastewater (WW) poses a threat if these large amounts of untreated 

winery wastewater are discharged into the environment.  Winery wastewater requires treatment 

before (i) being legally discharged into the environment, (ii) re-using the water or (iii) being sent to 

the municipal treatment plants to lower the costs (IPW, 2015).  This recovered wastewater needs to 

conform to certain parameters (legal limits) for specific uses (Republic of South Africa, 2013).  

Anaerobic digestion (AD) processes are successful to treat WW, however, only some of these 

specific processes have been used on WW (Mosse et al., 2011).  Certain AD processes require 

further research before promoting the process for winery wastewater treatment.  One specific 

process, the Anaerobic Sequencing Batch Reactor (AnSBR) is seen as an alternative method from 

those currently being used in the industry (Ruiz et al., 2002).  The AnSBR presents certain 

advantages.  The process is able to treat seasonally produced waste streams, such as winery 

wastewater.  Winery wastewater is produced throughout the year, however the strength (in terms of 

COD concentrations and pH) of the wastewater varies depending on the seasons.  High strength 

wastewater (high COD concentrations with low pH values) are obtained during the vintage season 

(harvesting, pressing and wine making), whereas lower strength wastewater (lower COD 

concentrations) is produced during the non-vintage season (Conradie, 2015).  The other advantages 

of the AnSBR include: a kinetic advantage (alternating F:M ratios (food to micro-organisms) ratios); 

flexibility (the AnSBR could be operated according to a batch (shorter feeding time) or fed-batch 

(semi-continuous, longer feeding time) mode and a more efficient control system is in place 

compared to continuous bioreactors (Zaiat et al., 2001).  Overall the AnSBR has a better quality 

control system in place in comparison to continuous systems, as the effluent can be withdrawn from 

the process when it complies with legislatory parameters (Zaiat et al., 2001; Rodrigues et al., 2003; 

Farina et al., 2004).  The process cycle length could be adjusted according to the availability of 

wastewater from the wine cellar.  However, only limited and variable research exists in literature on 

the use of the AnSBR for winery wastewater (Ruiz et al., 2002).  From the research that is available, 

variable operating conditions were reported.  The pH, feeding strategy and the mixing regime were 
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identified, which mainly affect the performance of the AnSBR process.  Further research on the 

feasibility of AnSBT technology to treat winery wastewater is necessary.   

Therefore, the main goal of this research was to investigate the feasibility of a novel designed 

AnSBR to treat a synthetic winery wastewater substrate and to optimise the operational parameters 

that affect the performance of the AnSBR.  The aims of this research were achieved by sub-dividing 

the study into different phases (Experimental Phases A – D).  The first aim required the investigation 

of the feasibility of the AnSBR to be able to treat a synthetic winery wastewater substrate.  This aim 

was investigated at a lower COD concentration (ranging from 1 000 – 4 000 mg.L-1) of the synthetic 

winery wastewater substrate (Phase A).  The aim of investigating the feasibility of the AnSBR to treat 

synthetic winery wastewater was also applied at a higher COD concentration (ranging from 4 000 – 

7 000 mg.L-1) identified as Experimental study Phase C.  The second aim was to optimise the 

operational parameters that affects the performance of the AnSBR.  The optimisation of parameters 

were applied at a lower COD concentration of 4 000 mg.L-1 (Phase B) and at a higher COD 

concentration of 7 000 mg.L-1 (Phase D).  The following parameters were aimed to be optimised:  

= pH;  = feeding time (shorter feeding time (batch process) vs. longer feeding time (fed-batch 

process)) and  = mixing frequency (mixing set for 10 s every  min).   

Within the research done in this study a novel designed laboratory-scale AnSBR was used 

with a working volume of 13.2 L.  The AnSBR contained granular mesophilic biomass which was 

kept at 35°C.  The AnSBR requires four distinct steps during each cycle (feeding, reacting, settlement 

and decanting).  Each cycle was approximately 24 h resulting in a HRT of 1.65 days.  The OLR was 

increased step-wised from 0.60 – 4.23 kgCOD.m-3.d-1. 

PHASE A & C: Investigating the feasibility 

The aim of Phase A & C was to investigate the feasibility of the anaerobic digestion process at an 

increasing COD concentration ranging from 1 000 – 4 000 mg.L-1 for Phase A and 4 000 – 7 000 

mg.L-1 during Phase C.  The results indicated that pH control is a very important parameter to 

manage.  When the automated chemical dosing (2 M KOH) did not occur within the AnSBR for a few 

cycles the efficiency measurements were unstable (due to the broken pH probe inside the AnSBR).  

The COD reduction decreased (average of 65%), the alkalinity decreased (a low of 1 325 

mgCaCO3.L-1), the VFA increased (a high of 700 mg.L-1) and pH of the effluent decreased.  The 

results also indicated that the biomass could be prone to inhibition due to the unwanted chemicals 

within the substrate.  Therefore, it is recommended that the necessary characterisation should be 

done on the substrate before feeding to an anaerobic digestion bioreactor.  It was possible that 

ammonium and sulphate inhibition occurred during Phase A.  The substrate contained high amounts 

of ammonium sulphate added to the substrate according to the chemical composition of synthetic 

winery wastewater as used by Malandra et al. (2003). The latex pipes connected to the AnSBR in 

this study were perished, possibly due to the hydrogen sulphide gas formation.  Inhibition could have 

occurred resulting in the possibility of the sulphur reducing bacteria (SRB) being activated, and thus 
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competing with the methanogenic bacteria for substrates.  However, currently ammonium sulphate 

is not being used in the wine industry, only potassium sulphate as a supplement for the yeast during 

the wine making process and only in small amounts (Rossouw, J., 2015, Environmental Manager, 

Distell, Stellenbosch, South Africa, personal communication, 11 May).  When the chemical 

characteristics of the substrate were altered the efficiency measurements were stable again.   

Overall, for Phase A and C stable efficiency measurements were obtained, therefore 

concluding the feasibility of the process.  For Phase A an average COD reduction of 77% occurred, 

the alkalinity gradually increased from 500 – 3 000 mgCaCO3.L-1, an average of 170 mg.L-1 VFA was 

obtained and the pH was efficiently controlled.  For Phase C stable efficiency measurements were 

also obtained, treating a COD concentration range between 4 000 – 7 000 mg.L-1 an average COD 

reduction of 77% was achieved, the alkalinity was at an average of 2 300 mgCaCO3.L-1, the total 

VFA concentration was at an average of 300 mg.L-1 and the pH was efficiently controlled.  However, 

at a higher COD concentration of 7 000 mg.L-1 a higher VFA concentration of approximately  

500 mg.L-1 was reached.  The average VFA concentrations obtained during Phase D (at a constant 

COD concentration of 7 000 mg.L-1) were approximately 900 mg.L-1.  The VFA were higher than for 

Phase A indicating a slight incompletion of the anaerobic digestion process, or the insufficient 

conversion of the intermediate products to the end product.  It could be recommended that higher 

VFA concentrations at a high COD substrate concentration could be lowered by increasing the 24 h 

cycle length of the process to ensure a more complete anaerobic digestion of the substrates.   

PHASE B & D: Optimisation of operational parameters  

The aim of Phase B & D was to optimise the operational parameters that affect the performance of 

the AnSBR at a constant COD concentration of 4 000 mg.L-1 (Phase B) and at 7 000 mg.L-1 (Phase 

D).  For the purpose of optimisation a central composite experimental design (CCD) was used which 

enabled the optimisation of three independent parameters at a five-level experimental design.  The 

minimum and maximum values were chosen within this five-level design, whereas the absolute 

minimum, centre point and absolute maximum values were calculated according to the CCD.  The 

study required 16 cycles done in a randomised order in duplicate (each cycle had its own set of 

combined operational parameters values).  The separate data (Phase B and D) obtained during the 

CCD was used to fit into the regression coefficient model from which response surface methodology 

(RSM) plots were drawn to indicate an interaction effect with regard to a specific efficiency 

measurement.  The optimisation of the three parameters was measured according to these efficiency 

measurements: 1) COD reduction; 2) TSS content of the effluent; 3) VFA:Alkalinity ratio; 4) Methane 

percentage and 5) Polyphenol reduction percentage.  The predominant optimal values for both 

Experimental study Phase B and D were found to be:  = pH of 7.3;  = feeding time of 4 h with 

regard to a 24 h cycle and  = 10 s mixing every 110 min.  The last cycle during the first set of 16 

cycles (Phase B) was seen to be detrimental to the granular biomass.  The mixing frequency of 10 

s mixing every 9.5 min resulted in the granules shearing, causing extensive biomass washout.  
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Therefore, it is recommended that a different absolute minimum value for the mixing frequency of at 

least every 20 min should be used instead of every 9.5 min. 

Concluding remarks 

The use of the novel AnSBR to treat a synthetic winery wastewater substrate over a range of 1 000 

– 7 000 mg.L-1 was found to be feasible.  It was possible to optimise the efficiency measurements 

affecting the performance on the AnBSR using a specific experimental design.  The same overall 

optimal values were found for the operational parameters at two distinct COD concentrations: 4 000 

mg.L-1 and 7 000 mg.L-1.  The optimal operational parameters were found to be as follows:  = pH 

of 7.3 (range of 6.7 – 7.3 feasible);  = longer feeding time (fed-batch process)) of 4 h with regard 

to a 24 h cycle and  = mixing frequency (mixing set for 10 s every 110 min).  Although the AnSBR 

process was found to be feasible, the legislative standards of treated wastewater disposal into a 

natural resource were not reached.  A post-treatment or longer cycle time could be recommended.  

The validation of the optimal values obtained during Experimental Study Phase B & D should be 

applied to a full-scale AnSBR.  Therefore, further research should be conducted on a pilot scale set-

up to perform the same type of optimisation research, followed by a validation experiment.  It is 

recommended that the AnSBR process be up-scaled into a pilot scale set-up to optimise the 

operational parameters before up scaling the process to an industrial scale.  This should be done to 

determine the feasibility and the cost of the process on a larger scale.   
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