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Stellingen 

1 "Patience is the key for a successful start-up". 

McHarg, W. H., (1990) Start-up report of the Kaohsiung wastewater treatment system. Internal 

report. Amoco Petrochemical Inc., Chicago, USA 

Dit proefschrift. 

2 Sommige anaerob moeilijk afbreekbare verbindingen kunnen toch met hoge snelheid 

worden afgebroken. 

Dit proefschrift. 

3 De voordelen van een tweetraps boven een eentraps anaerobe reactor worden sterk 

onderschat. 

Dit proefschrift. 

4 Door de specifieke substraat consumptie snelheid (q) te schrijven als resultante van de 

groeisnelheid (p.) en de biomass yield (Y), volgens q=\i/Y, wordt gei'mpliceerd dat 

substraat omzetting het gevolg is van groei. Groei is echter het gevolg van substraat 

omzetting en zodoende verdient het inzichtelijk de voorkeur om de groeisnelheid te 

beschrijven als n=Yxsq. 

5 De relevantie van de waarneming dat groeisnelheden van syntrofe propionaat, butyraat 

en benzoaat oxyderende organismen hoger is in co-culturen met sulfaat reducerende 

bacterien dan met hydrogenotrofe methanogene archea is beperkt, zolang niet is 

vastgesteld of dit het gevolg is van een hogere specifieke substraat omzettings-snelheid 

(q) of een hogere biomassa yield (Y). 

Auburger, G. & Winter, J. (1995). Isolation and physiological characterization of Syntrophus 

buswellii strain GA from a syntrophic benzoate-degrading, strictly anaerobic coculture. Appl. 

Microbiol. Biotechnol, 44, 241-248. 

Boone, D. R. & Bryant, M. P. (1980). Propionate-degrading bacterium, Syntrophobacter wolinii sp. 

nov. gen. nov., from methanogenic ecosystems. Appl. Environ. Microbiol, 40, 626-632. 

Mclnerney, M. J., Bryant, M. P., Hespell, R. B. & Costerton, J. W. (1981). Syntrophomonas wolfei 

gen. nov. sp. nov., an anaerobic, syntrophic, fatty acid-oxidizing bacterium. Appl. Environ. 

Microbiol, 41, 1029-1039. 

6 Om aan de hand van pH-profielen in methanogeen korrelslib, gemeten in niet-gebufferd 

medium, uitspraken te doen over de microbiele samenstelling van korrelslib en 

praktijkaspecten van anaerobe zuivering, getuigt van een erg beperkt inzicht in de 

anaerobe zuiveringstechnologie (vooral als in 5 mM fosfaat-buffer een volkomen vlak 

pH-profiel wordt gemeten). 

De Beer D., Huisman J.W., Van den Heuvel J.C., Ottengraf S.P.P. (1992) The effect of pH-profiles in 

methanogenic aggregates on the kinetics of acetate conversion. Wat. Res. 26: 1329-1336. 

7 De ontwikkeling van anaerobe zuiveringstechnologie wordt gehinderd door het 

blindelings toepassen van concepten afkomstig uit de aerobe zuiveringstechnologie, 

zoals Monod-kinetiek en een constante slibleeftijd. 



8 Wiskundige modellen kunnen een belangrijke rol spelen bij het verkrijgen van inzichten 

in complexe processen door de experimenteel vaak moeilijk te verwezenlijken 

onderverdeling in de verschillende deelprocessen. Zonder deze inzichten verwordt 

experimenteel onderzoek aan complexe (milieutechnologische) processen al snel tot 

"schieten in het duister" 

9 Het is bevreemdend dat een proefschrift geschreven door een familielid op een enigszins 

verwant vakgebied, zo totaal onbegrijpelijk is voor de auteur van dit proefschrift. 

Aanvullend geldt dat kruisbestuiving tussen verwante vakgebieden wordt beperkt door 

een overdaad aan vaktermen. 

Kleerebezem M. (1995). Protein export in Escherichia coli: involvement of Psp proteins, ribosomes 

and Pplase A. Ph.D. thesis, University of Utrecht, Utrecht, The Netherlands 

10 Promovendi moeten meer "algemene" en minder "specifieke" vakliteratuur tot zich 

nemen. 

11 Het vergt de communicatievaardigheden van een tweedehands autoverkoper om in de 

academische wereld te overleven. 

12 Het meest beangstigende aan de invloed van de mens op het haar omringende milieu, is 

het tijdsbestek waarin deze invloed plaatsheeft. 

13 Alles is interessant, maar niets doet ertoe. 

Stellingen behorende bij het proefschrift "Anaerobic treatment of phthalates, microbiological 

and technological aspects" van Robbert Kleerebezem. 

Renkum, 10 September 1999. 
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Abstract 

Kleerebezem, R. (1999). Anaerobic treatment of phthalates, microbiological and 

technological aspects. Doctoral Thesis, Wageningen University, Wageningen, The 

Netherlands. Pp. 191. 

Phthalic acid isomers (dicarboxy benzenes) play an important role in our human environment as 

constituents of polyester fibres, films, polyethylene terephthalate (PET) bottles and other plastics. 

Due to the use and generation of water during phthalic acid production from the corresponding 

xylenes, a concentrated wastewater is generated. The generated wastewater consists of a mixture of 

phthalic acid isomers, acetic acid, benzoic acid, and toluic acids. The aim of the work described in 

this thesis was to elucidate if anaerobic biological treatment may represent an attractive alternative 

for conventionally applied aerobic treatment methods. With regard to the anaerobic biodegradability 

of the phthalate isomers it was demonstrated that all three phthalate isomers could be degraded by 

two types of methanogenic granular sludge and digested sewage sludge. Lag-phases prior to 

degradation ranged from 17 to 156 days. More reduced aromatic analogues of the phthalates were 

not degraded or only at extremely low rates. Kinetic properties of the anaerobic degradation of the 

phthalate isomers were studied using enrichment cultures obtained from the biodegradability 

experiments or bioreactor biomass. The phthalate isomers grown cultures were capable of degrading 

only one of the phthalate isomers and degraded benzoate without a lag-period. A three species 

kinetic model enabled the dynamic description of intermediate acetate and molecular hydrogen 

accumulation and final formation of methane from the phthalate isomers and benzoate. It was shown 

that the syntrophic biomass cultivated had a low growth rate on the phthalate isomers (|amax«0.09 

day"'). The energetic efficiency for growth on the phthalate isomers was found to be significantly 

smaller when compared to growth on benzoate, suggesting that an energetic inefficiency prevails in 

the degradation pathway of the phthalate isomers. The cultures were furthermore strongly inhibited 

and even deactivated by co-incubation with acetate or benzoate, or a short period of a few hours 

without substrate. Despite these unfavourable microbiological characteristics, it was demonstrated 

that highly active terephthalate degrading biomass could be cultivated at high concentrations in both 

UASB (Upflow Anaerobic Sludge Bed) reactors and hybrid reactors, resulting in high terephthalate 

removal capacities (15-20 g-COD(Chemical Oxygen Demand)-l"'-day"'). High-rate terephthalate 

degradation in the UASB-reactors was strictly dependent on inoculation of the reactor with granular 

biomass. After demonstrating that terephthalate as sole substrate could be degraded at high-rates, we 

studied the feasibility of a two-stage reactor concept for the treatment of terephthalic acid production 

wastewater, consisting of a mixture of readily degradable substrates (acetate and benzoate) and 

slowly degradable substrates (terephthalate andpara-toluate). It was demonstrated that through pre-

removal of acetate and benzoate in the first stage the lag-phase prior terephthalate degradation in the 

second stage could be significantly reduced (from 300 to approximately 50 days) and the wastewater 

could be treated at high volumetric removal rates and short hydraulic retention times (25 

g-COD-l"l-day"' and 6 hours respectively). For start-up of a two-stage anaerobic bioreactor system 

for treatment of terephthalic acid production wastewater, a gradual transition from initial operation 

in parallel to operation in series is suggested. 
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General Introduction 

Abstract 

Production and application of the petrochemical bulk-chemical 

terephthalic acid, its isomers and corresponding esters are 

described. Microbiological and technological aspects of the 

anaerobic degradation of aromatic compounds present in the 

waste generated during production of the phthalate isomers are 

discussed. Based on this information, the scope and objectives 

of this thesis are presented. 

Contents 
1.1 Introduction 

1.2 Production 

1.3 Application 

1.4 Generated waste 

1.5 Anaerobic microbiology 

1.6 Anaerobic wastewater treatmenr 

1.7 Outline of this thesis 

References 

2 

4 

9 

11 

14 

22 

29 

30 



chapter 1 

1.1 Introduction 

The twentieth century can just as well be referred to as the age of organic chemistry as it can 

the atomic age. The dramatic increase in the production of synthetic fibres, processed foods, 

pesticides, plastics, pharmaceuticals and a thousand other materials has completely altered 

our immediate human environment and provided a wealth of new materials [40]. 

Another consequence of the chemical and petrochemical industry is that it transformed our 

natural environment, both intentionally and unintentionally. The enormous production of 

synthetic organic chemicals resulted in the release of a large variety of chemicals into the 

environment that play no, or only a limited role in natural life-cycles. Herewith the chemical 

and petrochemical industries have the doubtful honour of being the principal supplier of a 

type of waste that, due to its composition, is principally different from agroindustrial wastes. 

The ecological impact of both controlled and uncontrolled discharge of these primarily 

anthropogenic (xenobiotic) compounds into the natural environment has received extensive 

research attention during the past decades. 

With world-wide an annual production of approximately 4 kilogram per capita, phthalic acid 

isomers (dicarboxy benzenes) and the corresponding esters comprise an important fraction of 

the world-wide produced amount of aromatic chemicals (approximately 20 % in the USA, 

[4]). These aromatic compounds are used in a wide range of plastics, synthetic fibres and 

resins. The diffuse introduction of phthalic acids and esters into the natural environment 

results from leaching from products, or through the non-bound application of phthalic acid 

esters as pesticide carriers, components of cosmetics, fragrances and insect repellents. 

Nowadays, it is generally accepted that the human environment is the sole source of phthalic 

acid esters [40, 95]. Due to their extremely long half-life in abiotic and biotic environments, 

phthalic acid esters may be regarded as highly persistent and they have been detected in 

remote marine atmospheres [5, 40, 117, 118]. Recent findings concerning the presumed 

carcinogenic and xeno-oestrogenic properties of phthalic acid esters, and their possible role 

in the decreasing quality of sperm in the western world, has led to an increased public 

discussion concerning the application of these compounds as plasticizers in polyvinyl 

chloride (PVC) [23, 81]. 

Ortho, meta and para oriented phthalic acid isomers are ranked among the group of 

compounds which represent a low hazard potential for the general population and for the 

environment due to their relatively low level of toxicity and short half-life in biotic 

environments. The strong recalcitrance of the products that contain phthalic acid isomers, 
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furthermore results in a very slow diffuse release into the environment. During production of 

phthalic acid isomers, however, concentrated liquid and solid wastestreams are generated 

that may create severe environmental pollution around production plants. Soil, ground water, 

or surface water pollution occurs due to uncontrolled spillage or discharge of the generated 

waste. The work described in this thesis i focused on the treatment of these wastestreams. 

The major research question underlying this research is whether anaerobic biological 

treatment represents an attractive alternative for, or contribution to, the conventionally 

applied aerobic treatment methods for wastestreams generated during the production of 

phthalic acid isomers. Anaerobic treatment methods offer a number of distinct advantages 

over aerobic treatment methods, such as lower nutrient requirements, lower sludge 

production, and energy production in the form of methane gas, instead of energy 

consumption due to aeration. However, so far only limited information is available 

concerning the fate of the aromatic constituents of these wastestreams in anaerobic 

bioreactors. This thesis is therefore focused on the anaerobic degradation of phthalate 

isomers, with emphasis on (i) the microbiological characterisation and kinetic optimisation 

of phthalate isomers degrading biomass, and (ii) the development of high-rate anaerobic 

bioreactors for treatment of wastewaters from production plants of phthalate isomers. 

In this chapter various aspects of phthalic acid isomers will be discussed. The production and 

application of phthalic acids and esters are described in paragraph 1.2 and 1.3, showing that 

in our human environment we are surrounded by these compounds. Based on the chemical 

production processes, the properties of the generated wastestreams are presented in 

paragraph 1.4. Available information concerning the anaerobic biodegradability and toxicity 

of aromatic acids, as well as the biochemistry of the different steps in anaerobic degradation 

of aromatic compounds, are described in paragraph 1.5. Paragraph 1.6 provides a general 

introduction in anaerobic wastewater treatment with emphasis on its application to 

wastestreams from chemical industries. Based on the information described in the preceding 

paragraphs, the scope of this thesis is presented in paragraph 1.7. 
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1.2 Production 

Phthalic acids and the corresponding esters are produced world-wide in massive amounts. 

The total annual production of phthalic acid isomers amounts to 18.5 million tons (Table 1.1 

[97, 99]). Production of phthalic acids is generally based on the oxidation of their xylene 

analogues, derived from crude oil. 

Africa 

Eastern Europe and 

Russia 

South and Middle 

America 

South-Korea 

Taiwan 

China, India and 
Indonesia 

Japan 

Western Europe 

USA 

] 0.5 

S5SS5555555T 

sasasi 

^ 

aasasi 

assH 

6.0 

| 6.5 

1 

^^s^^s^ 

9.0 

I 11.3 

| 12.6 

| 12.9 

I 15.5 

DPTA 

QDMT 

25.7 

ssaaaaaaaai i 
1000 2000 3000 

PTA/DMT-production (tons/year) 

4000 

Figure 1.1: Geographical distribution of the production of Purified Terephthalic Acid (PTA) 
and Dimethyl Terephthalate (DMT). Data-labels represent the percentage of the total PTA and 
DMT production of 14,931 thousand tons (31 % DMT) in 1993 [99], 

Purified terephthalic acid (PTA) and dimethyl terephthalate (DMT) did not become 

important industrial chemicals until after World War II. Since that time, the demand for 

polyethylene terephthalate fibres rapidly increased, initially resulting in a rapid growth of 

DMT production. After reaching an annual production of approximately 3 million tons per 

year by the end of the 1970's, production of PTA and DMT seemed to stagnate due to 

limitations in the polyester fibre market in the early 1980's. However, as new markets were 

found (see Paragraph 1.3), the production increased again with an annual growth of 

approximately 5 % since 1983. During the past 10 years production mainly increased in 

south-east Asia, resulting in the current dominance of this region in the production of PTA 

and DMT, besides the USA and Western Europe (Figure 1.1). 
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Initially, commercial production of polyethylene-terephthalate fibres was based on 

esterification of DMT and ethylene glycol. DMT remained the dominant chemical for 

polyester production until the 1980's. The Hercules Inc./Dynamit Nobel A.G. process 

represents the dominant technology for the production of dimethyl terephthalate. The process 

involves four steps which alternate between liquid-phase oxidation and liquid phase 

esterification. The principal raw materials are para-xy\ene and methanol. 

The use of PTA instead of DMT for the production of polyethylene terephthalate offers 

distinct cost advantages to the manufacturer, because polyester production processes using 

DMT must be designed for recovery of methanol, while processes based on PTA do not need 

these facilities. Furthermore, PTA provides a higher yield of polyester per kilogram of 

starting material, and less ethylene glycol is needed in the polyesterification which improves 

the final polymer quality. For these reasons PTA has become the dominant intermediate in 

polyester production, with an annual production of approximately two times that of dimethyl 

terephthalate [99]. 
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COOH 

Co, Mn, Br r ^ * i 
+ 3 02 *• \\ ] + 2 H20 

15-30Atm ^ r 

175-230 X I Q O H 

Figure 1.3: Reaction equation for chemical oxidation of para-xylene to terephthalic acid and 
water with molecular oxygen. The catalytic system consists of cobalt and manganese ions, and 
a bromine based promoter. Acetic acid is used as solvent. 

The commercial production of PTA is based on catalytic, liquid phase air oxidation of para-

xylene according to the reaction equation shown in Figure 1.3. Most production processes 

are based on the widely accepted Amoco technology [30, 37, 89]. A typical flow-sheet for a 

process based on Amoco technology is shown in Figure 1.4. In the first step of the process 

crude terephthalic acid (CTA) is produced. Acetic acid, para-xylene and catalyst are 

supplied continuously to the oxidation reactor. The catalytic system consists of cobalt and 

manganese and a bromine based promoter. The oxidation reactor is operated at a temperature 

of 175-230 °C and a pressure of 1500-3000 kPa. Air is added in excess to the stoichiometric 

amount to minimise the formation of by-products and the heat of the reaction is removed by 

condensing and refluxing acetic acid. The yield of CTA exceeds 90 mole %. The effluent 

from the oxidation reactor consists of a slurry due to the poor solubility of terephthalic acid. 

The CTA is recovered from the slurry by centrifugation and subsequently the crystals are 

washed with water and dried. The mother liquor from the centrifuge step is purified in a 

residue still and a dehydration tower and recycled to the oxidation reactor. 

CTA is not suitable as raw material for polyester production. Therefore a separate 

purification step should be applied to obtain polymer grade terephthalic acid (PTA). In the 

Amoco purification process, CTA and water are fed into a mixing tank. The slurry is pumped 

into a pre-heater, operated at temperatures higher than 250 °C. The resulting solution flows 

through a hydrogenation reactor, which contains a noble-metal catalyst on a carbon support. 

The overall effect of the hydrogenation step is conversion of impurities to forms that remain 

in the mother liquid during subsequent crystallisation. After crystallisation, PTA is recovered 

through centrifugation and drying. 

The oxidative production of isophthalic acid from meta-xylene proceeds very similar to that 

of terephthalic acid. Because isophthalic acid dissolves better than terephthalic acid in 

reaction solvents (Table 1.1), crystallisation equipment is more important. 
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Table 1.1: Properties of the phthalic acid isomers [9, 11, 40, 78, 97, 99]. 

chemical properties 

structure 

common name 

IUPAC name 

CAS registry no. 

pK, 

pK2 

solubility, 

g/100 g water 

25 °C 

100 °C 

production: 

raw material 

commercial product 

annual production, 

million tons (1991-1993) 

environmental aspects 

natural occurrence 

COOH 

COOH 

phthalic acid 

1,2-benzene-

dicarboxylic acid 

[88-99-3] 

2.95 

5.41 

0.7 

19.0 

o-xylene (naphthalene) 

phthalic anhydride 

-> phthalic acid esters 

(PAE) 

plasticizer in PVC 

3.3 

COOH 

COOH 

m-xylene 

isophthalic acid 

unsaturated polyester 

resins 

+ 0.8 

COOH 

COOH 

isophthalic acid 

1,3-benzene-

dicarboxylic acid 

[121-95-5] 

3.62 

4.60 

0.013 

0.24 

terephthalic acid 

1,4-benzene-

dicarboxylic acid 

[100-21-0] 

3.54 

4.46 

0.0019 

<0.04 

p-xylene 

terephthalic acid 

(dimethyl 

terephthalate) 

polyethylene 

terephthalate 

9.8 (4.6)(,) 

acute LD50 rats, g/kg 

explosibility index 

environmental 

distribution 

7.9 

>10 

widely distributed 

(anthropogenic: PAE' s) 

12.2 

4 

-

>15(15.3)(1) 

6.9 (>10)(1) 

traces in air and 

domestic sewage 

intermediate in traces in lignite and the traces in Zizyphus 

biodegradation of PAH rhizome of the iris sativa 

plant 

Values between brackets represent values for dimethyl terephthalate 
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Step 1: Crude, or technical-grade, Terephthalic Acid (CTA) production by catalytic, 

liquid-phase air oxidation of/j-xylene. 
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Step 2: The Amoco purification process for production of Purified, or polymer-grade, 

Terephthalic Acid (PTA). 
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Figure 1.4: Two-step production process of Purified Terephthalic Acid (PTA). Thick lines 

indicate the flow of the substrate/product. 
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Commercially, phthalic acid is produced in its anhydride form. Until World War II, phthalic 

anhydride was manufactured by BASF's method for oxidation of naphthalene, obtained from 

coal tars, by sulphuric acid in the presence of mercury salts. This process was already 

patented in 1896. Due to a shortage in naphthalene since the late 1950's, many companies 

started to use ortho-xylene for phthalic anhydride production. Since then, fixed-bed vapour-

phase oxidation of ortho-xylene has become the dominant production process. Multitubular 

fixed bed reactors, containing vanadium oxide and titanium dioxide catalyst, operated at a 

temperature of 380 - 400 °C are generally used. Phthalic anhydride is recovered from the 

cooled reactor effluent through switch condensers, where 99.5 % of the phthalic anhydride 

solidifies on cooled tubes. During the next step, hot oil is charged through the switch 

condensers in order to melt the anhydride, and the product is drained into a tank. Crude 

phthalic anhydride is heated at atmospheric pressure in order to dehydrate traces of phthalic 

acid and convert impurities to high boiling compounds. Purification is obtained in two 

continuous distillation columns for light-ends and product fractionation respectively. 

1.3 Application 

N% . 0 ,N% . 0 ,N, .0 

'H' 'C' V 'c' V V 

,C H ,C H ,C 

'o' V 'o' V 'o' 

Dimethyl terephthalate (DMT) and polymer-grade 

terephthalic acid (PTA) are petrochemicals that are used 

interchangeably as raw material for the production of 

polyester. The principal outlet for polyester is in textile 

fibres. Other applications for terephthalic acid resins, 

however, increase rapidly and start to count in terms of 

their consumption. In particular this applies for 

polyethylene terephthalate (PET) bottles, that are now 

widely used for carbonated drinks. The production of 

PET from terephthalic acid and ethylene glycol involves 

two steps according to the reaction equations shown in 

Figure 1.6. The first step leads to monomer formation in 

an uncatalyzed direct esterification reaction. The 

monomer is polymerised in the second step in the 

presence of an antimony catalyst. Chain extension is 

promoted by removal of excess glycol from the viscous melt with carefully controlled 

agitation [22,41]. 

Compared to bottles manufactured from polyvinyl-chloride (PVC), PET-bottles offer the 

advantages that they retain the pressure, can be recycled, and can be incinerated without the 

N N 

Figure 1.5: chemical structure 
ofKevlar, Du Pont. 
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production of hydrochloric acid (HC1). The PET-market is continuing to grow at an annual 

rate of 8 to 12 % and represents a world consumption of terephthalic acid of more than 1 

million tons per year. Another important use of PTA and DMT is in polyester films, which 

are applied in the audio-visual, photographic, computer, packaging and decorative fields. 

Finally there are the technical plastics: polyethylene and polybutylene terephthalates, 

polyarylates, elastomers and various resins. Within these relatively new outlets, high tensile 

strength fibres (Kevlar, Du Pont and Twaron, Akzo) comprise a special group. These 

extended chains aramids are the condensation product of terephthaloyl chloride and para-

phenylenediamine (see Figure 1.5) and they have a higher modulus and tensile strength on an 

equal weight basis than glass or steel. Due to these exceptional properties they are used in 

reinforcing composite structures, including tires, bullet-proof vests, boat hulls and drilling 

platform anchor cables [37, 91]. These outlets are still small in volume, but grow rapidly [11, 

98]. 

Reaction 1: Esterification of terephthalic acid under formation of diethyl-(2-hydroxy)-
terephthalate. 

HO-

fi—v 

- C — ^ V - C - O H + 2 HO -CH2CH2 -OH 

100-150 °C 

70Atm 

H O - C H 2 C H 2 - 0 - C — ? \—C-0-CH2CH2-OH + 2 H20 

Reaction 2: Polycondensation of diethyl(2-hydroxy)-terephthalate under formation of 
polyethylene terephthalate 

n H O - C H 2 C H 2 - 0 - C — V J— C - 0 - C H 2 C H 2 - O H 150- 270 °C 

Sb, Ti02 

-C—V x > — r . - n -C - O - C ^ C H ^ O — + n HO-CH 2 CH 2 -OH 

Figure 1.6: Reaction equations of the two-step production of polyethylene terephthalate (PET) 
from terephthalic acid and ethylene glycol. 



General introduction 11 

Isophthalic acid is produced in much smaller quantities than the ortho and para oriented 

isomers (Table 1.1). More than 50 % of the isophthalic acid produced is used to prepare 

unsaturated polyester resins. These are polymers of isophthalic acid and unsaturated dibasic 

acids, e.g. maleic anhydride, and a glycol. Compared to or/Ao-phthalic acid based polyesters, 

isopolyesters offer improved water, chemical and impact resistance, but they are more 

expensive. They can be used with glass-fibre reinforcements in chemical-storage tanks, 

piping, swimming pools and boats, or without glass fibre reinforcements in coatings and 

vessel linings. The increase in the consumption of isophthalic acid during the past ten years 

is mainly due to chemically resistant, unsaturated polyester resins [11]. 

Approximately 60 % of the downstream market for phthalic anhydride is in plasticizers and 

35 % in alkyl and unsaturated polyester resins [97]. Phthalic anhydride is converted to 

phthalic acid esters through reaction with alcohols for its application as plasticizer, mainly in 

polyvinyl chloride (PVC). The most widely applied phthalic acid esters are di-2-ethylhexyl 

phthalate and dibutyl phthalate. The demand for phthalic anhydride in plasticizers depends 

on the polyvinyl chloride market, which is large but restricted by concern about the toxicity 

of vinyl chloride monomers. Resins based on phthalic anhydride are used widely in the 

construction, marine, and synthetic marble industries [11, 40]. 

1.4 Generated waste 

A general description of (petro)chemical wastewater can not be provided. They range from 

non-complex, with volatile fatty acids as main pollutants, to complex, with high 

concentrations of organic solvents or aromatic compounds. A general characteristic of 

petrochemical wastewater, however, is the strong fluctuations in pH, temperature and 

strength, that may occur due to maintenance activities or upsets in the production process. 

Normally, chemical wastewaters contain no macro- and micronutrients as required for 

biological treatment. 

During production of phthalic acids, both solid and liquid wastestreams are generated. All 

wastestreams can be regarded as high strength and complex due to the high concentration 

aromatic compounds. Besides the generation of these wastestreams, soil contamination due 

to accidental spillage around production facilities is frequently encountered [57, 82]. In this 

paragraph the wastestreams generated during production of the different phthalic acid 

isomers will be described in relation to the corresponding production processes described in 

paragraph 1.2. 
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Major compounds: 

COOH COOH COOH 

COOH 

terephthalic 
acid 

p-toluic 
acid 

CHoCOOH 

acetic 
acid 

benzoic 
acid 

COOH 

COOH 

In both steps of purified terephthalic 

acid (PTA) production liquid 

wastestreams are generated (Figure 

1.4). During production of crude 

terephthalic acid (CTA), condense 

water from the solvent dehydration 

tower is generated, which contains 

mainly acetic acid and small amounts 

of volatile solvents like methylacetate. 

Furthermore a solid residue is 

generated during distillation of the 

mother liquid. This waste consists 

mainly of terephthalic acid and, when 

dosed to the wastewater, it may 

contribute to more than 50 % of the 

generated organic pollution. During 

purification of crude terephthalic acid a 

wastewater is released, containing 

mainly terephthalic and para-tohiic 

acid. Both wastestreams generated 

during crude terephthalic acid 

production are characterised by a low 

flow, and a high level of 

contamination, while during the 

purification step more dilute wastewater is generated at higher flows. Table 1.2 presents the 

generalised characteristics of the combined wastewaters generated during both steps of PTA 

production. Large differences in the composition of the wastes generated at different PTA 

production plants may be due to (i) differences between the production processes applied, (ii) 

addition of the solid residue to the wastewater or (iii) pre-removal of terephthalic acid in an 

acidification-sedimentation step. The wastewater may contain a large variety of organic 

compounds, but the four major compounds indicated in Figure 1.7 normally represent 80-95 

% of the total Chemical Oxygen Demand (COD) load. In addition to the minor compounds 

shown in Figure 1.7, brominated aromatic compounds, di- and tri phenyl carboxylic acids 

and isomers of the compounds shown can be present [96]. Besides the organic pollutants, 

cobalt, manganese and bromine from the catalytic system are present in the wastewater in 

concentrations up to 30 ppm. 

Minor compounds 

CHO 

O 
II 

CH3C-OCH3 

COOH 

terephthaldehyde methylacetate 

COOH 

4,4'-dicarboxy-
diphenyl OCHo 

4-methoxy 
benzoic acid 

COOH 

Figure 1.7: Major organic pollutants in effluents 
generated during terephthalic acid production, and 
some examples of minor organic pollutants. 
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Table 1.2: Generalized characteristics of wastewater 
generated during production of purified terephthalic 
acid (PTA) and dimethyl terephthalate (DMT) [21, 63, 
68,76,90,92,94, 102, 119]. 

Due to the highly comparable 

production processes for 

isophthalic acid and terephthalic 

acid, wastestreams generated 

during these processes are 

comparable in composition. 

Obviously, the main difference is 

that the major amount of aromatic 

compounds in the waste 

generated during isophthalic acid 

production is /weta-oriented, 

while jpara-oriented aromatics 

pre-dominate in waste generated 

during terephthalic acid 

production [26]. 

A major difference between the 

production of phthalic acids and 

dimethyl terephthalate (DMT) is 

the use of methanol in the latter 

process. This difference has a 

large impact on the generated 

waste during dimethyl 

terephthalate production, as can 

be seen from the data presented in Table 1.2. Major organic pollutants in DMT-wastewater 

are methanol, acetic acid and formaldehyde, while the concentrations of aromatic compounds 

are comparatively low. Depending on the efficiency of methanol recovery, the wastewater 

may contain very high concentrations methanol. 

To limit transport expenses, PTA- or DMT-production plants are frequently located close to 

polyethylene-terephthalate (PET) production plants. Recently a combined PTA/PET-

production plant has been built in Europoort, The Netherlands, by Eastman Petrochemical. 

Wastewater generated in both production processes will be treated in an activated sludge 

plant, followed by slow sand filtration for polishing of the aerobic effluent. Solid waste 

generated during distillation of acetic acid, as well as surplus sludge produced in the aerobic 

treatment will be incinerated in a fluidized bed incinerator. Like during PTA-production, a 

concentrated wastestream is generated during PET-production. The main source of this waste 

production 

COD, (gl ' ) 

COD/BOD5, 

pH(-) 

Temp. (°C) 

(-) 

composition'0 

TA(g-l') 

BA(g-l') 

PTCgl1) 

C2 (g-r1) 

MOH (gl1) 

FOA (gl1) 

ci (g-r1) 

PTA 

4-20 

1.4-1.7 

4 - 5 

40-60 

1.0-5.0 

0.1 - 1.5 

0.3-1.0 

0.5-7.0 

-

-

-

DMT 

15 - 140 

1.1 

1.5-3 

40-60 

0.4-0.5 

0.1- 1.5 

1.0-2.0 

2.5 - 40 

0.5 - 76 

1.5-7.5 

1.2--13 

'" TA: terephthalic acid, BA: benzoic acid, PT: p-toluic 
acid, C2: acetic acid, MOH: methanol, FOA: 
formaldehyde, CI: formic acid 
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is the water produced during two-step esterification of terephthalic acid with ethylene glycol 

(see Figure 1.6). Approximately 0.5 m3 wastewater is generated per ton PET produced with a 

COD-concentration of 10-25 kg-m3, a pH of 2-7 and a temperature of 35-40 °C. Dominant 

organic pollutants in this wastestream are ethylene glycol, acetic acid, acetaldehyde and/or 

methyl acetate. Like in the case of PTA and DMT production, the wastewater strength and 

composition depend strongly on the type of production process applied, as well as the 

efficiency of the recovery units and/or physical-chemical pre-treatment steps. 

During production of phthalic anhydride, vent gases are generated in the switch condensers 

(see paragraph 1.2). These vent gases contain by-products and traces of phthalic anhydride 

and therefore, they are usually scrubbed before being vented to the atmosphere. The 

wastewater produced in the scrubber contains maleic acid (cw-l,2-dicarboxy ethene) and 

small amounts of phthalic, benzoic and citraconic acids (c«-l,2-dicarboxy-methyl ethene). 

During purification of crude phthalic anhydride in two continuous distillation towers, 

concentrated wastestreams containing maleic anhydride, benzoic acid, toluic acids and high 

boiling residues are produced [11]. No information is available regarding concentrations of 

the different compounds, as well as wastewater quantities produced. 

1.5 Anaerobic microbiology 

Biodegradability. During the past decades the fate of aromatic compounds in methanogenic 

environments has been studied extensively. It has been demonstrated that most mono-

aromatic compounds with at least one phenolic or carboxylic group can be degraded 

completely to methane and carbon dioxide using inocula from different methanogenic 

habitats [8, 18, 47, 53, 71]. Recently, it even has been shown that some aromatic 

hydrocarbons like toluene and ortho-xylene can be mineralised under methanogenic 

conditions [27]. 

Interest in the environmental fate of phthalic acid esters arises from their ubiquity in the 

environment and their potential carcinogenic and pseudo-oestrogenic properties [40]. The 

most frequently identified phthalic acid esters in the environment are di-2-ethylhexyl 

phthalate and di-n-butyl phthalate. These compounds were found to be widely distributed in 

sediments, natural waters, plants and aquatic organisms [5, 40]. Because the abiotic removal 

of phthalic acid esters is very slow, with half lifes for chemical hydrolysis ranging from 4 

months to over 100 years [117, 118], the principal method for removal from the environment 

is microbial activity. Both in aerobic and anaerobic environments organisms are available 

with the ability to metabolise several phthalic acid esters. Complete anaerobic mineralization 

has been demonstrated for dimethyl phthalate, diethyl phthalate, dibutyl phthalate and butyl-
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benzyl phthalate. Anaerobic degradation of these compounds was observed using digested 

sewage sludge [86, 104, 123], anaerobic freshwater or salt marsh sediments [55, 88] and 

municipal solid waste under landfilling conditions [28]. No, or only partial anaerobic 

degradation was obtained with di-2-ethylhexyl phthalate. 

The anaerobic biodegradability of phthalate isomers has hardly been studied. However, as 

phthalate is the principal intermediate in the anaerobic breakdown of phthalic acid esters, it 

is generally assumed that phthalate degrading organisms are widely available in 

methanogenic environments [8, 28, 105]. Information concerning the anaerobic 

biodegradability of isophthalate and terephthalate is only available from technological 

studies [26, 90]. Van Duffel [26] showed that both terephthalate and isophthalate were 

degraded in a low-loaded down flow fixed film reactor (see paragraph 1.6). 

Toxicity. Until recently methanogenic organisms were considered to be highly susceptible to 

a large variety of toxic organic chemicals. Blum and Speece [13], however, demonstrated 

that aerobic heterotrophs and methanogenic bacteria show similar sensitivities to most 

organic toxicants. The common method applied for determination of the toxicity of organic 

chemicals to methanogenic bacteria is usually based on the method described by Owen et al. 

[87]. 

The toxicity of aromatic compounds 

to methanogens was demonstrated to 

be strongly correlated to the 

lipophilic character of the 

compounds, expressed as the 

logarithm of the octanol-water 

partition coefficient (log K ^ ) [25, 

106]. Lipophilic compounds 

preferentially reside in the 

cytoplasmic membrane and interfere 

with essential membrane functions 

[50, 108]. The toxicity of aromatic compounds furthermore increases by the presence of 

reactive functional groups, like nitro or aldehyde-groups [13, 25]. 

The only data found dealing with the methanogenic toxicity of phthalic acid esters are 

summarized in Table 1.3. From the data in this table can be seen that no clear relationship 

exists between the log KQW and the percentage inhibition obtained with the different phthalic 

acid esters. Therefore other mechanisms of toxicity besides interference with the cytoplasmic 

membrane (e.g. water solubility) appear to play a role. 

Table 1.3: Methanogenic toxicity of 4 industrially 

important phthalic acid esters at a concentration of 20 

mg-1"1 [86] related to their chemical properties. 

phthalates sol. 
[ppm] 

dimethyl 4.3 

diethyl 900 

dibutyl 11 

di-2-ethylhexyl 0.04 

log 

K-ow 

1.53 

2.35 

4.57 

9.64 

inhibition 

_ [ % ] _ 

40 

94 

6 

63 
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In pH-neutral environments, the well soluble salt form of the phthalic acid isomers prevails 

(for pK,-values, see Table 1.1). These phthalate isomers are more polar than benzoate and 

therefore are expected not to cause severe toxicity to methanogenic organisms (IC50 for 

benzoate is > 40 mM [25, 106]). This has been confirmed by Fajardo et al. [33], who 

observed no toxicity to the acetoclastic methanogenic activity in methanogenic granular 

sludge at a terephthalate concentration of 10 mM, and only 40 % inhibition at 100 mM for 

the hydrogenotrophic methanogenic activity. Since the concentration of phthalate isomers in 

the wastestreams generated during their production, do normally not exceed approximately 

20 mM, little if any toxic effects are expected in anaerobic bioreactors treating these 

wastestreams. Also the more toxic terephthalic acid production wastewater constituents, 

para-toluate and terephthaldehyde, are expected to cause no toxic effects in anaerobic 

bioreactors, due to their lower concentrations in the generated wastewater [33]. 

Metabolic pathways and energetics. The basic difference between the aerobic and 

anaerobic metabolism of aromatic compounds exists in the way the highly stable aromatic 

ring is cleaved [3]. In aerobic environments, aromatic compounds enter peripheral pathways 

through removal of functional groups and introduction of hydroxyl functions to the aromatic 

ring. The aromatic ring of the resulting central intermediates catechol, protocatechuate and 

gentisic acid, are relatively easy to cleave oxidatively, through the action of dioxygenases 

[39,48,101]. 

In anoxic environments the aromatic ring cannot be cleaved by dioxygenases, and ring 

cleavage therefore proceeds only after reduction of the aromatic ring, as proposed by Evans 

[32]. Prior to ring cleavage, aromatic compounds enter peripheral pathways through removal 

or modification of functional groups as shown in Figure 1.8. The most common central 

intermediate in the anoxic degradation of aromatic compounds is the thioester of coenzyme 

A with benzoate, benzoyl-CoA. During the past two decades several metabolic pathways 

have been proposed for the anoxic degradation of benzoate [29] and one of the latest versions 

was described by Koch et al. [48, 59] as shown in Figure 1.9. Under standard conditions the 

overall conversion of benzoate into acetate and hydrogen is energetically unfavourable: 

C7H5C>2 + 7 H 2 0 >3C2H3C>2 +3H + +3H 2 +HCOJ AG°' = 63.1 kJ/reaction 
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CH,OH 
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I 

C = 0 
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Figure 1.8: Channelling reactions transforming some aromatic compounds into the central 

intermediate benzoyl-CoA (after Heider and Fuchs [48]). 
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Figure 1.9: Pathway of anaerobic benzoate degradation in Thauera aromatica [48]. 
S = substrate, I = intermediate and P = product. 

As a result of the mineralization of the products acetate and hydrogen in nitrate, sulfate or 

iron reducing organisms, the reaction can be pulled to the product-side. For nitrate reduction 

the overall mineralization of benzoate therewith becomes: 

C 7 H 5 0 2 +6NOJ +6H + »6C0 2 +HCOJ + 5 H 2 0 + 3 N 2 AG0'=-3011 kJ/reaction 

Likewise, the complete conversion of benzoate into a mixture of methane and carbon dioxide 

as observed in methanogenic environments is an energetically favourable reaction under 

standard conditions: 

C 7 H 5 0 2 +4.75H20 >3.75CH4 +2.25C02 + HCO^ AG0'=-128.3 kJ/reaction 
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In methanogenic environments, however, no organisms are available that are capable to 

catalyse this reaction, because the substrate spectrum of methanogenic bacteria is restricted 

to molecules with 1 to 3 carbon-atoms [77, 116]. The degradation of benzoate therewith 

depends on the presence of both fermentative organisms, converting benzoate into a mixture 

of acetate and hydrogen according to the pathway shown in Figure 1.9, and methanogens, 

converting acetate and hydrogen into methane. Only if the methanogens can keep the 

intermediate concentrations sufficiently low, the fermentation of benzoate becomes 

energetically favourable (see Figure 1.10). In view of their mutual dependency, these mixed 

methanogenic consortia are referred to as syntrophic cultures [100, 109]. 
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Figure 1.10: The (Gibbs) free energy change of the different steps of anaerobic benzoate 

degradation, shown in Figure 1.9. The left graph shows the free energy change of the individual 

steps of the pathway and the right graph the cumulative free energy change. "Practical 

conditions" are characterised by liquid concentrations of 1 mM and a hydrogen partial pressure 

of 1 Pa. The free energy changes were calculated as described by Thauer et al. [113]. If no data 

were available for specific compounds, values were calculated from known compounds using 

group contribution methods [24, 79, 80] 

From the free energy changes of the individual reactions in Figure 1.9, as shown in Figure 

1.10, it can be seen that the initial activation and reduction of the aromatic ring are the main 

biochemical bottlenecks in the anaerobic fermentation of benzoate. To overcome the 

activation energy for the initial aromatic ring reduction, benzoate is activated with CoA to 

obtain an active site for the benzoyl-CoA reductase enzyme and to allocate the 7t-electrons in 

the aromatic ring. This step has been demonstrated for several organisms including the 

benzoate fermenting culture Syntrophus buswelli strain GA [6, 7]. This first step requires 

energy input in the form of 1 ATP (Adenosine Tri-Phosphate) per benzoate (AG0 « 44 
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kJ/mole [7, 48]). The next step is reduction of the aromatic ring with benzoyl-CoA reductase 

(AG0 » 55 kJ/mole [101]). In the denitrifying organism Thauera Aromatica this step requires 

2 ATP per benzoyl-CoA [14]. The initial investment of 3 ATP per benzoate imposes no 

problem in denitrifying bacteria, because the final product of benzoate fermentation, acetyl-

CoA, enters the citric acid cycle and through anaerobic nitrate-respiration a multiple amount 

of ATP is generated. 

Whether a similar energetically expensive method for aromatic ring reduction is applied in 

benzoate fermenting organisms is doubtful, because only 3 ATP is generated during 

substrate level phosphorylation of acetyl-CoA (reaction 13, Figure 1.9 [101]). This suggests 

that no net-ATP is generated, making microbial growth impossible. Therefore, either the 

initial reduction of the aromatic ring requires less ATP, or more ATP is generated during the 

later steps of the fermentation of benzoate. A one step reduction of benzoyl-CoA (involving 

4 or 6 electrons) to carboxycyclohexene or carboxycyclohexane, would require less energy 

input and cannot be excluded to occur in benzoate fermenting cultures. An alternative 

method for energy generation in benzoate fermenting bacteria may be through generation of 

electron motive force induced by acetate excretion. In summary it is suggested that a lot of 

questions remain to be solved with regard to benzoate fermentation in syntrophic cultures. 

Besides benzoyl-CoA, aromatic compounds with two or three phenolic hydroxyl groups in 

/neto-position to each other (resorcinol and phloroglucinol) are susceptible to aromatic ring 

reduction. Due to their low level of aromaticity, these compounds do not require energy 

input for reduction [19, 20, 114]. 

The initial step in the mineralization of phthalic acid esters is hydrolysis of the ester side 

chains, resulting in formation of monoalkyl phthalate and phthalate. The esterases involved 

in the initial attack of the ester side chain, have no requirement for oxygen, and they 

therefore occur in aerobic, denitrifying and methanogenic environments [12, 31, 95, 104, 

112]. 

Aerobic mineralization of phthalate isomers has been reported for several genera of bacteria, 

like Pseudomonas, Micrococcus and Nocordia. The main pathway for the aerobic 

degradation of ortho-phthalate (Figure 1.11) is characterised by an initial hydroxylation of 

the aromatic ring in the 3-4 position (or 4-5 position). The next step is decarboxylation, 

resulting in formation of protocatechuate, one of the central intermediate in the aerobic 

mineralization of aromatic compounds. Terephthalic acid and iso-phthalic acid are 

metabolized in a similar pathway, converging at protocatechuate [95]. 
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Figure 1.11: Main pathways for aerobic and anoxic mineralization of ortho-phthalate by 

Micrococcus sp. strain 12 B [95] and Pseudomonas sp. strain PI36 [84] respectively. 

Compounds shown are o-phthalate (I), 3,4-dihydroxy-phthalate (II), protocatechuate (III), 4-

carboxy-2-hydroxy-muconate (IV), oxalacetic acid (V), pyruvate (VI), o-phthalyl-CoA (VII), 

benzoyl-CoA (VIII). 
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The anoxic metabolism of phthalate isomers has only been studied with denitrifying bacteria 

[1,2, 84, 85, 112]. Using a Pseudomonas sp., Nozowa and Maruyama [84, 85] demonstrated 

that all three phthalate isomers are first activated with Coenzyme A, followed by 

decarboxylation resulting in the formation of benzoyl-CoA, the central intermediate in the 

anoxic degradation of aromatic compounds (Figure 1.11). Even though the decarboxylation 

of the phthalate isomers to benzoate is an exergonic process under standard conditions (AG0 

« -20 kJ/mole), some controversy exists concerning the mechanism of this step. Taylor and 

Ribbons [112] suggested that the decarboxylation of phthaloyl-CoA to benzoyl-CoA may 

involve two steps: an initial partial reduction of the aromatic ring (either through a one or 

two electron mechanism), followed by oxidative decarboxylation (Figure 1.12). Like the 

initial reduction of benzoyl-CoA, however, the reduction of phthaloyl-CoA would require 

energy input and whether this invested energy can be regenerated during oxidative 

decarboxylation, remains to be elucidated. 

O ^ S C o A o SCoA Ov ,SCoA 
reductase V decarboxylase 

2 e- + 2 H* 

O 0" 

H,0 

- ^ *• .X H — ^ — — + 

HCO,- + 2 e- + 2 H* 

Figure 1.12: Two step decarboxylation of terephthaloyl-CoA to benzoyl-CoA as 
proposed by Taylor and Ribbons [112] 

Hardly any information is available about the anaerobic mineralization of phthalate isomers 

under sulphate reducing or methanogenic conditions. It has been suggested that in 

methanogenic environments, degradation of ort/ao-phthalate proceeds analogue to the 

degradation in denitrifying environments, because methanogenic enrichment cultures grown 

on ortho-phthalate were capable to degrade benzoate [101]. 

1.6 Anaerobic wastewater treatment 

During the past decades anaerobic wastewater treatment has evolved into a "proven 

technology" for treatment of medium to high-strength, non-complex wastewaters from agro-

industries. The commercial success of the anaerobic wastewater treatment technology is 

based on a number of principal advantages of anaerobic treatment over conventional aerobic 

treatment methods: due to the lower microbial yield, anaerobic wastewater treatment systems 

require less nutrients (i) and less surplus sludge is produced (ii); during anaerobic wastewater 

treatment, energy is generated in the form of methane gas, instead of energy consumption 
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due to aeration during aerobic wastewater treatment (iii) and anaerobic bacteria can form 

dense biofilms, resulting in high biomass concentrations and volumetric conversion rates 

(iv). The disadvantages of anaerobic wastewater treatment are strongly related to the kinetic 

properties of anaerobic bioconversions: due to the low microbial yield, start-up of anaerobic 

bioreactors may require several months, depending on the reactor-type applied and the 

source of the inoculum (i), similarly, the recovery may be slow, after a severe process upset 

due to e.g. toxicity (ii), and due to the lower substrate affinity of anaerobic bacteria, effluent 

COD-concentrations are higher and consequently post-treatment is in most cases required. 

The previously mentioned ability of anaerobic bacteria to form dense biofilms, has led to the 

development of high-rate anaerobic bioreactors with the capacity to uncouple hydraulic and 

solid retention times. Anaerobic biofilms can either be developed on a stationary support in 

up- or down-flow reactors [52, 120, 121], on a mobile support in fluidized bed reactors [49, 

110], or be based on self-immobilisation in Upflow Anaerobic Sludge Bed (UASB) [64-66] 

or Hybrid reactors [44, 51]. More recent developments in anaerobic bioreactor technology, 

such as the expanded granular sludge bed (EGSB) reactors, focus on an improved sludge-

water contact [56, 93, 122], and on application of staged bioreactors for spatial separation of 

the different anaerobic conversion steps and to enhance a plug-flow pattern [15, 42, 43, 70]. 

The mentioned references are just examples of the massive amount of literature available on 

the different reactor types, as applied for the treatment of a large range of wastestreams. 

World-wide the most applied reactor system is the UASB-reactor, with currently 

approximately 600 reactors in operation. Biomass retention in this reactor concept is based 

on the formation of microbial aggregates (methanogenic granular sludge) with excellent 

settling abilities. Biomass retention in UASB-reactors is furthermore enhanced by an internal 

three-phase (gas-liquid-solid) separator in the top of the reactor. The three phase separator 

functions furthermore as an internal settler through creation of a laminar flow pattern in the 

top part of the reactor. In the settler compartment, biomass is allowed to settle, and slide 

back into the highly turbulent digester compartment of the reactor. 

Since anaerobic treatment has successfully been applied for the treatment of medium to high-

strength, non-complex wastewaters at mesophilic temperatures (30 - 40 °C), the ongoing 

research shifted to the applicability of the process at psychrophilic [93] and thermophilic 

temperatures [69, 70], the treatment of low-strength wastewaters [56], and the treatment of a 

variety of complex types of wastewaters. Prominant among these complex wastewaters are 

domestic sewage [46], wastewater from the pulp and paper industry [36, 107] and 

(petro)chemical industries [72, 73]. 

Petrochemical wastewaters frequently contain high concentrations of aromatic compounds. 

From all aromatic compounds in petrochemical wastewaters, phenolic compounds received 

most research attention. Despite their moderate toxic nature, phenol, catechol, resorcinol and 
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hydroquinone were all shown to be degraded at volumetric rates ranging from 5 to 15 kg-

COD-m"3-day"1 at temperatures ranging from 30 to 37 °C, in different types of high rate 

anaerobic bioreactors [34, 54, 61, 111, 115]. The maximum volumetric removal rate of 

benzoate in a UASB-reactor was found to be 17 kg-CODm'3day"' with a maximum specific 

conversion rate of benzoate of 1.0 g-CODg-VS'day"' [67]. Herewith benzoate can be 

ranked among the rapidly degradable substrates. Contrary to the high removal rates obtained 

with phenolic compounds and benzoate, the measured maximum removal rates of para-

toluate in a UASB reactor were found to be extremely low; 0.2 kg-CODm"3-day"' [74, 75]. 

Ortho- and /neta-cresol-isomers were only partially removed (± 10 %) in a UASB-reactor 

treating benzoate and sulfate as primary substrates [35]. 

Results obtained during lab- and pilot-scale studies with terephthalic acid and dimethyl 

terephthalate production wastewaters are summarised in Table 1.4. The data in this table 

reveal that strong controversy exists concerning the applicable loading rates of the anaerobic 

bioreactors for anaerobic treatment of terephthalic acid wastewater, and that the removal of 

terephthalate and para-toluate is poorly documented. Herewith should be mentioned that the 

composition of the (artificial) terephthalic acid wastewater applied during the various 

studies, may differ strongly. In case of low concentrations of terephthalate and />ara-toluate 

in the (artificial) influent, the COD-removal capacity of the reactors will primarily be based 

on the removal of acetate and benzoate. These compounds can be regarded as rapidly 

degradable, and high removal rates and treatment efficiencies can be expected. Herewith the 

high removal rates observed by Liangming et al. (Table 1.4, [68]) can be explained, because 

these authors worked with terephthalic acid wastewater consisting for 90 % of the COD-load 

of acetate and benzoate. Since all other removal rates shown in Table 1.4 for terephthalic 

acid wastewater are low, it may be concluded from literature information that wastewaters 

containing high concentrations of terephthalate and/or /?ara-toluate can only be treated at low 

rates. Wastestreams generated during dimethyl terephthalate production commonly contain 

only a small fraction of aromatic compounds (less than 20 % of the COD-load, see Table 

1.2). Therefore high treatment efficiencies can be achieved at high loading rates through 

removal of rapidly degradable compounds like, acetic acid, formic acid, methanol and 

formaldehyde (see Table 1.4), although the highly toxic disinfectant formaldehyde may 

severely inhibit the process [10]. Formaldehyde toxicity can be overcome through applying 

effluent recirculation, which will result in sufficiently low influent and reactor concentrations 

formaldehyde. Using this approach, wastewaters containing high concentrations 

formaldehyde can be treated at high rates [124]. It furthermore should be emphasised that 

due to its high strength, the effluent of anaerobic bioreactors treating dimethyl terephthalate 

wastewater may contain up to 3 g-1"' of unremoved aromatic acids, despite treatment 

efficiencies of approximately 90 %. 
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Table 1.4: Overview of the lab and pilot scale technological experiences with the anaerobic 

treatment of terephthalic acid and dimethyl terephthalate production wastewaters. 

reactor 
type(1) 

reactor 
volume 

1. 

terephthalic acid: 

UASB 

DFF 

Fed Batch 

UASB 

Hybrid 

Fed Batch 

UASB 

3.0 

4.8 

0.1 

7.5 

6.5 

0.3 

19 

dimethvl terephthalate: 

FIB 

2*FB 
in series 

BSP 

BSP 

UASB 

Hybrid 

? 

? 

2.5 

2.5 

8.5 

28 

biomass 
origin'2' 

DSS, AS 

AS 

MS 

DSS 

DSS 

DSS 

DPM, 
MS 

? 

? 

DSS 

DSS 

MGS 

DSS 

Influent 
COD 

gl-' 

6.5 

6.5 

20 

5.0 

5.0 

±20 

4.7 

52 

52 

140 

153 

30 

23 

VLR(3) 

g-COD-

l-'-d-1 

2.5 

1.9 

0.5 

48 

24 

±2.2 

2.5 

17 

26 

3.3 

20 

4 

28 

TICOD 

% 

45 

75 

94 

±85 

±85 

? 

60 

88 

92 

95 

95 

0<5> 

95 

degraded'4' 

TA 

? 

? 

-

?(-) 

?(-) 

?(-) 
+ 

-

-

-

-

-

-

PT 

? 

? 

-

NW 

NW 

NW 

-

-

-

-

-

-

-

ref. 

[45, 76] 

[76,83] 

[119] 

[68] 

[68] 

[60] 

[21] 

[94] 

[94] 

[102] 

[92] 

[10] 

[68] 

(5) 

UASB: Upflow Anaerobic Sludge Blanket, DFF: Downflow Fixed Film, Hybrid: 

upflow reactor with carrier material in top reactor, FB: Fluidized bed, BSP: completely 

stirred tank reactor with biomass support particles. 

AS: Activated Sludge, DSS: Digested Sewage Sludge, MGS: Methanogenic Granular 

Sludge, MS: Methanogenic Sludge, DPM: Digested Pig Manure 

VLR: Volumetric loading rate 

TA: Terephthalic Acid, PT: para-Toluic Acid, +: biodegradation observed, -: no 

biodegradation observed, ?: unknown, ? (-) unknown, but biodegradation is unlikely, 

NW: Not present in the Wastewater 

the capacity of the reactor was completely lost due to formaldehyde toxicity. 
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Currently, at least 42 full scale anaerobic bioreactors are in operation or under construction 

for treatment of a large range of (petro)chemical wastewaters [72], Many of these 

wastestreams may be regarded as non-complex, although some of them contain phenolic 

compounds or benzoate [16, 17, 38]. Among these 42 reactors eight treat terephthalic acid 

production wastewaters and at least three dimethyl terephthalate wastewater. Operational 

parameters are only available for two installations for the pre-treatment of terephthalic acid 

wastewater. These will be described in more detail in the following paragraphs. 

Amoco, world-wide the most important producer of terephthalic acid, may be considered as 

the pioneer in anaerobic treatment of terephthalic acid production wastewater [26, 30, 103]. 

Since the early 1980's this company studied the feasibility of anaerobic treatment for 

terephthalic acid production wastewater. This has led to the construction of at least three full-

scale anaerobic bioreactors in the USA, Belgium and Taiwan, replacing the traditionally 

applied three-stage activated sludge system [62]. The layout of the treatment plant in Geel, 

Belgium, for the combined treatment of both the solid and liquid waste of a terephthalic and 

isophthalic acid production plant, is shown in Figure 1.13. The applied reactor system is a 

down flow fixed-film reactor with a volume of 15,000 m3. Herewith this reactor is among the 

biggest anaerobic biofilm reactors in the world. The reactor is operated at a volumetric 

loading rate of 4 kg-CODm"3day"' and at a hydraulic retention time (HRT) of 4.5 days. 

Compared to the normally applied loading rates for high-rate anaerobic treatment of non-

complex wastewater of 10-20 kg-CODm'day"1, this may be regarded as a relatively low 

loading rate. A remarkable feature of this system is the installed buffer tank with a volume of 

22,000 m3, which results in a HRT of 6.5 days. This enormous buffer capacity is considered 

necessary to cope with peak-loads that may occur due to upsets in the production process. 

The involvement of chemical engineers in the design of the reactor can be deduced from the 

applied operational control strategy: temperatures are controlled at 37 ± 0.2 °C and the 

reactor pH to 7.0 ±0.1 through addition of sodium hydroxide. The biogas produced in the 

anaerobic reactor (1200 Nm3hour"') is applied in the boiler of the energy production plant. In 

addition to the previously mentioned advantages of anaerobic treatment over aerobic 

treatment, Amoco mentions the efficient removal of cobalt and manganese by precipitation 

as sulphide salts in the anaerobic bioreactors. 

The reactor in Geel was inoculated with digested sludge from the aerobic post-treatment 

plant. The start-up of the installation took approximately 1 year. Since then, the reactor 

operates at a COD-efficiency of approximately 80 %. All compounds present in the 

wastewater, except para-tohiic acid, are at least partially degraded. 
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effluent 

recycle 

Figure 1.13: Flow sheet of the anaerobic-aerobic wastewater treatment plant for the 

terephthalic acid and isophthalic acid production plant from Amoco, at Geel, Belgium. The 

anaerobic bioreactor is a down-flow fixed-film reactor (DFF) with a volume of 15,000 m . 

Operational data are described in the text [26]. Numbers stand for O buffer tank © 

conditioning tank, © anaerobic down-flow fixed-film reactor, © heat exchanger, © aerobic 

post-treatment, © sludge treatment. The picture above the flow sheet shows the two anaerobic 

(background) and aerobic (foreground) reactors constructed by Amoco in Kaohsiung, Taiwan. 
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Figure 1.14: Flow sheet of the anaerobic-aerobic wastewater treatment plant for the 

terephthalic acid production plant from Tuntex, at Tainan, Taiwan. The anaerobic bioreactor is 

a four compartment UASB-reactor with a volume of 7,000 m3, designed by Grontmij, De Bilt, 

The Netherlands. Operational data are described in the text [90]. The picture above the flow-

sheet shows an artist impression of the treatment plant. Numbers stand for O chemical 

pretreatment, © influent buffer tank, © calamity tank, © UASB-reactor, © biogas 

compressors, © anaerobic sludge storage tank, © aerobic post-treatment, © sludge dewatering 

installation, © control room. 

Figure 1.14 shows the process layout of the treatment plant for terephthalic acid production 

wastewater of Tuntex at Tainan, Taiwan. The core of the treatment plant is a UASB-reactor 

consisting of 4 compartments of 1,700 m3 each, which are operated in parallel. Due to a lack 

of a sufficient amount of seed-material during the initial start-up of the reactor, only two 

compartments were operated. Herewith, the initial volumetric loading rate of the reactor was 
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relatively high at 8 kg-CODm"3day"'. During this initial period of approximately two years, 

the COD-based efficiency of the reactor was restricted to 50 % as a result of the absence of 

terephthalate and para-toluate degradation [90]. The start-up of the reactor was furthermore 

hampered by strong fluctuations in the wastewater strength, pH and temperature. In this 

respect it should be noted that the applied HRT in the buffer of this system (1.5 days) is 

short, when compared to the previously described system of Amoco in Geel, Belgium (6.5 

days). After approximately two years of operation and addition of digested pig manure as 

additional seed material, all four compartments of the system were in operation. Herewith 

the volumetric loading rate imposed to the system decreased to approximately 5 

kg-CODm3day~'. Probably due to these lower volumetric loading rates, and the higher 

concentrations of biomass in the reactor, terephthalate was degraded for approximately 70 % 

after two years of operation. Herewith the COD-removal efficiency of the treatment system 

increased from 50 to 80 %. Degradation of/?ara-toluate was still not achieved. 

1.7 Outline of this thesis 

Even though approximately ten full-scale reactors are currently in operation or under 

construction for the anaerobic pre-treatment of terephthalic acid production wastewaters, it is 

evident from the information provided in the previous paragraphs that a great deal of 

controversy exists concerning the feasibility of anaerobic treatment for phthalic acids 

containing wastewaters. The reported applicable loading rates in high-rate anaerobic . 

bioreactors range from 2 to 48 g-COD l'day"1, at COD-based efficiencies between 45 and 94 

% (Table 1.4). It therefore is obvious that, at this stage, it is impossible for engineers to 

decide whether or not anaerobic treatment may represent an attractive option for pre-

treatment of these wastewaters. 

The controversy between the different studies on anaerobic treatment of phthalic acid 

wastewaters can mainly be attributed to the lack of microbiological understanding 

concerning the fate of phthalic acid isomers in anaerobic environments. The contrary is true 

for the aerobic degradation of phthalate isomers, and also some information is available for 

phthalate isomer degradation by denitrifying organisms. Concerning the fate of phthalic acid 

isomers in environments where these strong electron acceptors are absent, like sulfate 

reducing or methanogenic environments, almost no information is available. 

From the results of preliminary studies [58], dealing with the anaerobic treatment of 

terephthalic acid production wastewater, we concluded the following: 
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• The anaerobic biodegradation of terephthalate is the rate limiting step in the anaerobic 

treatment of a mixture of acetate, benzoate and terephthalate in lab-scale UASB-type 

reactors, 

• The low degradation rates of terephthalate in UASB-type reactors can be attributed to the 

very low growth rate of the terephthalate degrading methanogenic biomass (estimated 

umax = 0.04 day' at 30 °C), 

• The anaerobic degradation of terephthalate is strongly inhibited by benzoate, acetate and 

sucrose. 

The work described in this thesis is based on these preliminary studies and the (lack of) 

information presented in literature. The investigations deal with both microbiological and 

biotechnological aspects of the anaerobic treatment of wastewaters generated during 

production of phthalate isomers. 

The anaerobic biodegradability of phthalic acid isomers and related compounds will be 

described in Chapter 2. The main objective of this study was to asses whether or not the 

source of the inoculum has a big impact on the length of the lag phase preceding the 

degradation of the tested compounds. Microbiological aspects of enrichment cultures grown 

on ortAo-phthalate, isophthalate and terephthalate are described in Chapters 3 to 5. The 

following characteristic properties of these cultures are described: The kinetic properties of 

the phthalate isomers grown enrichment cultures (Chapter 3), the influence of short periods 

of starvation and the influence of acetate and benzoate on terephthalate degradation (Chapter 

4), and the energetics of product formation (Chapter 5). Chapter 6 and 7 deal with anaerobic 

bioreactor studies focused on the treatment of terephthalic acid production wastewater. The 

research described in Chapter 6 was aimed at optimising the rates of terephthalate 

degradation in anaerobic hybrid-reactors, while in Chapter 7 the anaerobic treatment of a 

mixture of acetate, benzoate and terephthalate in a two-stage UASB-reactor is described. A 

general discussion concerning some engineering aspects of the anaerobic degradation of 

phthalates, is presented in chapter 8. Chapter 9 summarises the results obtained (In English 

and Dutch). 
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Abstract 

The biodegradability of phthalate isomers and related aromatic 

compounds was studied using batch-assays. Two types of 

methanogenic granular sludge and digested sewage sludge were 

used as inoculum. All phthalate isomers and corresponding 

methyl esters were found to be degraded after a lag period 

ranging from 15 to 180 days. 
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2.1 Summary 

All three phthalic acid isomers (ortho, meta and para benzene dicarboxylic acid) are 

produced in massive amounts, and used in the chemical industry as plasticizers or for the 

production of polyester. Wastestreams generated during the production of phthalate isomers 

generally contain high concentrations of aromatic acids. To study the potential 

biodegradability of these primarily anthropogenic compounds in anaerobic bioreactors, 

biodegradability studies were performed. Compounds tested were benzoate, or^o-phthalate, 

isophthalate, terephthalate, dimethyl phthalate, dimethyl terephthalate, /?ara-toluate and 

para-xy\ene. Seed materials tested were two types of granular sludge and digested sewage 

sludge. It was found that all phthalate isomers and their corresponding dimethyl-esters, could 

be completely mineralised by all seed materials studied. Lag phases required for 50 % 

degradation of these compounds, ranged from 17 to 156 days. The observed degradation 

curves, could be explained by growth of an initially small amount of organisms in the 

inoculum with the specific ability to degrade one phthalate isomer. The observed order in the 

length of the lag phases for the phthalate isomers is: phthalate < terephthalate < isophthalate. 

This order appears to be related to the environmental abundancy of the different phthalate 

isomers. The initial step in the degradation pathway of both dimethyl phthalate esters was 

hydrolysis of the ester sidechain, resulting in the formation of the corresponding mono-

methyl-phthalate isomer and phthalate isomer. The rate limiting step in mineralization of 

both dimethyl phthalate and dimethyl terephthalate was found to be fermentation of the 

phthalate isomer, Para-toluate was degraded only by digested sewage sludge after a lag 

phase of 425 days. The observed degradation rates of this compound were very low. No 

mineralization of para-xylene was observed. In general, the differences in the lag phases 

between different seed materials were relatively small. These results indicate that the time 

needed for the start-up of anaerobic bioreactors treating wastewaters containing phthalic acid 

isomers, depends little on the microbial composition of the seed material applied, but may 

take several months8. 

A modified version of this chapter has been published in Biodegradation (1999), 10: 63-73. 
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2.2 Introduction 

Besides natural occurrence, human activities have added additional aromatic compounds to 

nature through manufacture, mining and combustion. In order to assess the fate of these 

compounds in methanogenic environments, anaerobic degradation of aromatic compounds 

has been studied extensively in recent years. Anaerobic mineralization of a large range of 

mono-aromatic compounds has been demonstrated using inocula from various origins. Most 

mono-aromatic compounds with at least one phenolic or carboxylic functional groups, and 

even aromatic hydrocarbons like toluene and ortho-xy\ene, were found to be mineralised 

under methanogenic conditions [1, 5, 7,11, 12,18]. 

The traditional treatment method of the waste generated during production of phthalic acid 

isomers comprises the activated sludge system, often combined with incineration of the solid 

waste produced [16]. Anaerobic pre-treatment combined with aerobic post treatment may 

represent an attractive alternative. However, so far only limited information is available 

concerning the anaerobic biodegradability of the aromatic compounds in these effluents. 

Despite this limited information, several full scale anaerobic bioreactors are currently in 

operation for pre-treatment of terephthalic and isophthalic acid wastewater [6, 22, 28]. A 

general characteristic of all these anaerobic reactors is a very long start-up time of up to two 

years. 

This work described in this chapter focuses on the ability of different seed-materials to 

degrade the aromatic compounds in terephthalic acid and isophthalic acid wastewater. 

Considering the fact that the UASB-process is world-wide the most applied anaerobic 

treatment process [17, 19], two seed materials originating from full-scale applications of this 

type of reactor were tested. To date, most anaerobic biodegradability studies have been 

performed with digested sewage sludge, that we therefore used as a reference seed material. 

The anaerobic mineralization of phthalic acid and dimethyl phthalate were tested in order to 

asses whether these environmentally more abundant compounds were degraded more rapidly 

than their meta and para isomers. 
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2.3 Material and methods 

Source and characteristics of the anaerobic inocula applied. Biomass from three different 

full scale reactors was tested for their ability to degrade aromatic compounds present in 

terephthalic acid wastewater. For this purpose, 25 litre sludge samples were taken from the 

reactors and stored at 4 °C until use. General characteristics of the different types of biomass 

applied are summarised in Table 2.1. 

Table 2.1: General characteristics of the two types of granular biomass (CAB and EER) and 

digested sewage sludge (DSR) applied. 

unit DSR CAB EER 

waste treated 

reactor-type' 

cone, volatile solids2 g-VSkg'' 

ash content2 % 

methanogenic activity3 g-CODg-VS'd"' 

sewage 

sludge 

CSTR 

16.2 

37 

0.20 

starch 

processing 

IC 

114 

31 

0.59 

papermi 

UASB 

118 

19 

0.78 

CSTR: Continuously Stirred Tank Reactor, IC: Internal Circulation reactor (Yspeert et al., 

1993), UASB: Upflow Anaerobic Sludge Bed reactor. 

Granular sludge was seeved prior to determination of the concentration volatile solids 

(VS) and ash content. The concentration volatile solids and the ash content of the digested 

sewage sludge was determined directly in the mixed liquor. 

The specific methanogenic activity of the sludge at 30 °C was measured in serum bottles, 

using 1 gCOD-1"1 sodium acetate as substrate and 1.5 gVSl"' biomass . The methane 

concentration in the headspace was used as indicator for acetate conversion in time. 

Medium and substrate preparation. The basal medium used in the biodegradability studies 

contained the following (in mgT1 liquid volume): NaHCO, (4000), NH4C1 (280), K2HP04 

(250), MgS04 .7H20 (100), CaCl2.2H20 (10), yeast extract (18) and one millilitre of a trace 

element stock solution as described by Huser et al. [13]. Stock solutions of di-sodium 

phthalate, isophthalate and terephthalate, and sodium para-toluate were prepared in 

demineralized water. Dissolution and neutralisation of these poorly soluble acids, 

particularly terephthalic acid, could be enhanced through addition of a slight overdose of 
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NaOH resulting in a pH of 11-12 at an elevated temperature of 80-90 °C. After cooling 

down, the stock solutions were neutralised using 1 M HC1. Dimethyl phthalate, dimethyl 

terephthalate and pam-xy\ene were dosed in the concentrated form. Dimethyl terephthalate 

is a water insoluble solid and was weighed out and added to the serum bottles as solid. 

Dimethyl phthalate and para-xy\ene are water insoluble liquids and were dosed to the serum 

bottles using a 100 ul syringe. Para-xylene was dosed after flushing the headspace of the 

serum bottle to avoid losses of this highly volatile compound. The final concentration of all 

substrates amounted 500 mg-COD-i"1. Equal COD-concentrations were applied for easy 

comparison of methane production values. 

Preparation of the test bottles. Nutrients, sludge and substrate (except para-xylene) were 

dosed to the serum bottles. Granular sludge was sieved prior to dosage to the bottles and 

digested sewage sludge was added directly from a well mixed sample. The initial biomass 

concentration in all experiments amounted to 5.0 ± 0.5 gVS-1"1. Serum bottles were sealed 

with 2 cm thick butylrubber septa (Emergo, Schiedam, The Netherlands) and capped with 

aluminium screw caps. The headspace was replaced by a mixture of N2/C02 in a ratio of 

70:30, and 1 ml of a 30 gNa2S.7-9H20.r' was dosed to the medium to ensure anaerobic 

conditions in the bottle. All experiments were conducted in duplicate, except for the blanks 

(no substrate dosed) for which triplicates were applied. Bottles were incubated stationary in 

the dark at 37 °C. No sterile controls were included in the experimental procedure, because 

the compounds tested are known to be highly stable in abiotic environments [37, 38]. The 

method applied in this study is essentially comparable to the method described by Shelton 

and Tiedje [33]. 

Experimental. The concentration of methane in the headspace of the bottles was used as a 

primary indicator for degradation of the substrate. At the beginning of the experiment this 

measurement was performed on a daily base. In time the frequency of the analysis was 

gradually decreased to approximately once every two weeks after 500 days. When, based on 

the methane measurement, mineralization of the substrate could be suspected, liquid samples 

were withdrawn and substrate concentrations were determined. Determination of the 

substrate concentration in the liquid was only possible for the water soluble substrates 

(benzoate, phthalate, isophthalate, terephthalate and /?ara-toluate). The bottles incubated 

with non-soluble substrates were analysed for possibly formed water soluble aromatic 

intermediates. Once degradation of a substrate manifested, liquid samples were analysed for 

volatile fatty acids and the gas phase for hydrogen, in order to assess whether non-aromatic 
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intermediates accumulated. After complete mineralization of the substrate, a second substrate 

feed was supplied to the bottles. 

Analytical procedures. The methane content of the headspace was determined by gas 

chromatography (Hewlett Packard 438/S). Samples (100 ul) were injected using a gas-lock 

syringe (Dynatech, Baton Rouge, La.). A stainless steel column (2 m. * 2 mm.) packed with 

Poropak Q (80-100 mesh) was used. Nitrogen was used as a carrier gas. The temperature of 

the column, injection port and flame ionisation detector were 60, 200 and 220°C 

respectively. 

The concentration of water soluble aromatic acids was determined by high pressure liquid 

chromatography (HPLC). Centrifuged liquid samples (3 minutes at 10,000 g) were diluted to 

concentrations smaller than 50 mg 1"' using a Meyvis Dilutor (type no. 401) and a volume of 

10 ul was injected by autosampler (Marathon). Separation of the aromatic acids was 

obtained using a Chromospher 5C18 column (100*3 mm). The solvent used as a carrier was 

a mixture of methanol and a 1 % acetic acid solution in water, in a 40-60 ratio. The applied 

flow rate amounted 0.3 ml-minute"'. The separated components were detected by UV-

detector (Spectroflow 773) at a wavelength of 230 nm. Typical retention times for ortho-

phthalate terephthalate, isophthalate and benzoate were 2.8, 3.6, 4.1 and 6.8 minutes. 

Chromatograms were stored and integrated using the software package Minichrom. 

The concentration and composition of volatile fatty acids in the medium was determined 

with a gas chromatograph (Hewlett Packard 5 890A). A glass column (2 m. * 4 mm.) packed 

with Supelcoport (100-200 mesh), coated with 10 % Fluorad FC431, was used. The 

temperature of the column, injection port and flame ionisation detector were 130, 200 and 

280°C respectively. Nitrogen gas saturated with formic acid was used as a carrier gas at a 

flow rate of 50 mlmin'1. Prior to analysis, the samples were diluted and fixed with a formic 

acid solution (3 % v/v). After formic acid addition aromatic acids precipitate and samples 

needed to be centrifuged (3 min., 10,000 g). 

Hydrogen was determined by gas chromatography (Hewlett Packard 5890). The gas 

chromatograph was equipped with a stainless steel column (1.5 m * 6.4 mm.), packed with 

molecular sieve 25H (60-80 mesh). The temperature of the column, injection port and 

thermal conductivity detector were 40, 110 and 125 °C respectively. Argon was used as a 

carrier gas at a flow rate of 25 mlmin"1. 
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2.4 Results and discussion 

Table 2.2 summarises the length of the lag periods prior to anaerobic mineralization of the 

aromatic substrates by the three different sludges. The length of the lag phase was defined as 

the time needed to convert approximately 50 % of the substrate into methane. In the 

following paragraphs the observed lag phases as well as the anaerobic biodegradability of the 

various compounds tested will be discussed in detail. 

Benzoate. Complete mineralization of benzoate was obtained within two weeks for all seed 

materials tested. Herewith among all compounds tested, benzoate was most rapidly 

mineralised. This was not surprising because benzoate plays a key role in methanogenic 

mineralization of a large range of naturally occurring aromatic compounds [31]. Anaerobic 

degradation of benzoate was first demonstrated by Tarvin and Buswell [36], and in numerous 

studies since, with seed materials from various origin [1, 12]. 

OrtAo-phthalate, isophthalate and terepbthalate. The three phthalate isomers were all 

degraded by digested sewage sludge and both types of granular sludge. Significant 

differences were observed in lag-phases between the different phthalate isomers and the 

different seed materials tested. When after complete degradation of the substrate a second 

dosage of substrate was supplied, substrate conversion started within one week. The 

evolution in time of the methane concentration in the headspace and the phthalate isomer 

concentration in the medium are presented in Figure 2.1 for CAB granular sludge. From this 

figure can be seen that despite the relatively high methane production in control experiments 

(800-1500 mgCH4-CODr' after 50 days), the methane production related to substrate 

conversion could easily be identified. In literature the occurrence of anaerobic mineralization 

of ort/zo-phthalate has been reported repeatedly [1, 12, 26]. Anaerobic terephthalate 

degradation has been described in technological studies using anaerobic bioreactors [6, 15, 

28]. Isophthalate mineralization under methanogenic conditions has only been reported by 

Van Duffel [6]. 
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Table 2.2: Compounds screened for their anaerobic biodegradability by three different types of 

inocula. 

compound 

name 

benzoate 

phthalate 

wo-phthalate 

terephthalate 

dimethyl 
phthalate 

dimethyl 
terephthalate 

/><zra-toluate 

para-xylene 

structural formula 

O c o 2 -

co2" 

co2-

*°2C ~\_y~°°2' 
C02CH3 

^ ^ - C 0 2 C H 3 

H3CO2C—f y— CO2CH 

H 3 C _ \ ~ / - C ° 2 " 

»3
C
~\_J-

C
»3 

initial 

cone 4 

(mM) 

2.1 

2.1 

2.1 

2.1 

1.5 

3 1.5 

1.7 

1.5 

' Characteristics of the three types of sludge (DSR 

Table 1. 
2 Concentrations applied were all equivalent to 500 mg 

time required to degrade 50 % of 

the aromatic substrate (days)1 

DSR 

10 ±1 

17+1 

74 + 4 

55 ±1 

16 + 2 

58±2 

425 ± 
50 

>500 

CAB 

9 ± 1 

49 ±8 

156 ±12 

61+7 

38 ±2 

39+1 

>500 

>500 

CAB and EER) are 

-COD11. 

EER 

4 ±0.5 

16±2 

87 ±4 

44±4 

17+1 

48 ±5 

>500 

>500 

described in 
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Comparing the length of the lag periods required to obtain 50 % mineralization of the 

phthalate isomers, the following order was found for all sludge types: ortAo-phthalate < 

terephthalate < isophthalate. As microbial degradation is the main removal mechanism for 

phthalate isomers released into the environment, the environmental abbundancy of 

organisms with the specific ability to degrade one of the phthalate isomers may therefore be 

directly related to the amounts released into the environment. Although all phthalate isomers 

are primarily anthropogenic compounds, catabolic pathways have been described that 

converge at ort/io-phthalate. This compound for instance was found to be an intermediate in 

the degradation of polycyclic aromatic hydrocarbons [14]. Besides its natural occurrence, 

large amounts of ortAo-phthalate are introduced into the environment anthropogenically in 

the form of phthalate esters [9]. Considering that the initial step in abiotic and 

microbiological conversion of phthalate esters is hydrolysis of the ester side chain resulting 

in the formation of phthalate, it is a plausible assumption that micro-organisms adapted to 

ort/jo-phthalate are widely distributed in the environment. 

Compared to isophthalate, terephthalate is produced in much bigger amounts. Despite the 

slow hydrolysis of the products in which both compounds are applied, very likely larger 

amounts of terephthalate than isophthalate are introduced into the environment. This is 

confirmed by measurement of trace concentrations of terephthalate in surface water, 

municipal wastewater and air [2, 23], whereas no reports on the environmental occurrence of 

isophthalate occurrence were found. Based on these considerations it is suggested that the 

differences observed in the length of the lag periods prior to degradation of the individual 

phthalate isomers is determined primarily by the corresponding environmental turn over. 

The drawn lines in Figure 2.1 were calculated assuming exponential growth of an initially 

small amount of organisms in the inoculum. Since no significant amounts of intermediate 

compounds were found (benzoate or volatile fatty acids), and the methane produced 

corresponds reasonably well to the amounts of substrate degraded, apparently the initial 

fermentation of the phthalate isomers to methanogenic substrates is the rate limiting step. 

This means that the growth rate of the mixed culture degrading the phthalate isomers can be 

described by single species kinetics [29]. Estimated apparent maximum specific growth rates 

(|j.max) ranging from 0.10 to 0.20 day"1 resulted in reasonable descriptions of the measured 

data, as shown in Figure 2.1. These values for the specific growth rate are in the same order 

of magnitude as those found for other methanogenic syntrophic consortia degrading 

propionate or butyrate [27]. Accurate estimation of specific growth rates based on the data 



48 Chapter 2 

presented here is not possible, but it may be speculated that growth of a small amount of 

specific organisms originally present in the inoculum (with the ability to degrade one 

specific phthalate isomer) is the main mechanism responsible for the observed increase in the 

substrate conversion rate. However, time dependent adaptation of specific organisms in the 

seed material through induction of specific enzyme systems can not be excluded. 
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Figure 2.1: Anaerobic biodegradation 
of terephthalate (A, TA), ortho-

phthalate (B, OPA) and isophthalate (C, 
IPA) by CAB granular sludge. Methane 
concentrations (CH4) represent net 
methane production. Markers indicate 
measured concentrations and lines were 
calculated as described in the text. 
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The large differences observed in the length of the lag phases with the different phthalate 

isomers, indicate that all three phthalate isomers are fermented by different species of 

organisms. From aerobic environments several strains of bacteria have been isolated with the 

ability to degrade at least two phthalate isomers [30]. Recently, a soil bacterium has been 

isolated (Pseudomonas sp. strain PI36) capable to utilise all three phthalate isomers through 

nitrate respiration [24, 25]. Higher substrate specifities of organisms in methanogenic 
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environments, as compared to organisms in aerobic or anoxic environments, are common 

[31]. 

Dimethtyl phthalate and dimethyl terephthalate. Both dimethyl phthalate and dimethyl 

terephthalate were completely mineralised by the three seed materials tested. Adaptation 

periods required for their complete mineralization were comparable to those found for their 

phthalate analogues. 
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Figure 2.2: Anaerobic biodegradation of dimethyl terephthalate (DMT) by CAB granular 

sludge. Methyl terephthalate (MT, A) and terephthalate (TA, • ) are intermediate 

compounds; methane (CH4, O) is the endproduct. Markers indicate measured concentrations 

and lines were calculated with the mathematical model described in the text. DMT was not 

measured. Methane concentrations represent net methane production. 

Liquid samples were analysed by HPLC to assess whether water soluble aromatic 

compounds accumulated during degradation of dimethyl phthalate and dimethyl 

terephthalate. Both dimethyl esters could not be detected in the medium, due to their poor 

solubility and tendency to become adsorbed to the biomass. The results show an 

accumulation of the mono-methyl ester, as well as the corresponding phthalic acid isomer in 

all experiments (Figure 2.2). After complete conversion into the phthalate isomers, 

conversion into methane occurred. Based on these observations the degradation pathway for 

dimethyl terephthalate is proposed to be as presented in Figure 2.3. An equivalent pathway is 

proposed for degradation of dimethyl phthalate. The degradation pathway shown in Figure 

2.3 is comparable to that proposed for the anoxic mineralization of dibutyl-phthalate by 
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Pseudomonas pseudoalcaligenes [3] and methanogenic mineralization of butylbenzyl-

phthalate by digested sewage sludge [32], 

Drawn lines in Figure 2.2 were calculated using a simple model involving two metabolic 

groups of organisms: (i) organisms responsible for two-step demethylation of dimethyl 

terephthalate, resulting in formation of methylterephthalate and terephthalate respectively, 

and (ii, Xta) a mixed culture of organisms converting terephthalate into a mixture of methane 

(CH4) and carbon dioxide. It was assumed that the methyl groups removed from DMT and 

MT were converted into methane. From Figure 2.2 it can be seen that a reasonable 

description of the experimental data could be obtained by using this approach, confirming 

the degradation sequence shown in Figure 2.3. 

No significant difference in the rate of demethylation of dimethyl phthalate and dimethyl 

terephthalate was observed, suggesting that demethylation proceeds independently of the 

location of the methyl-ester group on the aromatic ring. Demethylation by acetogenic 

bacteria has been observed previously for aromatic compounds containing a metoxy group. 

These bacteria use the methyl group as a methyl donor in the synthesis of acetyl-CoA [8]. In 

mixed methanogenic cultures, acetate formed by these bacteria will be converted rapidly into 

methane and carbon dioxide by acetoclastic methanogens. 

,OCH, O^^OCH 

CH 4 + co2 

OCH3 

Figure 2.3: Proposed pathway for anaerobic biodegradation of dimethylterephthalate 

Para-toluate and para-xylene. Para-toluate was degraded only by one of the seed materials 

tested (digested sewage sludge) after an extremely long lag phase of approximately 425 days 

(Table 2.2). The degradation of Para-toluate has been observed previously by Horowitz [12], 

using fresh water sediments as inoculum. No degradation was observed by this author when 

two different types of digested sewage sludge were used. Macarie et al [20, 21] observed a 

slow removal of />ara-toluate in a UASB reactor seeded with digested sewage sludge. 

The mineralization of para-toluate was found to proceed extremely slowly, even after a 

second feeding was supplied (Figure 2.4). The growth rate of the /?ara-toluate fermenting 

culture apparently was extremely low. From Figure 2.4 it can be seen that a reasonable 
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description of the data of the first substrate feeding can be obtained using an overall growth 

rate of 0.012 day"1. However, as the conversion rate of/rara-toluate did not increase during 

the second substrate feeding, the growth rate may be even lower than this value. 
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Figure 2.4: Anaerobic biodegradation of para-toluate (PT) by digested sewage sludge 
(DSR). Markers indicate measured concentrations and lines were calculated based on the 
stoichiometry of the conversion and simple Monod kinetics. Methane concentrations 
represent net methane production. 

No Para-xylene degradation was observed in any of the experiments, within the 500 days the 

experiment lasted. The methane production was even 10-25 % lower compared to reactors 

where no substrate was dosed (data not shown). This observation suggests that para-xy\ene 

is toxic to organisms involved in the digestion of the seed material. Blum and Speece [4] 

found an IC50 value for acetoclastic methanogens of 790 mg-COD-1"1, which is slightly 

higher than the concentration applied in our experiment (500 mg-COD-1"1). The toxicity of 

/>ara-xylene very likely is the result of its high hydrophobicity (logP is 3.1), which may lead 

to disturbance of essential membrane functions [34, 35]. In literature no reports were found 

dealing with the mineralization of para-xy\ene in methanogenic environments. Anoxic 

mineralization of para-xylem has been reported by Haner [10]. 

Technological implications. The relatively small differences between the different seed 

materials concerning the lag-phases prior to degradation of the phthalate isomers, suggest 

that they contain a comparable amount of bacteria with the specific ability to degrade 

phthalate isomers. Therefore it may be presumed that the source of the inoculum has only a 

limited impact on the time needed for start-up of anaerobic bioreactors for treatment of 
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phthalic acids containing wastewaters. However, as the anaerobic degradation of phthalate 

isomers is dependent on syntrophic consortia consisting of fermentative bacteria and 

methanogens, granular biomass with a high specific methanogenic activity will be capable to 

degrade the fermentation products at high rates, herewith creating optimal micro-

environments for growth of the fermentative bacteria. Combined with the excellent settling 

properties of granular biomass, this suggests that granular sludge is the preferred inoculum 

over digested sewage sludge for start-up of UASB reactors treating phthalic acids containing 

wastewaters. 

Both granular sludges used in the experiments described here, were grown on "rich 

substrates": paper mill wastewater and potato starch processing wastewater. These substrates 

may contain a variety of aromatic compounds, ranging from lignin derivatives in papermill 

wastewater to aromatic amino acids in potato starch processing wastewater. Methanogenic 

granular sludge grown on substrates not containing any aromatic compounds, may not be 

able to degrade the substrates tested here, or only after significantly longer lag periods. 

With respect to the application of anaerobic treatment for terephthalic acid wastewater, the 

long lag periods prior to terephthalate degradation, combined with the observed inhibition of 

terephthalate degradation by the wastewater constituents acetate and benzoate [15], suggests 

that the start-up of anaerobic reactors for treatment of terephthalic acid wastewater may take 

a long time. Start-up times of more than 1 year are indeed more the rule than the exception 

[6, 15, 28]. Despite such a long start-up period, anaerobic pre-treatment of wastewaters 

generated during terephthalic acid production may represent an attractive contribution to 

conventionally applied aerobic treatment methods, provided that sufficiently high and stable 

volumetric removal capacities can be achieved after successful start-up. In this respect it 

should be noted that in anaerobic bioreactors, acetate and benzoate can normally removed to 

a large extent within a short period of time. Taken into account that these two compounds are 

important wastewater constituents, treatment efficiencies of around 50 % can normally be 

obtained within weeks of operation. It should furthermore be emphasised that the length of 

the lag-period prior to terephthalate degradation in anaerobic bioreactors may significantly 

be reduced by pre-removal of acetate and benzoate in a staged bioreactor concept. Whether 

the lag period prior to terephthalate degradation through pre-removal of acetate and benzoate 

is indeed decreased from at least one year in full-scale reactors to approximately 2 months, 

as observed during this study, will be studied in the near future in our lab. 
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Mineralization of/wra-toluate can normally not be expected in anaerobic bioreactors for pre-

treatment of terephthalic acid or dimethyl terephthalate wastewater. Due to the low growth 

rate of the specific para-to\uate degrading biomass, a very long solid retention time needs to 

be maintained to enable degradation. In general, this means that para-toluate needs to be 

removed during aerobic post-treatment of the anaerobic effluent. 
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Microbiology I: 

Kinetics 

Abstract 

Maximum specific growth rates and biomass yields were 

determined for methanogenic enrichment cultures grown on 

ort/io-phthalate, isophthalate or terephthalate. Implementation of 

measured and estimated parameter values in a mathematical 

model enabled the description of intermediate accumulation and 

end product formation during degradation of the phthalate 

isomers. 
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3.1 Summary 

Three methanogenic enrichment cultures, grown on ortAo-phthalate, isophthalate and 

terephthalate were obtained from digested sewage sludge or methanogenic granular sludge. 

Cultures grown on one of the phthalate isomers were not capable of degrading the other 

phthalate isomers. All three cultures had the ability to degrade benzoate. Maximum specific 

growth rates (lag™) a n^ biomass yields (Yx s) of the mixed cultures were determined by 

using both the phthalate isomers and benzoate as substrates. Comparable values for these 

parameters were found for all three cultures. Values for a™3* and Yx s were higher for 

growth on benzoate compared to the phthalate isomers. Based on measured and estimated 

values for the microbial yield of the methanogens in the mixed culture, specific yields for the 

phthalate and benzoate fermenting organisms were calculated. A kinetic model, involving 

three microbial species, was developed to predict intermediate acetate and hydrogen 

accumulation and the final production of methane. Values for the ratio of the concentrations 

of methanogenic organisms, versus the phthalate isomer and benzoate fermenting organisms, 

and apparent half saturation constants (Ks) for the methanogens were calculated. By using 

this combination of measured and estimated parameter values, a reasonable description of 

intermediate accumulation and methane formation was obtained, with the initial 

concentration of phthalate fermenting organisms being the only variable. The energetic 

efficiency for growth of the fermenting organisms on the phthalate isomers was calculated to 

be significantly smaller than for growth on benzoate1 . 

3.2 Introduction 

All three phthalic acid isomers {ortho-, meta- and para-benzene dicarboxylic acid) are 

produced in massive amounts around the world and are primarily anthropogenic compounds. 

They are used in the chemical production of a wide range of plastics. Diesters of ortho-

phthalic acid are mainly used as plasticizer in the production of polyvinyl chloride [11]. 

para-Phthalic acid (terephthalic acid) and the corresponding dimethyl ester are used in the 

production of polyester fibres and polyethylene terephthalate (PET). This latter compound is 

well known for its application in bottles for carbonated drinks. meta-Benzene dicarboxylic 

acid (isophthalic acid) is produced in smaller amounts than its ortho- and para-oriented 

isomers, and is used in the production of specialty chemicals. 

B A modified version of this chapter has been published in Appl. Environ. Microbiol. (1999), 65: 
1152-1160 
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Introduction of phthalic acid isomers into the environment may occur through leaching from 

plastics [11]. In addition to this diffuse source of environmental pollution with phthalic 

acids, large point sources are generated during production of phthalate isomers from their 

corresponding xylenes [2]. Both liquid and solid wastestreams, generated during production 

of the phthalate isomers contain high concentrations of these aromatic acids. Furthermore, 

heavily contaminated soil with high concentrations of phthalic acid isomers can be found 

around chemical factories [19]. 

Microbial activity is the principal method for the removal of phthalic acid isomers and their 

corresponding esters from the environment. The aerobic and anoxic degradation of phthalic 

acid isomers has been studied extensively as described in Chapter 1, but hardly any 

information is available about the anaerobic mineralization of phthalate isomers under 

sulphate reducing or methanogenic conditions. It has been suggested that methanogenic 

degradation of ort/ao-phthalate proceeds analogously to degradation under denitrifying 

conditions because methanogenic enrichment cultures grown on ort/io-phthalate had the 

ability to degrade benzoate [26]. 

In methanogenic environments complex organic matter (including aromatic compounds) is 

converted into a mixture of methane and carbon dioxide in a complex network of various 

metabolic groups of bacteria. Bacteria in these consortia depend entirely on each other to 

perform the metabolic conversions observed [25, 30] and are therefore referred to as 

syntrophic consortia. In these syntrophic consortia, fermentative bacteria convert complex 

organic matter into a mixture of acetate and hydrogen or formate, which are substrates for 

methanogenic bacteria. Fermentative conversions of substrates are often energetically 

unfavourable under standard conditions (AG0' > 0), implying the need for continuous 

removal of the fermentative products by methanogens. 

In this chapter three methanogenic enrichment cultures degrading either ort/jo-phthalate, 

isophthalate, or terephthalate are described. Emphasis is put on the kinetics of mineralization 

of the phthalate isomers. A method is described to calculate the kinetic parameters of the 

individual trophic groups involved in mineralization of the aromatic substrates. The specific 

role of benzoate in the anaerobic degradation of terephthalate is presented in Chapter 4. 

3.3 Materials and methods 

Source of the biomass and enrichment procedure. Biodegradability experiments were 

performed with three different types of biomass and a set of aromatic compounds that are 

present in phthalic acid isomer production wastewaters (Chapter 2). Sludge types used for 
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these experiments were digested sewage sludge and two types of granular sludge from full-

scale upflow anaerobic sludge bed (UASB) reactors. The initial concentrations of the 

phthalate isomers were 2.1 mM. When, after a lag phase ranging from 15 to 150 days, 

mineralization of the phthalate isomers was observed, the substrate was replenished to a 

concentration of 6 mM. Substrate dosage was repeated until a phthalate isomer degradation 

rate of approximately 1 mMday'1 was reached. At this point 20% of the culture liquid was 

transferred into prereduced fresh medium containing 6 to 12 mM phthalate isomer. 

Cultivation was performed in 300-ml serum bottles sealed with butyl rubber septa, using a 

liquid volume of 70 ml. Serum bottles were incubated statically at 37°C in the dark. To 

monitor degradation of the phthalate isomers, the methane concentration in the headspace of 

the serum bottles was measured at least twice a week. This procedure was used for more than 

18 months in order to obtain stable and highly enriched cultures. Best growth on ortho-

phthalate was obtained with the culture initially seeded with granular sludge from a UASB 

reactor treating wastewater from a paper factory, while cultivation on isophthalate proceeded 

most rapidly with cultures initially seeded with digested sewage sludge. These two 

enrichment cultures were therefore used for the experiments described here. 

The inoculum of the terephthalate degrading enrichment culture was obtained from a 

laboratory-scale anaerobic hybrid reactor (Chapter 6). Hybrid reactors are upflow reactors 

equipped with carrier material in the top of the reactor instead of the three phase separator 

used in UASB reactors. The hybrid reactor had been in continuous operation for a period of 

12 months with terephthalate as the sole carbon and energy source. The specific terephthalate 

conversion rate of the biomass grown in this reactor was approximately 1.7 mmolg'day"1. 

Similar cultivation methods were used as described for the ort/io-phthalate and isophthalate 

degrading cultures for more than 1 year before the experiments described here were carried 

out. 

Medium and substrate preparation. The composition of the basal medium used in the 

experiments has been described in Chapter 2. Stock solutions of disodium ort/io-phthalate, 

isophthalate, and terephthalate were prepared in demineralized water. 

Experimental procedure. Experiments were performed in 300- or 120-ml serum bottles 

with liquid volumes of 70 or 25 ml respectively. Medium and substrate were added to the 

serum bottles. The bottles were sealed with butyl rubber septa and aluminium screw or crimp 

caps, and the headspace was flushed with a mixture of N2 and C02 (70:30 [vol/vol]). After 

flushing, Na2S-7-9H20 was added from a concentrated stock solution to obtain a final 

concentration of 150 mg 1"'. Serum bottles were preincubated at 37 ± 1 °C in an orbital-

motion shaker prior to inoculation by syringe. Liquid samples (1 ml) were withdrawn from 
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the serum bottles for component analyses. Measured methane concentrations in the 

headspace of the bottles were corrected for the volumes of samples removed. 

Analytical procedures. The concentration of aromatic acids was determined by high 

pressure liquid chromatography (HPLC). The methane and hydrogen concentration in the 

headspace of the serum bottles, and the concentration and composition of volatile fatty acids 

in the liquid were determined by gas chromatography (GC). A detailed description of these 

methods can be found in Chapter 2. 

Determination of kinetic parameters. The total biomass yield of the mixed cultures 

growing on the phthalate isomers and benzoate was determined in batch experiments. A 

known amount of biomass was transferred into fresh medium containing a high 

concentration of substrate (10 to 12 mM for benzoate and the phthalate isomers). After 

complete mineralization of the substrate, the concentration of volatile solids was determined 

and the biomass yield was calculated by relating the increase of the biomass concentration to 

the amount of substrate degraded. In case of degradation of a complex substrate by a 

syntrophic culture, the sum of the yield factors of all the species participating in the 

degradation is measured. Consequently, the measured yield is referred to as Yx s 

(gmol-S"'). For determination of the microbial yield on acetate (Yx c 2 ) , several portions 

of 5 mM acetate were supplied to avoid substrate inhibition. 

The maximum specific growth rate (n™3*, day"') of the cultures was calculated from the 

exponential part of substrate depletion and/or product formation curves. In case of 

exponential growth of the culture ( C s » Ks), Monod-based equations for substrate depletion 

and product formation can be integrated and the following equations apply (neglecting 

maintenance and/or decay): 

C s (t) = Cs(0) + ̂ 2 ) . ( l - e ^ t ) (3.1) 

Cp(t) = C P ( 0 ) - f s p . ( l - r 1 X i o t S ) . ^ ) { l - e ^ ) (3.2) 

where fSP stands for the number of moles of product, produced per mol of substrate 

(mol-Pmol-S1) according to the stoichiometry of the reaction (Table 3.1), and n x s is the 

electron yield as can be calculated from the measured yield according to Equation A-4 (see 

Appendix). Using measured values for the microbial yield and measured substrate 

concentrations (Cs, molliter"') and/or product concentrations (CP, mol-liter"1) as a function of 



62 Chapter 3 

time, the initial biomass concentration (Cx(0), g-litef') and a™"* can be estimated with an 

optimisation procedure as available in most spreadsheet programs. Optimisation was based 

on minimising the absolute error between measured and calculated values for Cs and CP. 

Calculation of kinetic parameters. In order to describe intermediate accumulation and final 

methane production during growth of the mixed cultures on the phthalate isomers and 

benzoate, a mathematical model was derived (see Appendix). Nonmeasured parameter 

values that were required as input for the model were estimated by using the procedures 

described below. 

The biomass yield of the organisms responsible for fermentation of the phthalate isomers and 

benzoate (Yx s ) was calculated from the (measured) total biomass yields (Yx s ) and the 

b iomass yields o f the acetoclastic and hydrogenotrophic methanogens ( Y x and Y x ) 

according to the following equation: 

YXFemlPA = Yx^PA - fPAC2 • (l - nX?ermPA ) • Y X A £ M C 2 - fPAH2 • ( l - % f e r m p A ) ' YXHyMH2 (3-3) 

where fPAC2 and fPAH2 are respectively the number o f moles o f acetate and of hydrogen 

formed per mole o f phthalate isomer (mol -C2/H2mol -PA" r ) according to the chemical 

reaction equation for phthalate fermentation (Table 3 .1 , reaction 1), and n x PA is the 

electron yield of the phthalate isomer fermenting culture ( e -mol -X F e r m e -mol -PA ' ) . 

Substitution of Equat ion A-4 (Appendix) into Equat ion 1 al lows for direct calculation of the 

b iomass yield for the fermenting bacteria. 

Since during growth on the phthalate isomers the intermediate concentrat ions o f acetate and 

hydrogen were found to be relatively constant ( d C C 2 / d t and d C H / d t equal 0, Table A - l ) , 

the actual specific growth rates o f the different species in the mixed culture must be equal 

[23]. Definition o f this boundary condit ion al lows for calculation of the concentrat ion ratio 

o f the acetoclastic methanogens relative to the fermenting organisms according to the 

following equation: 

^Ferni XFennPA 

CXAcM fpAC2 • 0 - TlXp^PA ) • YXAcMC2 
(3.4) 

From the average concentrations of acetate and hydrogen measured during exponential 

growth on the phthalate isomers (see Table 3.3) and the observation that these concentrations 

remained constant during growth on the phthalate isomers, the apparent half-saturation 
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constant for acetate and hydrogen (K^ and KH2) can be estimated. At phthalate 

concentrations significantly higher than the half-saturation constant for phthalate 

fermentation (KPA), the following equation enables calculation of K^: 

Ca v g 

K c 2 = 7 ^ f n ^ w C ^ 8 ( 3 ' 5 ) 

qXFermPA • IPAC2 • U ~ ̂ Xf^PA ) XF e r m 

„max v 
qXAcMC2 XAcM 

Expressions equivalent to Equation 4 and 5 were used for calculation of C x / C X H M 

and KH9. 

Table 3.1: Chemical reaction equations for the individual steps in mineralisation of phthalate 

isomers and benzoate, and standard Gibbs free-energy changes during the conversions, corrected 

for a temperature of 37 °C. 

reaction equation AG0 (37 °C) 

(kJreaction"1) 

1 phthalate C8H4o|" +8H20-> 3C2H3OJ +3H+ +3H2 +2HCOJ 38.9(1) 

fermentation 

2 benzoate C7H5C>2 +7H20 -• 3C2H302 +3H+ +3H2 +HCOJ 59.6 
fermentation 

3 hydrogenotrophic 0.75HCOJ+0.75H++3H2-»0.75CH4+2.25H20 -98.4 
methanogenesis 

4 acetoclastic 3C 2 H 3 0 2 +3H + ->3CH 4 +3C0 2 -97.8 
methanogenesis 

5 mineralization of C 8 H 4 0 ^ +6.5H20-> 3.75CH4 +2HCOJ +2.25C02 -157.3 
phthalate 

6 mineralization of c7H502+5.5H20->3.75CH4+HCOJ+2.25C02 -136.6 
benzoate 

0) The value represents the calculated AG0 for isophthalate and terephthalate fermentation, the 

value for ort/io-phthalate fermentation is estimated to be 34.9 kJreaction"'. Applied AGf° 

values for ort/io-phthalate, isophthalate and terephthalate were -548.6, -552.6 and -552.7 

kJ-mol'' respectively (5). 

Gibbs free energy changes. Standard Gibbs free-energy changes for the individual steps in 

anaerobic mineralisation of the phthalate isomers and benzoate were calculated according to 

Thauer et al. [33] (Table 3.1). AGf° values for the phthalate isomers were calculated from 

benzoate by using the group contribution method described by Dimroth [5]. AGf° values were 

corrected for a temperature of 37°C by using the Van't Hoff equation [4]. 
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Microscopical observation. The cultures were routinely observed by using a phase contrast 

microscope. Cultures grown on ort/jo-phthalate and isophthalate were prepared for scanning 

electron microscopy. Samples (10 ml) were filtered into 1 ml observation chambers. The 

observation chambers were closed and fixed with 2.5% gluteraldehyde. After fixation, 

samples were stored overnight in a 0.5% osmium tetraoxide solution in a buffer of sodium 

cacodylate (0.1 M, pH 7.1). After three rinses with demineralized water, samples were 

dehydrated stepwise with ethanol. Samples were mounted on stubs with carbon cement, 

critical point dried with C02, and sputter coated with 3 nm of platinum. The coated specimen 

were observed in a Jeol JSM 6300F scanning microscope at 5 to 8 kV. 

150 

3.4 ReSUltS IF, CH4/3.75 [mM] 

25 
Enrichment cultures. Three stable 

enrichment cultures with the ability to 

degrade either ort/io-phthalate, 

isophthalate, or terephthalate were 

obtained through numerous transfers 

into fresh medium throughout a period 

of more than one year. Multiple doses 

of substrate (6 to 12 mM phthalate 

isomer) were necessary to obtain high 

conversion rates. Once the conversion 

rate amounted to approximately 1 

mM-day"', 20% of the culture was 

transferred into fresh medium. No 

stable growth was obtained when (i) 

smaller amounts of the cultures were 

transferred or when (ii) the cultures were transferred when rates were significantly lower. 

Moreover, when transferring the cultures after complete depletion of the substrate, long lag 

phases and nonexponential growth were observed. These observations were studied in more 

detail by using the terephthalate grown enrichment culture, and the results obtained are 

described in Chapter 4. Due to their low growth rate (see Table 3.2), the cultures could be 

transferred approximately once a month. A typical example of the methane production 

profile found during several transfers of the isophthalate grown culture into fresh medium is 

shown in Figure 3.1. 

50 100 

time [days] 

Figure 3.1: Calculated (solid lines) and measured 
(•) methane concentrations (CH4) and substrate 
levels (dashed lines) during several transfers of the 
isophthalate (IF)-grown culture. 
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Cultures grown on one of the phthalate isomers were not able to degrade either of the other 

two phthalate isomers, suggesting that specific organisms are responsible for the degradation 

of each of the phthalate isomers. All three cultures were able to degrade benzoate without a 

lag period at rates comparable to the phthalate isomers degradation rates. 

Table 3.2: Maximum specific growth rate (ns m a x 

three phthalate isomers-degrading enrichment 

isomers, benzoate or acetate. 

culture 

isophthalate 

orf/io-phthalate 

terephthalate 

substrate 

iso-phthalate 

benzoate 

acetate 

ort ho-phtha\ate 

benzoate 

acetate 

terephthalate 

benzoate 

acetate 

and total biomass yield ( Yx s ) for 

cultures, 

Y 
^ to tS 

(g-d. 

8.5 

11.5 

0.97 

8.2 

12.8 

1.01 

8.6 

12.9 

1.23 

w.-mol"1) 

(0.8)(1) 

(0.6) 

(0.09) 

(1.2) 

(0.5) 

(0.15) 

(0.5) 

(1.2) 

(0.11) 

grown on 

1̂  

the phthalate 

max 

s 

(day1) 

0.092 

0.130 

0.131 

0.087 

0.216 

0.100 

0.094 

0.180 

0.120 

Values are the average of at least three seperate measurements, 
parentheses represent standard deviations in the measured values. 

(0.012) 

(0.020) 

(0.014) 

(0.007) 

(0.009) 

(0.013) 

(0.007) 

(0.011) 

(0.009) 

Values in 

During exponential growth on the phthalate isomers only small amounts of acetate and 

hydrogen were found (approximately 1 to 4 mM and 3 to 5 Pa respectively), indicating tight 

syntrophic coupling between the fermenting organisms and the methanogens (Figure 3.2). 

Intermediate accumulation of benzoate was only observed in the ortAo-phthalate-grown 

culture, but the measured concentrations were very low (1 to 3 p.M). No other intermediates 

were detected during exponential growth on the phthalate isomers. 

Addition of NajSCX, as an exogenous electron-acceptor (final concentration, 5 mM) did not 

affect the phthalate isomer conversion rate in any of the three cultures. The addition of 

NaN03 (final concentration, 5 mM) resulted in complete inhibition of the degradation of the 

phthalate isomers. 
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Kinetic parameters. The 

calculated values for the 

maximum specific growth rate 

(H™3") and the total yield 

(YY 5 ) of the three cultures are 

summarised in Table 3.2. Values 

for these parameters were 

determined for the three 

phthalate isomers, benzoate and 

acetate as substrates. Both 

parameters were measured in 

exponentially growing batch 

cultures. 

From the data presented in Table 

3.2 it can be seen that the 

differences in Li?ax and YY c 

between the three cultures grown 

on either phthalate, isophthalate, 

or terephthalate are small. For all 

enrichment cultures, u™x and 

YY s are significantly smaller 

for the phthalate isomer than for 

benzoate. 

When the maximum specific 

growth rates on acetate and the phthalate isomers are compared, it can be seen that higher 

values were found for growth on acetate. These data suggest that only limited amounts of 

acetate will accumulate during degradation of the phthalate isomers. This was confirmed by 

the low concentrations of acetate, as measured during exponential growth on the phthalate 

isomers(1-4 mM) and shown in Figure 3.2 for growth on terephthalate. 

file:///ppendix
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Figure 3.3: Benzoate (BA, A) degradation 
and concomitant acetate (C2, • ) 
accumulation and methane (CH4, O) 
formation in ortAo-phthalate (graph A), 
isophthalate (graph B), and terephthalate 
(graph C) grown cultures. Markers 
correspond to measured concentrations, 
and lines were calculated using the 
mathematical model described in the 
Appendix. 

The situation is different for growth on benzoate. The calculated maximum specific growth 

rates of the cultures grown on benzoate is either comparable (isophthalate and terephthalate) 

or significantly higher (ortAo-phthalate) than the maximum specific growth rates determined 

with acetate. These parameter values indicate that during incubation of the orf/10-phthalate 

grown culture with benzoate, high concentrations of acetate will accumulate. Lower 

concentrations of acetate are predicted to accumulate in the isophthalate- and terephthalate-

grown cultures when incubated with benzoate. These indications were confirmed by 

measured acetate concentrations during benzoate degradation, as shown in Figure 3.3. 
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Product formation during 

degradation of the phthalate 

isomers when incubated with BES. 

In order to study product formation 

of the fermenting organisms, the 

cultures were incubated with the 

phthalate isomers and 10 mM 

bromoethanosulfonate BES, a 

specific inhibitor of methanogenesis. 

From the results shown in Figure 3.4 

it can be seen that trace amounts of 

benzoate accumulated during 

incubation with BES of a 

terephthalate grown culture. No 

benzoate was detected in 

exponentially growing cultures, 

except for the ort/jo-phthalate grown 

culture where upto 3 uM benzoate 

was found. 

The methanogenic substrates acetate 

and hydrogen accumulated to 

concentrations significantly higher 

that those observed in exponentially 

growing cultures. According to the 

stoichiometry of the fermentation of 

the phthalate isomers (Table 3.1, 

reaction 1), equimolar amounts of 

acetate and hydrogen should 

accumulate during incubation with 

BES. However, the results show that much higher concentrations of acetate accumulate. Two 

reasons can be distinguished to explain this observation: (i) small amounts of methane were 

formed during the initial 2 days of incubation, suggesting incomplete initial inhibition of 

methanogenesis from hydrogen by BES, and (ii) the formation of another reduced product 

besides molecular hydrogen was observed. This product was identified as 

cyclohexanecarboxylate by gas chromatography. 
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Figure 3.4: Accumulation of acetate (C2, A), benzoate 

(BA, 0), and molecular hydrogen (H2, • ) during 

incubation of the terephthalate grown culture with 

terephthalate and 20 mM BES (bottom graph). The 

actual Gibbs free energy change for terephthalate 

fermentation (Reaction 1, Table 3.1) is indicated in the 

top graph) 
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Based on the measured concentrations of the phthalate isomer, acetate, and hydrogen, the 

actual Gibbs free energy (AG') for fermentation of the phthalate isomers (Table 3.1, reaction 

1) can be calculated. From Figure 3.4 it can be seen that fermentation of terephthalate 

stopped at AG'-values exceeding -69 kJmol-terephthalate"1. Like for the fermentation of 

terephthalate, the degradation of ort/io-phthalate and isophthalate stopped when AG' 

exceeded approximately -65 kJmol-phthalate-isomer"1. 

Figure 3.5: Scanning 

electron micrographs of the 

methanogenic enrichment 

cultures grown on ortho-

phthalate (A) and 

isophthalate (B). The 

numbers are explained in 

the text. 
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Microscopical observation. All three phthalate isomer-grown cultures formed dense floes 

of 0.5 to 2 mm in statically incubated serum bottles. Methanosaeta-Mke organisms were 

identified as the predominant acetoclastic methanogen in all three cultures. 

In the or/Ao-phthalate grown culture (Figure 3.5A), two dominant types of organisms were 

observed other than the Methanosaeta-Viks organisms (arrow 1): short fat rods (0.6 to 0.8 by 

1 to 2 um) with rounded ends (arrow 2) and very small rods (0.3 by 1.0 to 1.2 urn) (arrow 3). 

The fat rods were found in large amounts and are presumed to be responsible for the 

fermentation of ortAo-phthalate. The very small rods were embedded in extracellular 

material and always close to the short fat rods and may be hydrogenotrophic methanogens 

belonging to the genus Methanobacterium. 

The isophthalate-grown culture (Figure 3.5B) was less well defined than the or?Ao-phthalate-

grown culture, which may partly be the result of the low conversion rates observed in this 

culture at the moment samples were drawn for electron microscopy. Dense clusters of 

different types of organisms, embedded in extracellular material, were observed in a loose 

matrix of Methanosaeta-like organisms. 

The terephthalate grown culture was only examined with a light microscope (not shown) and 

sporeforming rods of 3 to 4 (xm were observed besides Methanosaeta- and 

Methanospirillum-Wke organisms. The spore-forming rods were probably involved in the 

fermentation of terephthalate. 

3.5 Discussion 

General observations. At least three different species of bacteria are involved in the 

methanogenic degradation of the phthalate isomers: fermentative organisms that convert the 

phthalates isomers to a mixture of acetate and hydrogen (Table 3.1, reaction 1), acetoclastic 

methanogens that convert acetate into a mixture of methane and bicarbonate (Table 3.1, 

reaction 4), and hydrogenotrophic methanogens that reduce bicarbonate with hydrogen under 

formation of methane (Table 3.1, reaction 3). Conversion of the phthalate isomers into 

acetate and hydrogen is energetically unfavourable under standard conditions (AG0' = 38.6 

kJmol-phthalate"1), suggesting that the phthalate isomers fermenting cultures strictly depend 

on the presence of acetoclastic and hydrogenotrophic methanogens in the mixed culture to 

maintain sufficiently low intermediate concentrations acetate and hydrogen. Methanogens 

depend on the phthalate isomers fermenting bacteria for generation of their substrates. Due to 

their mutual dependency, the mixed cultures can be designated as syntrophic cultures [25]. 
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As proposed for denitrifying bacteria [20, 2 1 , 32], the initial step in the degradation of 

phthalate isomers is suggested to be decarboxylation to benzoate because (i) all the phthalate 

isomer-grown cultures were capable of benzoate degradation without a lag phase, and (ii) 

small amounts of benzoate accumulated in phthalate isomer degrading cultures, incubated 

with the methanogenic inhibitor BES . 

Modell ing degradation of the phthalate isomers and benzoate. In order to describe the 

dynamic formation and consumption of acetate and hydrogen during degradation of the 

phthalate isomers and benzoate, a mathematical model was developed (see Appendix) . The 

model was based on the reaction stoichiometrics shown in Table 3.1 and assumed that one 

organism was responsible for the fermentation of the phthalate isomers and benzoate. 

Additional kinetic parameter values that were required as input for the model were calculated 

using Equations 3 to 5. 

Table 3.3: Specific biomass yields, specific phthalate- and benzoate-fermenting activities, and 

the specific biomass yield values normalised to an energy quantum of 70 kJ-mol"1 of the 

fermentative organisms in the three mixed cultures grown on benzoate or the phthalate isomers. 

Cult. 

/-PA 

o-PA 

TA 

sub.1 

;-PA 

BA 

o-PA 

BA 

TA 

BA 

x Ferm s 

g-mol"1 

4.7 

7.8 

4.3 

9.0 

4.0 

8.4 

max 
x Ferm s 2 

mol-Sg 'day'1 

0.019 

0.017 

0.020 

0.024 

0.023 

0.021 

acetate3 

mM 

1.6 

2.5 

4.0 

10.0 

1.3 

2.5 

H2
3 

Pa 

3.5 

6.0 

4.0 

6.0 

3.0 

4.0 

A G ' 4 

kJ-mol-S"1 

-92 .4 

-56.0 

-88.5 

-45.2 

-95.4 

-59.1 

Y X F e n n A G 5 

g70-kJ"' 

3.6 

9.7 

3.4 

13.9 

3.0 

10.0 

The abbreviations o-PA, i-PA, TA and BA stand for orrto-phthalate, isophthalate, 

terephthalate and benzoate respectively, 

the maximum specific conversion rate was calculated according to q™x
 s = u ^ 1 / YXFemls 

acetate and hydrogen concentrations represent average concentrations as measured during 

exponential growth of the cultures, 

values for the actual Gibbs free-energy change for fermentation of the phthalate isomers 

(Table 1, reaction 1) and benzoate (Table 1, reaction 2), calculated with a concentration of 4 

mM for the phthalate isomers and benzoate, and a bicarbonate concentration of 40 mM, 

measured biomass yields (see Table 2) normalised to an energy quantum of 70 kJ(mol S)'1. 
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The calculated biomass yields of the phthalate- and benzoate-fermenting organisms 

(Equation 3) are presented in Table 3.3. For the biomass yield of the acetoclastic 

methanogens in the mixed culture, the measured values as reported in Table 3.2 were used. 

For the biomass yield of the hydrogenotrophic methanogens we estimated a value of 0.33 

gmol-Hj"1 from the energetic efficiency for growth under hydrogen limiting conditions of 

Methanobacterium bryantii [28]. With this estimated value, the maximum contribution of 

the biomass yield of the hydrogenotrophic methanogens to the total biomass yield during 

growth on the phthalate isomers or benzoate amounts only 12%, suggesting that the error 

introduced into the calculations of the biomass yield of the fermenting organisms are small. 

Intermezzo 

Hydrogentrophic methanogenesis according to reaction equation 3 in Table 3.1 is a key process 

in syntrophic degradation of non-methanogenic substrates. Only when molecular hydrogen is 

continuously removed, the fermentative reactions are sufficiently exergonic to sustain 

microbial activity in syntrophic cultures 

Experimentally, the determination of the biomass yield of hydrogenotrophic methanogens is 

seriously hampered by the ability of these organisms to uncouple substrate conversion and 

microbial growth [8, 28, 29]. Herewith the biomass yield becomes strongly dependent on the 

applied hydrogen concentration, and yield values determined at high hydrogen concentrations 

may be distinctly different from the values obtained at low hydrogen partial pressures, as 

observed in the syntrophic mixed cultures described here. Measurement of the biomass yield of 

hydrogenotrophic methanogens in syntrophic mixed cultures should therefore be based on cell 

counts combined with values for the specific cell mass as described by Seitz et al. [27, 28] 

These authors described the energetic efficiency for growth (Y% AQ ) under hydrogen 

limiting conditions of Methanobacterium bryantii, and we used this value for estimation of the 

biomass yield of the hydrogenotrophic methanogens in our cultures. 

The values we calculated for the half saturation constant ( K f j , Table 3.4) of the 

hydrogenotrophic methanogens in our cultures (4.2 + 0.7 Pa) are significantly lower than those 

reported in literature (> 100 Pa, [12, 22]). Literature values, however, have been obtained using 

exogenously supplied molecular hydrogen, which probably led to strong mass transfer 

limitations from the gas to the liquid phase, resulting in overestimation of the half saturation 

constant. To avoid mass transfer limitations, measurement of KH should therefore be based 

on steady state measurements in chemostat cultures with endogenous supply of hydrogen, or on 

concentration measurements in the liquid phase. 
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Based on measured values for the maximum specific growth rate on the phthalate isomers 

and benzoate (Table 3.2) and the corresponding biomass yield values of the fermenting 

bacteria (Table 3.3), the maximum specific conversion rates for benzoate and the phthalate 

isomers ( q j ^ s) w e r e calculated (Table 3.3). The results indicate that the maximum 

specific conversion rates for benzoate and the phthalate isomers are in the same order of 

magnitude, which confirms the observation that the initial rate of degradation of benzoate 

and the phthalate isomers are comparable, as described above. 

The observation that acetate 

and hydrogen concentrations 

remained constant during 

degradation of the phthalate 

isomers allowed for 

calculation of the biomass 

Table 3.4: Calculated specific 

half- saturation constants for 

methanogens in 

cultures. 

culture 

iso-phthalate 

ort/io-phthalate 

terephthalate 

biomass ratios and 

acetate and 

the phthalate-isomers 

•^Ferm 
XAcM 

[g-g1] 

1.7 

1.5 

1.1 

-̂ -Ferm 
XHyM 

Eg*'] 

4.9 

4.4 

4.2 

hydrogen 

degrading 

Kc2 

[mM] 

0.7 

0.6 

0.4 

apparent 

for the 

mixed 

KH2 

[Pa] 

4.0 

5.1 

3.4 

concentration ratios 
and 

Cv /C Y according to 
AFerm / AHyM ° 

Equation 4, and the half-

saturation constants for the 

methanogenic substrates 
acetate and hydrogen (KC2 and KH ) according to Equation 5. To enable calculation of 

KH , we estimated from the data reported by Seitz et al. (31) a value of 0.60 

mol-H/g'day'1 for q™*. Calculated values for these parameters are shown in Table 3.4. 

By using the measured and estimated parameter values (shown in Tables 3.2 to 3.4), the 

degradation of the phthalate isomers and benzoate can be described with the initial 

concentration of fermenting bacteria (Xferm[0]) as only variable (and estimated values for KBA 

and KPA). When the boundary conditions are sufficiently fulfilled, the derived model 

accurately describes the accumulation of acetate and hydrogen during the degradation of the 

phthalate isomers, as shown for terephthalate degradation in Figure 3.2. 

The assumptions made to calculate the biomass ratios and the half-saturation constants for 

the methanogens (Table 3.4) were based on measurements with the phthalate isomers as 

substrate. To validate the model, intermediate accumulation and product formation during 

benzoate degradation were calculated. From the results shown in Figure 3.4 it can be seen 

that the intermediate formation of acetate and final production of methane are reasonably 

well predicted for benzoate degradation. If it is taken into account that minor errors in, for 
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example, the measured values for Yx C2 lead to large differences in the estimated biomass 

ratio, the results are satisfactory. 

In summary, we suggest that the developed model adequately describes the intermediate 

accumulation of acetate and hydrogen and final production of methane during degradation of 

the phthalate isomers and benzoate. Description of the conversions observed as a function of 

the kinetic properties of the individual trophic groups in the mixed culture provides 

additional insight in the metabolic properties of the mixed culture. 

Kinetic parameter values. Measured and estimated values of the kinetic parameters for 

benzoate and acetate degradation correspond well with previously reported values. A growth 

yield on benzoate of 8.5 gmol-benzoate"1 has been reported for strain BZ-2 cocultured with 

Methanospirillum sp. strain PM-1 (assuming a protein content of 60%) [6], and of 6.2 and 

8.2 gmol-benzoate"1 for Syntrophus buswelli GA cocultured with Methanospirillum hungatei 

or Desulfovibrio sp., respectively [1]. From our data we calculated a similar average value of 

9.3 ± 0.5 g-mol-benzoate', if the growth of acetoclastic methanogens was omitted from the 

calculation. 

Maximum specific growth rates reported for two different Syntrophus buswelli strains, 

cocultured with either M. hungatei or Desulfovibrio sp., are 0.10 to 0.29 and 0.17 to 0.37 

day"' respectively [18, 34]. The average value of 0.17 ± 0.04 day"1 we obtained for the 

maximum growth rate on benzoate in our cultures is in the same order of magnitude. 

Methanosaeta-\ike organisms were observed in all three phthalate isomers degrading mixed 

cultures by microscopical observation. The biomass yield, half-saturation constant and 

maximum growth rate reported in the literature for Methanosaeta soehngenii grown on 

acetate at 37°C are 1.47 g-mol-acetate'1, 0.47 mM and 0.11 day"1 respectively [35]. These 

values are in the same order of magnitude as the average values we measured or calculated 

for our cultures (YXC2 = 1.15 ± 0.28 gmol-acetate"1, Kc2 0.55 ± 0.13 mM and Hcf = °-12 

± 0.02 day"1). 

In the literature no kinetic parameter-values for methanogenic cultures degrading one of the 

phthalate isomers were found. The maximum growth rates we calculated for the phthalate 

isomers (n j 1 ") were low: 0.091 ± 0.003 day"'. Comparable values have been found for 

methanogenic enrichment cultures degrading the poorly degradable substrates toluene and 

ortho-xylene (0.11 and 0.07 day"1 respectively [7]). 

Energetic efficiency for growth on the phthalate isomers and benzoate. Correlations 

between thermodynamics and biomass yields have been developed by several researchers 

[13, 16, 31]. Stouthamer [31] stated that the biomass yield of anaerobic bacteria is in the 
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range of 5 to 12 gmol-ATP"1, with an average value of 10.5 g-mol-ATP"1. Under 

physiological conditions, an average amount of 70 kJmol-ATP'1 was estimated to be needed 

for irreversible ATP-synthesis [25]. Using average values for the substrate and product 

concentrations for fermentation of the phthalate isomers and benzoate, the Gibbs free energy 

change of the fermentations and the biomass yield normalised to an energy quantum of 70 
kJ-mol"1 (Yx A G) can be calculated from the measured specific biomass yields (Yx s ) , 

as shown in Table 3.3. 

The average value we calculated for Yx AG for benzoate fermentation is 11.2 ± 1.9 

g-70-kJ'1, which is close to the average value of 10.5 gmol-ATP"1 reported by Stouthamer 
[31]. Values for Yx AG for fermentation of the phthalate isomers are much lower (3.3 ± 

0.3 g-70-kJ"1), suggesting that the energetic efficiency for growth on the phthalate isomers is 

much lower compared to benzoate. The observation that no degradation of the phthalate 

isomers was observed at Gibbs free-energy changes exceeding -65 kJ-mol"' confirms that an 

energetic inefficiency in degradation of the phthalate isomers may exist. Assuming that (i) 

the phthalate isomers and benzoate are degraded by the same organism and (ii) benzoate is 

the first intermediate in the degradation of the phthalate isomers, the postulated energetic 

inefficiency during growth on the phthalate isomers should manifest within the initial steps 

of the phthalate isomers degradation. 

A possible reason for the postulated energetic inefficiency in fermentation of the phthalate 

isomers can be found in the mechanism of substrate transport across the microbial 

membrane. The pK^j values for the phthalate isomers (pK,,2 for ortho-, iso- and 

terephthalate are 3.0, 3.6, and 3.5, respectively) are considerably lower than the pK, value of 

4.2 for benzoate [9]. To enable comparable uptake rates for the phthalate isomers and 

benzoate as suggested by the comparable values for q™3" PA an<^ Ix** BA (Table 3.3), 

active uptake under expense of Gibbs free energy may be required for the phthalate isomers, 

whereas no (or less) energy is required for the uptake of benzoate. 

Another explanation for the postulated energetic inefficiency can be found in the 

decarboxylation of the phthalates to benzoate (or their CoA analogues). Taylor and Ribbons 

[32] suggested that decarboxylation of phthalate may proceed after the initial partial 

reduction of the aromatic ring (in a one- or two-electron mechanism), followed by oxidative 

decarboxylation. The initial reduction of the aromatic ring is endergonic and requires the 

investment of energy in the form of ATP [3]. If this amount of energy cannot (or can only 

partially) be regained during oxidative decarboxylation, this may explain the net energy 

consumption during decarboxylation of the phthalate isomers. 
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In summary, it is postulated that the calculated low energetic efficiency for growth on the 

phthalate isomers can be due to the need for energy consumption for (i) active uptake of the 

phthalate isomers across the microbial membrane or (ii) to initiate the decarboxylation of the 

phthalate isomers to benzoate. 

Appendix: Modelling intermediate accumulation and end-product 

formation. 

A mathematical model was developed for predicting the intermediate accumulation of 

acetate and hydrogen, and production of methane during degradation of the phthalate 

isomers and benzoate. The model is based on Monod kinetics [17] and, consequently, the 

volumetric rate of substrate consumption (A-l), biomass growth (A-2) and product formation 

(A-3) in a batch-reactor can be described by using the following equations (neglecting 

maintenance and/or decay): 

max r RS=_^S ±S ^ ( A 1 ) 

Yxs Ks + C s 

R x = - Y x s - R s (A-2) 

R p = - f S P ( l - T i x s ) R s (A-3) 

where fSP stands for the number of moles of product formed per mole of substrate according 

to the chemical reaction equation (mol-S-mol-P1) and where r |x s is the biomass yield for 

growth of biomass X on substrate S, expressed as electron yield (e-mol-Xe-mol-S1). This 

parameter can be calculated from the measured (or calculated) biomass yield according to the 

following equation: 

Yx-Clengthx 

^ - y s - C l e n g t h s - M W x ^ ( A"4 ) 

where y is the degree of reduction (e-molC-mol1) as defined by Heijnen et al. [13], Clength 

is the carbon chain length (C-mol-mol1) and MW is the molecular weight (g-mol"'). We used 

an average biomass composition of C4H72O2N08 [13, 15] and NH4 as the nitrogen source. 

By using these kinetic equations and mass balances based on the stoichiometry of the 

conversion reactions shown in Table 3.1, differential equations for all substrates, products, 

and different types of biomass were derived (Table A-l). During the derivation of these 

equations the following assumptions were made: (i) the phthalate isomers and benzoate are 
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fermented by the same organism (XFem), (ii) kinetic parameters for fermentation of the 

phthalate isomers and benzoate may be different, and (iii) the ratio of fermentation products 

equals the ratio predicted by the chemical conversion-reactions described in Table 3.1, and is 

therefore independent of biomass-growth. 

Table A-l: 

concomitant 

dCPA 

dt 

dCBA 

dt 

dCC2 _ 

dt 

dCH2 

dt 

d CCH4 

dt 

dCx 

dt 

dCv 
AAcM 
dt 

dCv 
AHyM 
dt 

Differential equations describing terephthalate and benzoate degradation with 

production and consumption of acetate and hydrogen, and production of methane. 

RPA 

RBA 

_fBAC2 Y - T I X F ^ B A J R B A _fpAC2-(1_rlXFermPA) ,RPA + RC2 

I _ f BAH2 • (l - •". XFem,BA ) • R BA _ fPAH2 - 1 Vg 

}(l-nxFeralPA)-RPA + RH2-(l-exp(AGH2ox/R-T))f Vl m § 

_fH2CH4 • [ 1 _ r I X H y M H 2 | , R H 2 ~ fC2CH4(l _ UXAcMC2)- R C2 

- Y X F e m BA RBA "YXFermPA RPA 

~ Y X A C M C 2 ' R C 2 

"YXHyMH2 R H 2 

A-5 

A-6 

A-7 

A-8 

A-9 

A-10 

A-ll 

A-12 

The differential equation describing the change in hydrogen concentration over time is 

expressed in Atm(literday)"1 by correction of the molar rates for the liquid volume (V„ liter) 

and the headspace volume (Vg, liter) of the serum bottle, and the volume of 1 mole gas (Vmg, 

liter-mol"'). To include the observed threshold concentrations hydrogen in the model, an 

additional term was included in the differential equation describing hydrogen consumption 

due to hydrogenotrophic methanogenesis. This term is based on reversible enzyme kinetics 

as described by Labib et al. [14] and avoids hydrogen consumption if hydrogenotrophic 

methanogenesis is endergonic (AG mox-* 0)- No product inhibition terms for the fermentation 

of the phthalate isomers and benzoate were included in the model, because in general only 

small amounts of acetate and hydrogen accumulated during our experiments. 
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The differential equations A-5 to 

A-12 (Table A-l) were integrated 

by using a fourth order Runge-

Kutta algorithm with adaptive step-

size control [24], Optimisation of 

parameter values or initial 

conditions was performed by using 

the downhill simplex method in 

multidimensions as described by 

Press et al. [24]. Optimisation was 

based on minimising the absolute 

error between measured and 

calculated values for the individual 

concentrations. The software 

program incorporating the model 

was written in Turbo Pascal 6.0 on 

a personal computer (80486-

DX33). 

An example of the model is shown 

in Figure A-l for degradation of 

terephthalate and benzoate. This 

figure clearly demonstrates the 

differences in intermediate 

accumulation during terephthalate 

and benzoate degradation. The 

parameter values used for 

calculating Figure 3.6 are presented in 

BA, TA, C2 [mM] 

15 

10 

60 

CH4 [mM] 

-"-. BA-C2 

BA-CH4 

v-->---:: 

time [days] 

Figure A-l: Terephthalate (TA) and benzoate (BA) 
degradation and concomitant intermediate accumulation 
of acetate (C2) and hydrogen (H2) and final production 
of methane (CH4) as predicted by the model. 

Tables 3.2 to 3.4. 
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Nomenclature 

Cs 

CP 

Cx 

max 

Ks 

*xs 

„max 

r\xs 

CI 

Y 

MW 

ISP 

T 

R 

subscripts: 

PA 

BA 

C2 

H2 

CH4 

XK1 

V 
-^Ferni 

X A C M 

^HyM 

substrate concentration 

product concentration 

biomass concentration 

maximum specific growth rate on substrate S 

Monod constant 

biomass yield of X grown on S 

maximum specific conversion rate of X on S 

electron biomass yield of X grown on S 

carbon chain length 

degree of reduction 

molecular weight 

number of moles P, produced per mol S 

temperature 

gas constant 

phthalate isomer 

benzoate 

acetate 

molecular hydrogen 

methane 

sum of the individual organisms involved in degradation of 

the phthalate isomers and benzoate 

phthalate isomers and benzoate fermenting organisms 

acetoclastic methanogens 

hydrogenotrophic methanogens 

mol-r' 

moll'1 

gl-' 

day' 

mol-r1 

g-mol'1 

mol-(g-day)"' 

e-mol-X-e-mol-S"' 

C-molmol"1 

e-mol-C-mol"1 

g-mol"' 

mol-Pmol-S"' 

K 

J-(mol-K)-' 
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Abstract 

The terephthalate grown enrichment culture, described in 

chapter 3, was used to determine the impact of short periods of 

starvation (hours), or co-incubation of terephthalate with 

benzoate or acetate. The culture was found to be highly sensitive 

to either of these measures, resulting in a dramatic loss of 

terephthalate degrading capacity. 
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4.1 Summary 

The effects of acetate, benzoate, and periods without substrate, on the anaerobic degradation 

of terephthalate (1,4-benzene-dicarboxylate) by a syntrophic methanogenic culture were 

studied. The culture had been enriched on terephthalate and was capable of benzoate 

degradation without a lag phase. When incubated with a mixture of benzoate and 

terephthalate, subsequent degradation with preference for benzoate was observed. Both 

benzoate and acetate inhibited the anaerobic degradation of terephthalate. The observed 

inhibition is partially irreversible, resulting in a decrease (or even a complete loss) of the 

terephthalate-degrading activity after complete degradation of benzoate or acetate. 

Irreversible inhibition was characteristic for terephthalate degradation only, because the 

inhibition of benzoate degradation by acetate could well be described by reversible 

noncompetitive product inhibition. Terephthalate degradation was furthermore irreversibly 

inhibited by periods without substrate of only a few hours. The inhibition of terephthalate 

degradation due to periods without substrate could be overcome through incubation of the 

culture with a mixture of benzoate and terephthalate. In this case no influence of a period 

without substrate was observed. Based on these observations it is postulated that 

decarboxylation of terephthalate under formation of benzoate is strictly dependent on the 

concomitant fermentation of benzoate. In the presence of higher concentrations of benzoate, 

however, benzoate is the favoured substrate over terephthalate, and the culture loses its 

capacity to degrade terephthalate. In order to overcome the inhibition of terephthalate 

degradation by benzoate and acetate, a two-stage reactor system is suggested for the 

treatment of wastewater generated during terephthalic acid production8. 

4.2 Introduction 

During both steps of Purified Terephthalic Acid (PTA) production, wastestreams are 

generated with a high level of organic contamination. Main components in these 

wastestreams are in decreasing order of concentration: terephthalic acid, acetic acid, benzoic 

acid and/7ara-toluic acid (Chapter 1). Several technological studies have been conducted to 

assess the feasibility of anaerobic pre-treatment of terephthalic acid wastewater [7, 10, 13] 

and approximately 10 full scale treatment systems are currently in operation or under 

construction [2, 11, 16]. Results obtained during these studies indicate that most wastewater 

A modified version of this chapter has been published in Appl. Environ. Microbiol. (1999), 65: 

1161-1167 
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constituents are biodegradable under methanogenic conditions (Chapter 2) and are hardly 

toxic to methanogenic organisms [4, 7]. However, the degradation rates found in anaerobic 

bioreactors are low [2, 7, 13], and lag phases prior to degradation of the phthalic acid 

isomers are long, ranging from 1 to 3 months in batch studies (Chapter 2), to more than 1 

year in full scale reactors [2, 16]. 

COO" COO-
Perm 

Ferm 

< 

AcM 

3 C2H302" •• 3 CH4 + 3 HCOg-

HC03" -^ U N. T 
- v 3 H2 ^ — 075 CH4 

COO" HyM 

Figure 4.1: Proposed degradation scheme for anaerobic degradation of terephthalate by a 

syntrophic culture consisting of terephthalate decarboxylating and benzoate fermenting 

organisms (Ferm), acetoclastic methanogens (AcM) and hydrogenotrophic methanogens 

(HyM). 

In anaerobic bioreactors, organic compounds are converted into a mixture of methane and 

carbon dioxide in a complex network of several types of bacteria. These metabolic networks 

have been studied extensively for the anaerobic degradation of important agroindustrial 

wastewater constituents, such as volatile fatty acids and alcohols [18, 20]. Combined with 

the development of high-rate anaerobic bioreactors, which have the ability to uncouple the 

solid retention time and the hydraulic retention time [8, 9], this knowledge contributed to the 

successful implementation of high-rate anaerobic bioreactors for the treatment of 

concentrated, non-complex wastewaters. Contrary to these relatively noncomplex substrates, 

hardly any information is currently available about the kinetic properties of the 

methanogenic degradation of aromatic pollutants. Furthermore, the influence of rapidly 

degradable substrates on the anaerobic degradation of aromatic substrates is poorly 

documented. This lack of information seriously hampers the successful introduction and 

application of anaerobic treatment methods for the more complex wastewaters, such as those 

generated in the petrochemical industries. With respect to the anaerobic treatment of PTA-

wastewater, it has been shown that terephthalate and joara-toluate are the rate limiting 

substrates [2, 7, 12, 16]. Taking into account that terephthalate is the main polluting 

compound in PTA-wastewater, we focused our work on the anaerobic degradation of this 

compound. In Chapter 3 we described the kinetic properties of the different types of bacteria 

involved in the methanogenic degradation of terephthalate, as well as its ortho- and meta-

oriented isomers. These experiments were conducted with enrichment cultures obtained from 

methanogenic granular sludge or digested sewage sludge. We postulated in this Chapter that 
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the anaerobic degradation of the phthalate isomers and benzoate proceeds according to the 

reaction scheme shown in Figure 4.1. 

This Chapter focuses on the following characteristics of a terephthalate grown, methanogenic 

enrichment culture: (i) the influence of acetate and benzoate on terephthalate degradation, as 

well as the influence of acetate on benzoate degradation, and (ii) the influence of periods 

without substrate on benzoate and terephthalate degradation. Based on the results obtained, 

the specific role of benzoate in the anaerobic degradation of terephthalate is discussed, and 

the practical implications for anaerobic treatment of PTA-wastewater are presented. 

4.3 Materials and methods 

Biomass. The terephthalate grown enrichment culture used in the experiments was obtained 

from granular biomass from a laboratory scale anaerobic hybrid reactor as described in 

Chapter 3. In order to cultivate a large amount of biomass, a continuously stirred 5 litre batch 

reactor was operated with the enrichment culture. The temperature of the polyacrylate reactor 

was controlled at 37 ± 1°C by a thermostat-bath-circulator (Haake Dl-L) connected to the 

double wall of the reactor. Prior to inoculation of the 5 litre cultivation reactor, cultures were 

transferred into serum bottles with increasing volume (upto 2 litres, liquid volume of 500 ml) 

in order to obtain a sufficient amount of biomass for inoculation. The cultivation reactor was 

operated in a fed-batch mode: Approximately once a week, 1 litre of the culture was 

removed, and the reactor was replenished with a mixture of substrate and nutrients. By using 

this approach it was possible to grow a large amount of terephthalate degrading biomass with 

a relatively constant volumetric conversion rate of 1 to 2 mM-day"1. Due to the low growth 

rate of the terephthalate-degrading enrichment culture, it took approximately 6 months to 

obtain a stable culture in the 5 litre reactor. 

Kinetic analyses. Experimental data were analysed using the previously described 

mathematical model, with the same set of experimentally determined or estimated parameter 

values for the different trophic groups in the terephthalate-degrading mixed culture (Chapter 

3). 

Noncompetitive product inhibition of benzoate degradation by acetate was modelled by 

using the following rate equation for benzoate degradation: 

• i m a x
 r vi 

KBA--Y v r r v-
 c X F e r m (

[
) 

Y X F e r m BA K B A + ( - B A ( - C 2 + K - 1 C 2 
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where R, u., Y, and C stand for volumetric conversion rate (molliter'-day1), maximum 

specific growth rate (day1), biomass yield (gmol1), and concentration (mol-liter1) 

respectively. Subscripts XFerm, BA, and C2 stand for benzoate fermenting biomass, benzoate, 

and acetate respectively. KiC2 is a noncompetitive inhibition coefficient. 

On-line measurement of the CH4-production rate. Methane production in the 5 litre 

cultivation reactor was measured through liquid displacement with a mariotte bottle. Prior to 

the mariotte bottle, carbon dioxide was washed from the biogas by leading it over a 20% 

NaOH solution and a column filled with soda lime pellets for removal of water vapour and 

traces of carbon dioxide. The liquid displaced was collected in a container placed on a 

pressure sensor (DS-Europe, model QB745) to detect the weight increase of the container. 

The pressure sensor was connected to a data logger (Campbell CR10), and weights were 

recorded every 30 minutes. The data logger was connected to a personal computer for 

continuous monitoring of the methane production. 

Degradation of mixed substrates. In order to study the degradation of mixtures of two 

substrates (acetate, benzoate and/or terephthalate), batch experiments were performed in 300 

ml serum bottles. Media were prepared with mixtures of substrates at the desired 

concentration as described in Chapter 3. All organic substrates were dosed as sodium salts 

from stock-solutions, and if necessary, sodium concentrations were corrected through dosage 

of NaCl. Serum bottles were sealed with butyl rubber stoppers and aluminium screw caps. 

The headspace was flushed with a mixture of N2 and C02 (70:30 [vol:vol]), and 

NajS.7to9H20 was dosed from a concentrated stock solution to obtain a final concentration 

of 150 mg 1"'. Serum bottles were preincubated at 37 ± 1CC in an orbital motion shaker and, 

after temperature equalisation inoculated by syringe with the terephthalate-grown enrichment 

culture. Samples for inoculation (10 to 20 ml) were taken from the cultivation reactor at the 

end of the exponential-growth phase. The total liquid volume in the serumbottles amounted 

50 to 70 ml. Throughout the experimental period, serum bottles were sampled at least once a 

day for analyses of the concentration terephthalate and benzoate by high pressure liquid 

chromatography (HPLC), and volatile fatty acids, molecular hydrogen, and methane were 

analysed by gas chromatography. A detailed description of the analytical methods applied 

can be found in Chapter 2. Measured concentrations in the headspace were corrected for the 

reduction in liquid volume due to sampling. All experiments were performed in duplicate. 

Influence of periods without substrate on benzoate and terephthalate degradation. To 

study the influence of short periods without substrate on the terephthalate-degrading activity 

of the culture, 20 ml samples were regularly taken from the cultivation reactor. The samples 

were incubated with terephthalate (5 mM) in 117 ml serum bottles with a N2-C02 gas-phase 



88 Chapter 4 

mixture for determination of the specific terephthalate-degrading activity of the biomass. The 

experimental procedure was basically the same as described above, except no additional 

nutrients were dosed. Terephthalate degradation in the serum bottles was monitored by 

repeated measurement of the methane concentration in the headspace for one to two days. 

The volumetric terephthalate conversion rate (mol-terephthalateliter-inoculum'day1) was 

calculated from the measured methane production by using linear regression techniques. 

Using this approach, the specific terephthalate degrading activity, as measured at high 

terephthalate concentrations in the serum bottles, could be related to the terephthalate 

concentration and consequently the terephthalate conversion rate in the cultivation reactor. 

In order to compare the influence of a short period of a few hours without substrate on the 

degradation of terephthalate and a mixture of benzoate and terephthalate, a slightly different 

procedure was used. Serum bottles (117 ml) with a N2-C02 gas-phase mixture were 

inoculated by syringe with a mixture of biomass and terephthalate from the cultivation 

reactor. Terephthalate, or a mixture of benzoate and terephthalate (final concentration of both 

substrates, 5 mM) were dosed to four bottles (in duplicate), while no substrate was dosed to 

four other bottles. After 1 day, benzoate or a benzoate-terephthalate mixture was dosed to the 

bottles that had not received any substrate at the moment of sampling. With this approach, 

the latter bottles were exposed to a period without substrate, due to the depletion of the 

terephthalate in the inoculum. In time the concentrations of benzoate and terephthalate, 

volatile fatty acids, and the methane content of the headspace were measured. 

4.4 Results 

Mutual influence of acetate, benzoate, and terephthalate. Terephthalate grown cultures 

had the ability to degrade benzoate without a lag period, and specific conversion rates 

obtained with either benzoate or terephthalate as substrate were comparable (Figure 4.2). 

When terephthalate grown biomass was incubated with a mixture of terephthalate and 

benzoate, a sequential conversion of both substrates was obtained (Figure 4.3). From this 

figure it can be seen that benzoate is the preferred substrate over terephthalate. Since hardly 

any terephthalate is degraded in the presence of benzoate, the degradation of a mixture of 

benzoate and terephthalate approaches diauxic degradation. 
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Figure 4.2: Degradation of terephthalate 

(TA, 0) or benzoate (BA, • ) by the 

terephthalate grown enrichment culture. 
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Figure 4.3 Degradation of a mixture of 

terephthalate (TA, 0) and benzoate (BA, • ) , 

and concomitant methane production (CH4, 

A) by the terephthalate grown enrichment 

culture. Calculated lines indicate that the 

terephthalate degradation rate after complete 

removal of benzoate is approximately 31 % 

lower than the initial benzoate degradation 

rate. 

From Figure 4.3 it can be seen that the calculated terephthalate conversion rate after 

complete removal of benzoate is 31% lower than the initial benzoate conversion rate, 

suggesting that part of the terephthalate degrading capacity is lost during the degradation of 

benzoate. At higher initial concentrations of benzoate and lower biomass concentrations, this 

loss in terephthalate degrading activity is more pronounced, as shown in Figure 4.4. Even 

though all of the benzoate is degraded within 6 days, a lag phase prior to terephthalate 

degradation of approximately 20 days is observed. Terephthalate conversion rates, after 

complete conversion of benzoate, are significantly lower compared to the experiment with 

terephthalate as the sole carbon and energy source. 

A similar effect is observed in cultures incubated with a mixture of acetate and terephthalate 

(Figure 4.5). Despite complete degradation of acetate within 8 days, no degradation of 

terephthalate is observed in a culture incubated with a mixture of terephthalate and acetate 

within 38 days. 
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Figure 4.5: Terephthalate (TA) degradation 

by the terephthalate grown enrichment 

culture incubated with (0) and without ( • ) 

12 mM benzoate (BA). In the experiment 

incubated with a mixture of BA and TA, BA 

was completely degraded after 6 days. 
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Figure 4.4: Terephthalate (TA) 

degradation by the terephthalate grown 

enrichment culture incubated with (0) and 

without ( • ) 50 mM acetate (C2). In the 

experiment incubated with a mixture of TA 

and C2, C2 was completely degraded after 

8 days. 

The loss in degrading capacity is characteristic for terephthalate degradation because no loss 

in activity was observed when the terephthalate-grown culture was incubated with a mixture 

of benzoate and acetate (Figure 4.6). Fully reversible product-inhibition of benzoate 

degradation by acetate could accurately be described by a simple non-competitive inhibition 

model as described in the material and methods section (Equation 1). For calculating the 

drawn lines in Figure 4.6, a non-competitive inhibition coefficient of acetate (KiC2) of 33 

mM was used. It can furthermore be seen that at equal acetate concentrations, terephthalate 

degradation was completely inhibited, while benzoate conversion still proceeded. 
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C2 [mM] 
Influence of substrate depletion on 

benzoate and terephthalate degradation. 

During cultivation of the terephthalate-

grown enrichment culture, it was observed 

that if substrate was dosed after complete 

conversion of terephthalate, a long lag-

phase (of up to more than 1 month) 

occurred prior to terephthalate degradation. 

In order to quantify this inactivation due to 

substrate depletion, samples were regularly 

taken from the cultivation reactor and 

incubated with 5 mM terephthalate in 117-

ml serum bottles. The specific terephthalate 

conversion rate was measured in the serum 

bottles for a period of 1 to 2 days. By this 

approach, the specific terephthalate-

degrading activity of the culture was 

measured shortly before and after depletion 

of terephthalate in the cultivation reactor. 

From Figure 4.7 it can be seen that the 

volumetric terephthalate conversion rate in 

the first sample, taken after approximately 2 

days, is highly comparable to the rate in the 

5-litre cultivation reactor. This result shows 

that no loss in activity occurred due to 

transfer of the culture. 

In time the rate of methane production in 

the cultivation reactor decreases due to 

substrate depletion. Kinetically, this decrease in the methane production rate is expressed 

with the apparent half saturation constant (KTA), which was estimated to be 0.8 mM for 

terephthalate fermentation. From Figure 4.7 it can be seen that the volumetric conversion 

rate of terephthalate degradation in the serum bottles (where sufficient substrate is present) 

proceeds parallel with the decrease in the conversion rate in the cultivation reactor. This 

observation evidently shows that the terephthalate-degrading culture almost completely loses 

its capacity to degrade terephthalate during short periods of starvation. 

5 10 
time [days] 

Figure 4.6: Inhibition by acetate (C2, upper 
graph) of benzoate (BA, bottom graph) 
degradation by the terephthalate grown 
enrichment culture. Markers correspond to 
measured concentrations and drawn lines were 
calculated using a non-competitive inhibition 
model (Eq. 3) with a value for KiC2 of 33 mM. 
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A similar experiment was performed 

with both terephthalate and a mixture of 

benzoate and terephthalate as substrates. 

The specific objective of this experiment 

was to determine if the culture only lost 

its ability to degrade terephthalate during 

short periods without substrate, or if the 

benzoate degrading activity was lost as 

well. 

The data shown in Figure 4.8 confirm 

that due to short periods without 

substrate, the terephthalate degradation 

rate is negligible during the first 2 days 

after terephthalate was dosed. Partial 

recovery of the terephthalate-degrading 

activity is obtained during the following 

days, but the terephthalate degradation 

rate remains distinctly lower than in 

experiments without a period of 

starvation. The initial increase in the 

methane concentration observed in the 

serum bottles that received no substrate 

at time zero is due to presence of 

terephthalate in the inoculum. From this 

initial increase in the methane 

concentration, the length of the period 

without substrate was estimated to be 

approximately 4 hours. 

The results of the experiments with a 

terephthalate-benzoate mixture were 

clearly different (Figure 4.9). First off 

all, it can clearly be seen that the period without substrate hardly affects the conversion of 

benzoate. It is furthermore evident that terephthalate degradation is not affected by the period 

without substrate if a mixture of benzoate and terephthalate is used. These observations were 

confirmed by the highly parallel methane production curves. 

0 1 2 3 4 5 6 

time [days] 

Figure 4.7: Terephthalate (TA, • ) degradation 
and cumulative methane production (CH4 -) in the 
cultivation reactor (top graph), and the volumetric 
rates of methane production in the cultivation 
reactor (•), compared to the volumetric 
terephthalate conversion rate of biomass sampled 
from the cultivation reactor, and incubated with 5 
mM terephthalate in serum bottles (•) (bottom 
graph). Drawn lines describing terephthalate 
degradation and methane production in the 
cultivation reactor were calculated using a half 
saturation constant for terephthalate fermentation 
(KTA)of0.8mM. 
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Figure 4.8: Terephthalate degradation (TA, 

bottom graph) and concomitant methane 

production (CH4, top graph) with (dashed 

lines, solid markers) and without (solid 

lines, open markers) a 4 hour period 

without substrate. 
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Figure 4.9: Terephthalate (TA, bottom 

graph) and benzoate (BA, middle graph) 

degradation and concomitant production of 

methane (CH4, top graph) by the 

terephthalate grown enrichment culture 

incubated with a mixture of BA and TA, 

with (dashed lines, solid markers) and 

without (solid lines, open markers) a 4 hour 

period without substrate. 
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4.5 Discussion 

Substrate competition during degradation of mixtures of benzoate and terephthalate. If 

benzoate and terephthalate are fermented by the same organism, the observed preference for 

benzoate degradation can be attributed to substrate competition. Fermentation of 

terephthalate is energetically more favourable than benzoate fermentation because 

decarboxylation of terephthalate is an exergonic process (AG0 « -20 kJ-mol"1). Despite this 

energetic advantage of terephthalate fermentation, benzoate is the preferred substrate. 
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SCoA COSCoA 

H20 

HCO-, 
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benzoyl-CoA 
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Figure 4.10: Schematic representation of the proposed initial steps in 
terephthalate and benzoate degradation, both converging at benzoyl-CoA 
[14, 19]. 

Based on the literature information [5, 6, 14, 15, 19], the initial steps in the degradation of 

terephthalate and benzoate likely proceed according to the pathway shown in Figure 4.10. 

From this figure it can be seen that both terephthalate and benzoate degradation converge at 

benzoyl-coenzyme-A (benzoyl-CoA), a central intermediate in the anaerobic degradation of 

aromatic compounds. We suggest that kinetic differences between these limited number of 

steps in the formation of benzoyl-CoA have to determine the preference for benzoate 

conversion because the preference for benzoate degradation over terephthalate is observed 

immediately after benzoate addition. 

From the conversion steps shown in Figure 4.10, the rate of substrate uptake across the 

microbial membrane may represent the rate-determining step in benzoyl-CoA formation. 

Since the pKa-value for terephthalate (pKal 2 = 3.5) is lower than for benzoate (pKa = 4.2) the 

flux of terephthalate across the cytoplasmic membrane will be lower compared to benzoate, 
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if both terephthalate and benzoate are activated at comparable rates. In presence of both 

benzoate and terephthalate, this may result in higher concentrations of benzoyl-CoA from 

benzoate compared to terephthalate and, consequently, benzoate conversion will proceed 

faster. The activation rate may not be the rate-determining step in the overall conversion of 

benzoate and terephthalate, and therefore comparable maximum specific conversion rates for 

terephthalate and benzoate can still be obtained (Figure 4.2). Aromatic ring reduction steps 

were proposed to be rate limiting in anaerobic benzoate degradation by Rhodopseudomonas 

palustris [17]. 

Product inhibition by acetate of benzoate and terephthalate degradation. Benzoate and 

terephthalate degradation are both inhibited by acetate. Benzoate inhibition by acetate could 

be well described with a noncompetitive inhibition model, with an inhibition constant (KiC2) 

of 33 mM. This value for KiC2 is in the same order of magnitude as the value of 40 mM 

determined in a defined coculture consisting of the benzoate degrader BZ-2 and 

Methanospirillum sp. strain PM-1 [1]. In a coculture consisting of the benzoate degrader SB 

with Desulfovibrio sp. strain G-ll, 50% inhibition of the benzoate degradation rate was 

obtained at an acetate concentration of approximately 10 mM [21]. 

Contrary to the inhibition of benzoate degradation by acetate, terephthalate degradation was 

found to be irreversibly inhibited by acetate, resulting in long lag phases prior to 

terephthalate degradation after complete degradation of acetate (Figure 4.5). The reasons for 

the apparent loss in terephthalate degrading capacity are discussed below. 

Deactivation of the terephthalate degrading enrichment culture. The terephthalate-

degrading enrichment culture lost a large part of its terephthalate degrading capacity when (i) 

the culture had been incubated with a mixture of acetate and terephthalate, (ii) the culture 

had been degrading benzoate for a prolonged period of time (several days), or (iii) when the 

culture had been exposed to a short period (hours) of starvation. 

The extent of deactivation due to incubation with a benzoate-terephthalate mixture, appears 

to be related to the time needed for complete degradation of benzoate. At low biomass 

concentrations and/or high benzoate concentrations, long lag phases prior to terephthalate 

degradation were observed after complete removal of benzoate. At higher biomass and/or 

lower benzoate concentrations, the inhibition of terephthalate degradation by benzoate 

appeared to be partially reversible. Partially reversible inhibition of terephthalate degradation 

by benzoate has previously been observed with biomass from anaerobic bioreactors treating 

terephthalate containing wastewater [4, 7]. Irreversible inhibition of terephthalate 

degradation was observed in experiments incubated with a mixture of terephthalate and 
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glucose [4].The inhibition in the latter case can probably be attributed to the accumulation of 

intermediates of glucose degradation (acetate and hydrogen). 

Short periods without substrate resulted in an almost complete loss of the terephthalate-

degrading capacity. As long as the periods without substrate were short (a few hours), part of 

the terephthalate-degrading activity could be recovered within a few days. However, when 

cultures were kept unfed for a period of several days, recovery of the terephthalate degrading 

activity took more than 1 month (data not shown). The time periods without substrate 

leading to deactivation of the culture were too short to be explained by bacterial decay. Lag 

phases prior to growth due to periods without substrate have previously been reported for 

butyrate degrading syntrophic cocultures [3]. 

The observation that the degradation of a mixture of benzoate and terephthalate is unaffected 

by a short period without substrate (Figure 4.9), suggests that (one of) the first steps in the 

degradation pathway of terephthalate as shown in Figure 4.10, are highly dependent on the 

latter steps (fermentation of benzoyl-CoA) in a coupled "chain reaction". It may be 

speculated that the organism needs the energy generated during fermentation of benzoyl-

CoA (approximately 60 kJ/mol) to initiate the decarboxylation of terephthalate or to 

maintain gradients across the bacterial membrane, as may be needed for the active uptake of 

terephthalate. If the conversion of benzoyl-CoA is interrupted due to a feedless period, the 

chain is broken and one of the initial steps in terephthalate degradation may not be possible 

anymore. 

In summary it is suggested that benzoate plays a peculiar double role in the degradation of 

terephthalate: benzoate (i) stimulates the degradation of terephthalate when supplied in a low 

concentration after a short period of starvation, (ii) inhibits terephthalate degradation when 

both substrates are present, and (iii) may cause a loss in terephthalate-degrading capacity 

after benzoate degradation for a prolonged period of time. 

Practical implications. The results described here have clear implications for anaerobic 

reactor technology for PTA-wastewater treatment. Due to the presence of both acetate and 

benzoate in the wastewater, the anaerobic degradation of terephthalate will be strongly 

inhibited in well-mixed reactors. Only if the reactor concentrations of acetate and benzoate 

can be kept low, growth on terephthalate can be expected. Taking this into account, as well 

as the measured low growth rates on terephthalate of the methanogenic enrichment culture 

(Chapter 3), we suggest that this type of wastewater should preferably be treated in a staged 

bioreactor fashion. In the first stage of such a system, acetate and benzoate can be removed 

at high rates, while in the later stages terephthalate can be removed at lower volumetric 
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conversion rates, and maximised solid retention times. As a result of pre-removal of acetate 

and benzoate, anaerobic mineralisation of terephthalate in the latter stages can be optimised. 

It should furthermore be emphasised that wastewater needs to be fed to the anaerobic 

bioreactors continuously in order to avoid inactivation of the terephthalate-degrading 

biomass. Since the industrial production of terephthalic acid is accomplished in a continuous 

process, continuous operation of the anaerobic reactors will normally not represent a 

problem. However, terephthalic acid production plants are normally stopped once or twice a 

year for a period of 1 to 2 weeks for maintenance purposes. It is clear that during these 

periods, measures should be taken to prevent a dramatic loss of the terephthalate-degrading 

capacity of the system due to feed interruption. If no sufficient measures are taken, a 

renewed start-up procedure of several months may be required to regain the terephthalate-

degrading capacity. If the terephthalate-degrading biomass in the latter stages of a staged 

anaerobic bioreactor is deactivated due to periods without substrate, it may be beneficial to 

direct a part of the benzoate-containing raw wastewater to the later stages of the process to 

enhance the recovery of the terephthalate-degrading activity. 
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Chapter 5 

Microbiology III: 

Energetics 

Abstract 

The phthalate isomers grown enrichment cultures, described in 

chapter 3, were incubated with benzoate and the phthalate 

isomers and bromoethanosulfonate to study product formation 

during fermentation of the aromatic substrates. Gibbs free 

energy calculations were used for interpretation of the 

experimental results. 
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5.1 Summary 

-i•„ . -

Methanogenicenrichment cultures grown on phthalate, isophthalate and terephfhaJate were 

incubatedI witl^thecprresponding phthalate isomer onwhich they were grown, and a mixture 
y
f C of benzoate ..and_ the phthalate jsomer. All cultures were incubated with 

/•' bromoethanosulfonate (BES) to inactivate the methanogens in the jnixed culture. Herewith, 

product formation during fermentation of the aromatic substrates could be studied. It was 

found that reduction equivalents generated during oxidation of the aromatic substrates to 

acetate were incorporated in benzoate under formation of j^arboxycyclohexane. During 

fermentation_of_the_phthalate isomers, small amounts of benzoate were detected, suggesting 

that the initial step in the anaerobic degradation of the phthalate isomers is decarboxylation 

to benzoate. Gihhs free energy analyses indicated that during degradation of,the phfhalate 

isomers, benzoate, carboxycyclohexane, acetate and molecular hydrogen accumulated "in ̂  ^ ^ L 

such amounts that both the reduction and oxidation of benzoate yielded a constant and 

comparable.3mo.unt of energy of approximately 30 kJ-mol"1. Based on these obseryationsjtjs 

suggested that within narrow energetic limits, oxidation and reduction of benzoate may 

proceed simultaneously. Whether this is controlled by the Gibbs free energy change for 

carboxycyclohexane oxidation remains unclear* . 

5.2 Introduction 

The application of thermodynamic laws to biochemical processes provides a theoretical basis 

for analysis of experimental results. The second law of thermodynamics states that microbial 

conversions can only sustain growth if the reaction is exergonic. It furthermore states that the 

amount of energy generated during a biochemical conversion equals the Gibbs free energy 

change of the chemical reaction. The most well known application of thermodynamic 

principles for biotechnological processes is the observed correlation between the microbial 

yield and Gibbs free energy changes of microbial conversions [5, 8, 19]. Furthermore, the 

mechanisms of formation of intermediate compounds can be analysed using thermodynamic 

considerations [12, 16, 17, 26]. A principle limitation of thermodynamic laws is that they 

provide no information about the rate of electron transport in complex microbial conversion 

reactions. It has been suggested, however, that Gibbs free energy dissipation values can be 

correlated to reaction rates in complex microbial conversions [14, 15, 25]. 

1 A modified version of this chapter has been published in FEMS Microbiology Ecology (1999) 29: 273-282. 

http://comparable.3mo.unt
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Microbial conversions in methanogenic environments proceed close to thermodynamical 

equilibrium. Several anaerobic fermentation reactions are endergonic under standard 

conditions. Examples of these reactions are the fermentation of ethanol, propionate, butyrate 

and benzoate to a mixture of acetate, carbon dioxide and hydrogen (or formate). Combined 

with the fact that methanogenic organisms only utilise a limited range of simple substrates 

(e.g. C02/H2, formate, methanol or acetate), the degradation of substrates in methanogenic 

environments becomes dependent on a mixture of fermenting and methanogenic organisms. 

Only if the methanogenic organisms keep the concentration of the fermentation products 

low, the fermentation is exergonic and the reaction can be pulled to the product side. Due to 

their mutual dependency these mixed cultures are referred to as syntrophic cultures [11]. 

Concerning the minimum amount of Gibbs free energy needed to sustain growth and/or 

conversion of a substrate, some controversy exists. Values for critical Gibbs free energy 

changes for the fermentation of e.g. ethanol, propionate, butyrate, lactate or benzoate range 

from -2 to -30 kJ/mol [4, 7, 13, 14, 16-18, 23, 24]. Schink [11] postulated that the minimum 

amount of Gibbs free energy should equal approximately -20 to -30 kJ/mol, corresponding to 

1/3 to 1/4 ATP. ATP can be synthesised in these small quanta via ion translocation across the 

cytoplasmic membrane. Considering, however, that anaerobic fermentations have been 

observed at Gibbs free energy changes much closer to 0 kJ/mol, it may be suggested that 

electron transport across the cytoplasmic membrane and ATP formation should be variable, 

implying that any exergonic reaction may sustain growth [21]. 

In Chapter 3 and 4 we described the kinetic properties and related specific characteristics of 

three methanogenic enrichment cultures grown on phthalate, isophthalate and terephthalate. 

It was postulated in these chapters that the phthalate isomers are fermented to a mixture of 

acetate and hydrogen with benzoate (or benzoyl-CoA) as the central intermediate, analogous 

to the denitrifying organism Pseudomonas K136 [9, 10]. All three cultures were found to 

have the ability to degrade benzoate without a lag-phase, and they were only able to degrade 

the phthalate isomer on which they were cultivated. This chapter describes product formation 

of the three cultures incubated with the phthalate isomer, or a mixture of benzoate and the 

phthalate isomer, in presence of bromoethanosulfonate (BES), a specific inhibitor of 

methanogenesis. The Gibbs free energy changes of the conversions observed were 

calculated, and the implications for the energetic limits of the conversions are discussed. 
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5.3 Material and methods 

Biomass. Three enrichment cultures were used with the ability to degrade either phthalate, 

isophthalate or terephthalate. The cultures were obtained from digested sewage sludge or 

granular sludge and were enriched on one of the three phthalate isomers as described in 

Chapter 3. The phthalate isomer grown cultures had the ability to degrade benzoate without a 

lag phase, at rates comparable to the phthalate isomers' degradation rates. 

Experimental procedure. Experiments were performed in 117-ml serum bottles using a 

liquid volume of 25 or 40 ml. Medium, substrate and bromoethanosulfonate (BES) were 

added to the bottles from concentrated stock-solutions. The composition of the medium has 

been described in Chapter 2. Either the phthalate isomer, or a mixture of the phthalate isomer 

and benzoate were used as substrate at concentrations between 2 and 5 mM. Serum bottles 

were sealed with butyl rubber stoppers and the headspace was flushed with a N2/C02-mixture 

(70/30 v/v). Sulphide was dosed from a concentrated stock (final concentration 0.7 mM) to 

ensure anaerobic conditions. Serum bottles were pre-incubated at 37 °C in an orbital shaker 

prior to inoculation with the phthalate isomer grown cultures by syringe. Liquid samples (2 

ml) were withdrawn from the bottles for component analyses. All data shown are average 

values from duplicate experiments. 

Analytical procedures. The concentration of aromatic acids was determined by high 

pressure liquid chromatography (HPLC). Intermediate formation of low concentrations of 

benzoate could be detected by injection of undiluted samples down-to concentrations of 1 

uM. The concentration of acetate and carboxycyclohexane were measured by gas 

chromatography. The concentration of hydrogen and methane in the headspace of the 

serumbottles were determined by gas chromatography as well. A full account of these 

analytical methods can be found in Chapter 2. 

Energetic analyses. Standard Gibbs free energy changes for the observed conversions 

during degradation of benzoate and the phthalate isomers were calculated according to 

Thauer et al. [20] Table 5.1. AGf° values for the phthalate isomers were calculated from 

benzoate, using the group contribution method described by Dimroth [3]. The Gibbs free 

energy change for reduction of benzoate to carboxycyclohexane was calculated from the 

reduction of benzene to cyclohexane as suggested by Schink [11]. AGf° values were corrected 

for a temperature of 37 °C using the Van 't Hoff equation [2]. 
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Table 5.1: Chemical reaction equations for the individual steps in mineralization of phthalate 

isomers and benzoate, and standard Gibbs free energy changes during the conversions, corrected 

for a temperature of 37 °C. 

reaction equation AGO' (37 °C) 
[kJreaction] 

1 phthalate C 8 H 4 o|" + 8H20-> 3C2H302 +3H+ +3H2 +2HCOJ 38.9(1) 

oxidation 

2 phthalate Cgl^O^ + H20-» C7H502 + HCOJ -20.7 
decarboxylation 

3 benzoate C7H5Oi + 7H20-» 3C2H302 +3H+ + 3H2 + HCOJ 59.6 
oxidation 

4 benzoate C7H502+3H2->C7H,,02 -93.5 
reduction 

5 carboxycyclohexane c 7 H u 0 2 +7H20 -> 3C2H302 +3H+ +6H2 +HCOJ 153.1 
oxidation 

(1) value represents calculated AG0' for isophthalate and terephthalate fermentation, the value for 

ort/io-j)hthalate fermentation is estimated to be 34.9 kJreaction"1. Applied AGf
0' values for 

ort/io-phthalate, isophthalate and terephthalate were -548.6, -552.6 and -552.7 respectively [3]. 

Mass and electron balances. Based on measured concentrations of all organic substrates 

and products, balances were derived to study if non-identified products accumulated or 

analytical errors had occurred during the experiments. These balances are based on the 

concept of degree of reduction (y, e-molC-mol"' or e-molmol"1 for inorganic products) and 

the carbon-chain-length (CI, C-molmoi"',) of all relevant compounds. The degree of 

reduction of a compound is defined as the number of electrons liberated upon complete 

oxidation of 1 C-mol of organic material (or 1 mol of inorganic material) to C0 2 and H 20 

[5]. Herewith these balances are equivalent to Chemical Oxygen Demand (COD) based 

balances. Mathematically these balances can be described using the following equation: 

X Y s 'Cls C s ( t ) + X Y p -C1P -Cp(t) = constant (5.1) 

In this equation, C(t) stands for time dependent concentration (M), and subscripts S and P 

stand for substrate(s) and product(s) respectively. 

Another approach is based on the fact that during anaerobic fermentations, all electrons 

liberated during oxidation of a substrate should be incorporated in reduced products. Using 

the degree of reduction of the substrate as a frame of reference, the following electron 

balance can be derived: 
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£(Yp-Ys) -C lp -C P ( t )=0 (5.2) 

Using this equation, oxidation is defined as negative and reduction positive. If the product 

concentrations do not equal zero at the beginning of the experiment, the initial concentrations 

should be subtracted from the measured concentrations. From the stoichiometry of the 

fermentations shown in Table 5.1, it can be seen that inorganic carbon (HC03) is formed 

during the oxidation of benzoate and the phthalate isomers. Oxidation equivalents formed 

due to HC03" formation, were calculated based on the measured acetate concentrations 

according to reaction stoichiometrics shown in Table 5.1. Taken into account all conversions 

with benzoate shown in Table 5.1, the equation for benzoate fermentation becomes the 

following: 

(YC2 - Y B A ) ' C 1 C 2 CC2 +(YHC03 - Y B A ) - C 1 H C 0 3 —^~+ „ 3) 

(YCCH - Y B A ) - C 1 C C H C CCH + Y H 2
 C H 2

 = 0 

Subscripts C2, BA, HC03, CCH, and H2, stand for acetate, benzoate, bicarbonate, 

carboxycyclohexane and molecular hydrogen respectively. Because decarboxylation of 

terephthalate to benzoate does not involve net-oxidation or reduction, the same equation can 

be used for analyses of products formed during conversion of the phthalate isomers. 

Incorporation of electrons into biomass is neglected during these calculations. 

5.4 Results 

Phthalate, isophthalate and terephthalate grown methanogenic cultures were incubated with 

the corresponding phthalate isomers, or a mixture of benzoate and the phthalate isomers in 

the presence of bromoethanosulfonate (BES, 20 mM). BES is a specific inhibitor for 

methanogenesis. During the incubation, substrate depletion and product formation were 

studied for analysis of product formation from the phthalate isomers and benzoate 

fermenting cultures. 



Microbiology III: Energetics 105 

isophthalate: isophthalate and benzoate: 

° I 
2.CCH 
[mM 

3 

2. 

1 

n f 

] 

1* 
\. -D-

A' 

- - D -
L 

MTN)^_ 

« . - • - • " 

CCH 

' • 

. 

ox/red 

[meq/l 

4 

-4 -

0 

• 

,u 
-IT 

• "A-

ox 

1 

red 
. - D - " ' 

- -A 

time - i -

- A 

balance 

i 

- A 

2 [days] 4 

ox/red 

[me 

4 

0 

V 

,a 

red 
. D ' 

C T ' 

—•- time -

. - - • • • • • • • D 

b a , a n - c e -

2 [days] 4 6 

Figure 5.1: Degradation of isophthalate (left graphs) and a mixture of isophthalate and 

benzoate (right graphs) by the isophthalate grown enrichment culture in presence of 20 mM 

BES. From top to bottom the graphs show (i) the concentration isophthalate (IF) and benzoate 

(BA), (ii) the concentration acetate (C2), carboxycyclohexane (CCH) and molecular hydrogen 

(H2), (iii) the actual Gibbs free energy change for benzoate oxidation (BAox, reaction 3, Table 

5.1), benzoate reduction (BAred, reaction 4, Table 5.1) and carboxycyclohexane oxidation 

(CCHox, reaction 5, Table 5.1), and (iv) the electron-balance according to Equation 5.2. 
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It was found that during incubation of the isophthalate grown culture with isophthalate as the 

sole carbon and energy source, benzoate, acetate, carboxycyclohexane and molecular 

hydrogen accumulated (Figure 5.1). When the culture was incubated with a mixture of 

benzoate and isophthalate, benzoate was the preferred substrate over isophthalate, as was 

previously described for the terephthalate grown enrichment culture (Chapter 4). As in the 

culture incubated with isophthalate, acetate, hydrogen and carboxycyclohexane accumulated 

during incubation with a benzoate/isophthalate mixture. In both experiments methane 

formation was negligible. Molecular hydrogen accumulated to comparable concentrations in 

both experiments, whereas acetate and carboxycyclohexane concentrations were slightly 

higher in the experiment incubated with a mixture of benzoate and isophthalate. Hydrogen 

concentrations were approximately ten times higher than under exponential growth 

conditions (Chapter 2). 

It is evident from these data that part of the reducing equivalents generated during benzoate 

and isophthalate oxidation (reaction 1 and 3, Table 5.1) were incorporated into benzoate 

resulting in the formation of carboxycyclohexane (reaction 4, Table 5.1). From the electron-

balance, calculated according to Equation 5.5.3 and shown in Figure 1, it can be seen that the 

amount of reduction equivalents formed during oxidation of the aromatic substrates 

corresponds reasonably well to the amount of reduction equivalents incorporated in the 

reduced products. Herewith it should be noted that molecular hydrogen corresponds to less 

than 1% of the accumulating concentration reduced products and therefore plays a minor role 

in the electron-balance. 

The actual Gibbs free energy changes of the different conversions observed were calculated 

from the measured substrate and product concentrations. Decarboxylation of isophthalate 

(AC = -31 kJ/mole, reaction 2 Table 5.1) and oxidation of isophthalate to acetate and 

hydrogen (AG' = -59 kJ/mol, reaction 1, Table 5.1), remained exergonic throughout the 

period of the elevated hydrogen concentration. Gibbs free energy changes for oxidation and 

reduction of benzoate (reaction 3 and 4, Table 5.1) are shown in Figure 5.1. In the 

experiment with isophthalate as sole substrate, both reduction and oxidation of benzoate 

remained exergonic throughout the experiment, and the Gibbs free energy change of 

approximately -30 kJ/mol for both conversions are highly comparable. Consequently, the 

Gibbs free energy change for oxidation of carboxycyclohexane remained around 0 kJ/mol, 

because the Gibbs free energy change for this conversion equals the value for benzoate 

oxidation, minus the value for benzoate reduction. Also during the experiment with a 

mixture of isophthalate and benzoate, the Gibbs free energy change for carboxycyclohexane 

oxidation was relatively constant and close to 0 kJ/m. The initial values for benzoate 
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oxidation and reduction were, however, more negative compared to the experiment with 

isophthalate as sole carbon source, due to the higher benzoate concentrations. 

The phthalate grown culture was incubated 

with phthalate, and a mixture of phthalate 

and benzoate as well. In this case, 

experiments were also performed in the 

absence or presence of approximately 2.5 

% molecular hydrogen in the headspace of 

the serum bottles. Results of the 

experiments with a mixture of benzoate 

and phthalate are shown in Figure 5.2, and 

the Gibbs free energy changes for the 

different conversions involving benzoate 

are shown in Figure 5.3. These figures 

show that in the absence of molecular 

hydrogen, benzoate and phthalate were 

initially converted to carboxycyclohexane 

and acetate. After approximately three 

days, phthalate conversion stopped and 

only benzoate was degraded further. Like 

in the isophthalate experiment, the Gibbs 

free energy change for 

carboxycyclohexane oxidation was 

approximately 0 kJ-mol"'. In the presence 

of hydrogen in the headspace, no 

conversion of phthalate was observed, but 

benzoate was degraded at a comparable 

rate compared to the experiment without 

hydrogen. Initially, however, no acetate 

was produced, despite the observation that 

benzoate oxidation is exergonic, and all benzoate converted was reduced to 

carboxycyclohexane with molecular hydrogen. Acetate was only formed once the hydrogen 

concentration in the headspace has reached comparable values to those observed in 

experiments without hydrogen dosage. As with the bottles incubated with the 

benzoate/phthalate-mixture, an initial reduction of phthalate to carboxycyclohexane was 

observed in serum bottles incubated with phthalate and molecular hydrogen (data not 

Figure 5.2: Degradation of benzoate (BA, 
• / • ) and phthalate (OF, 0/«, top graph) by 
the phthalate grown enrichment culture, and the 
accumulation of carboxycyclohexane (CCH, 
middle graph) and acetate (C2, bottom graph) in 
absence (open markers, solid lines) and 
presence (solid markers, dashed lines) of 
hydrogen in the headspace. 
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shown). Trace amounts of benzoate (app. 50 uM) accumulated in these bottles. Once the 

Gibbs free energy change for carboxycyclohexane oxidation became exergonic due to 

hydrogen uptake, acetate formation was observed. 
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Figure 5.3: Gibbs free energy change for benzoate oxidation (BAox, O), benzoate reduction 

(BAred, • ) and carboxycyclohexane oxidation (CCHox, A) in absence (left graph) and 

presence (right graph) of molecular hydrogen in the headspace. 

Product formation during degradation of phthalate and terephthalate by their corresponding 

enrichment cultures (without hydrogen dosage) showed a similar pattern as described for 

isophthalate. The average values for the Gibbs free energy changes of the various 

conversions (Table 5.1) are presented in Table 5.2. It is evident from this table that the Gibbs 

free energy changes of the different conversions were highly comparable for the different 

cultures utilised. A minor difference between the three cultures was that isophthalate 

degradation was completely inhibited by benzoate (Figure 5.1), while limited conversion of 

phthalate and terephthalate was observed during incubations with benzoate (not shown). 

However, conversion of phthalate and terephthalate stopped within a few days when 

incubated with benzoate, even though benzoate conversion continued. This observation 

indicates that the cultures rapidly lost their capacity to convert the phthalate isomers in the 

presence of the preferred substrate benzoate, as described previously for the terephthalate 

grown enrichment culture (Chapter 4). 

Because during our experiments carboxycyclohexane was formed, we checked the cultures 

for their ability to degrade carboxycyclohexane in absence of BES. All three phthalate 

isomers grown enrichment cultures were found to be capable of carboxycyclohexane 

degradation (initial concentration 5 raM) at rates ranging from 5 to 25% of the degradation 

rates of the phthalate isomers and without a lag-phase (data not shown). 
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Table 5.2: Actual Gibbs free energy change (AG') for the conversions shown in Table 1 in 

experiments incubated with the phthalate isomers as sole carbon and energy sources in presence of 

BES. Calculations were performed during the time-period that values were more or less constant 

and an equilibrium appeared to exist. Reaction numbers correspond to the chemical reaction 

equations shown in Table 5.1. Values between brackets represent standard deviations in the 

calculated AG' values. 

culture 

phthalate 

isophthalate 

terephthalate 

phthalate 
oxidation 

(reaction 1) 

-60.5 (1.3) 

-59.6(1.8) 

-62.2 (2.3) 

benzoate benzoate carboxycyclo-
oxidation reduction hexane ox. 

(reaction 3) (reaction 4) (reaction 5) 

AG' (Id-reaction1) 

-32.5(1.5) -31.0(1.5) -1.5(2.1) 

-28.2(1.1) -28.7(0.6) 0.5(1.5) 

-29.7(2.8) -27.4(2.6) -2.3(1.6) 

5.5 Discussion 

The patterns of product formation during incubation with either the phthalate isomer, or with 

a mixture of phthalate and benzoate were found to be highly comparable for all three 

phthalate isomer-grown methanogenic enrichment cultures. In all experiments part of the 

phthalate isomer or benzoate was oxidised to acetate, and reduction equivalents generated 

during the oxidation were incorporated in benzoate and carboxycyclohexane was formed. 

Small amounts of benzoate accumulated in the experiments incubated with the phthalate 

isomers as sole carbon and energy source. A schematic representation of the conversions 

observed is presented in Figure 5.4. 

Reduced product formation at elevated hydrogen partial pressures, comparable to the 

carboxycyclohexane formation in our experiments, has been observed before. Smith and 

McCarty demonstrated that ethanol perturbation of an ethanol and propionate fed chemostat 

led to accumulation of hydrogen in the biogas and consequently the formation of n-propanol 

and 4 to 7 n-carboxylic acids [16, 17]. Hickey and Switzenbaum suggested that hydrogen 

accumulated only to slightly higher concentrations during organic overloads of an anaerobic 

digester, due to reduced product formation [6, 7]. 

The electron balances showed that 85 to 95 % of the reduction equivalents generated in the 

oxidation of the aromatic substrates were incorporated into carboxycyclohexane. The 

observation that in all our experiments the concentration of reduced products could not fully 

account for the oxidised products detected, suggests that an unidentified reduced product 
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may have accumulated. A possible reduced product is formate. Formate has previously been 

identified as an alternative electron carrier for molecular hydrogen in methanogenic systems 

[1, 11, 22], Mainly at elevated bicarbonate concentrations, as applied during our 

experiments, formate may play an important role in electron transfer among species. 

However, formate concentrations calculated, considering a thermodynamical equilibrium 

between formate and hydrogen/bicarbonate, could not account for the observed gap in the 

electron balance (calculations not shown). 

7 H2O 3 H* + HCCV 

terephthalate benzoate carboxycyclohexane 

Figure 5.4: Schematic representation of the conversions observed in 
the BES-amended phthalate isomers grown cultures. 

Energetics of the conversions observed. From the data in Table 2 it appears that all 

phthalate isomer grown cultures gave comparable Gibbs free energy changes for all 

conversions observed. The energetics of the different conversions will therefore be discussed 

independent of the phthalate isomer grown culture utilised. 

The Gibbs free energy change for oxidation of the phthalate isomers reached a stable value 

of approximately -60 kJ-mol"1 in all cultures incubated with the phthalate isomer as sole 

carbon source. Even though initially some conversion of the phthalate isomers was observed 

in cultures incubated with a mixture of the phthalate isomers and benzoate, benzoate was the 

preferred substrate in all cases. 

Both in cultures incubated with the phthalate isomers or the phthalate/benzoate mixture, the 

Gibbs free energy change for oxidation and reduction of benzoate were found to be around -

30 kJmol"1. No benzoate conversion was observed at Gibbs free energy changes for 

oxidation or reduction of benzoate exceeding approximately -28 kJ-mol"1, suggesting that this 

value may represent a minimum amount of energy required to sustain the conversion of 

benzoate. This critical Gibbs free energy change for benzoate conversion is remarkably close 

to the value of-30 kJ-mol"1, reported by Warikoo et al. [24], These authors determined the 

threshold concentrations of benzoate and the corresponding critical Gibbs free energy change 
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as a function of the acetate concentration in a defined coculture consisting of the syntrophic 

benzoate degrader, strain SB, and the Desulfovibrio sp. strain G-l 1. 

The observation that the Gibbs free energy change for oxidation and reduction of benzoate 

are highly comparable in all our experiments, suggests that the Gibbs free energy change for 

carboxycyclohexane oxidation is close to 0 kJ-mol"1 (see Table 5.2). Two lines of reasoning 

can be used to describe the mechanistic basis for this observation: carboxycyclohexane may 

either be a true intermediate in the oxidation of benzoate (i), or a side product originating 

from a different non-aromatic intermediate (ii). The first option suggests that oxidation of 

benzoate only proceeds as long as the Gibbs free energy change for carboxycyclohexane 

oxidation is negative. The second option suggests that an equilibrium may develop if both 

oxidation and reduction of benzoate proceed at a comparable efficiency. In this case 

intermediates may accumulate to such concentrations that the Gibbs free energy change for 

both oxidation and reduction of benzoate remain sufficiently negative to sustain growth 

and/or conversion of the aromatic substrate. 

In summary we suggest that within narrow energetic limits, simultaneous oxidation and 

reduction of benzoate may proceed. However, our experiments provide no answer to the 

question if carboxycyclohexane (or its' CoA-derivative) is an intermediate in the oxidation 

of benzoate, or a side-product originating from a different non-aromatic intermediate. The 

fact that we worked with mixed cultures furthermore keeps the question open whether one or 

more organisms were involved in the conversions observed. 
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6.1 Summary 

The anaerobic degradation of terephthalate as sole substrate was studied in three anaerobic 

upflow reactors. Initially, the reactors were operated as Upflow Anaerobic Sludge Bed 

(UASB) reactors and seeded with suspended methanogenic biomass obtained from a full-

scale down-flow fixed film reactor, treating wastewater generated during production of 

Purified Terephthalic Acid (PTA). The reactors were operated at 30, 37 and 55 °C. The 

terephthalate removal capacities remained low in all three reactors (< 4 mmol-i'-day"' or 1 

g-COD-l'-day"1) due to limitations in biomass retention. Batch-experiments with biomass 

from the UASB-reactors revealed that within the mesophilic temperature range, optimal 

terephthalate degradation is obtained at 37 °C. No thermophilic terephthalate degrading 

culture could be obtained in either continuous or batch cultures. In order to enhance biomass 

retention, the reactors were modified to anaerobic hybrid reactors by introduction of two 

types of reticulated_polyurethane (PUR) foam particles. Thehybrid reactors were operated at 

37 °C and seeded with a mixture of biomass from the UASB-reactors operated at 30 and 37 

C. After a lag period of approximately 80 days, the terephthalate conversion capacity of the 

hybrid reactors increased exponentially at a specific rate of approximately 0.06 day"1, and 

high removal rates were obtained (40-70 mmol -l'-day"' or 10-17 g-COD l'-day"') at hydraulic^ 

retention times between 10 and 15 hours. These high removal capacities could be attributed 

to enhanced biomass retention by the development of biofilms on the PUR-carrier material 

as well as the formation of granular biomass. Biomass balances over the hybrid reactors 

sufigested_that either_bacterial decay or selective washout of the terephthalate fennenting 

^J°SL?§SvPi^'ed-an-utlPort?nt r o i e m m e capacity limitations of the systems. The presented 

results suggest that terephthalate can be degraded at high volumetric rates if sufficiently long 

sludge ages can be maintained, and the_ reactor pH and temperature are close to their 

optima1. 

A modified version of this chapter has been published in Biotechnol. Prog. (1999), 15: 347-357. 
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6.2 Introduction 

With regard to the anaerobic treatability of PTA-wastewater controversy exists (Chapter 1, 

[15]). The applicable loading rates reported in literature yarj^oj]^no22^COJ);r'-d"' [2, 4, 

19, 22, 24], but degradation of terephthalate and para-toluate have only been demonstrated 

in bioreactors operated at low loading rates (< 4 g-COD-l'-day"' [20, 21, 23, 24]). During 

preliminary studies we found that terephthalate (and /?ara-toluate) degradation were rate 

limiting in upflow anaerobic sludge_bed (UASB) reactors operated at 30°C and treating 

artificial PTA-wastewater [15]. Batch- and continuous experiments furthermore 

demonstrated that terephthalate degradation is strongly inhibited by the ̂ ^ily^degradable 

wastewater constituents benzoate and acetate (Chapter 4, [5, 15]). In the UASB-reactors, 

substantial degradation of terephthalic acid was only observed in absence of these other 

, -""substrates, but volumetric conversion rates remained low (3.9 g-COD I'd"1 = 16 mmol I'd"1) 
"7-v 
< -> despite a hydraulic retention time of 24 hours [15]. The^low^terephthaiatejenioyal. capacities 

of thejeactor^wete Jound_toJ)e relatedjojhelow growth rate (= 0.04 d"1 at 30°C) of the 

terephthalate degrading biomass, suggesting the need of very high solid retention times. At a 

temperature of 37°C, enrichment cultures were found to have a higher specific growth^rate of 

0;09_day_"1 (Chapter 3). With regard to the toxicity of terephthalate it was demonstrated that 

in pH-neutral environments, the dominant anionic form is not toxic to the different species 

involved in terephthalate degradation at the concentrations normally found in PTA-

wastewater (<25 mM) [5, 15]. Based on these results, we suggested a two-stage, anaerobic 

bioreactor concept for the anaerobic treatoent_^_PTA-wastewater [15]. Through pre-

removal ofthe readily degradable substrates acetate and benzoate in the first stage of such a 

system, the removal of terephthalate (and para-toluate) in the latter stages canbe optimised. 

This chapter deals with the optimisation of terephthalate removal from_PTA-wastewater in 

the second stage of a two-stege_Jbjc^eacto^ariceDt. Continuous reactor studies were 

conducted with terephthalate as sole carbon and energy source, herewith simulating complete 

pre-removal of acetate and benzoate from the wastewater. The initial experiments were 

conducted with UASB-reactors operated at 30, 37 and 55 °C. The reactor operated at 55 °C 

was run to study if a thermophilic culture could be cultivated on terephthalate, because the 

temperature of PTA-wastewater can be as high as 50 °C. In a latter stage of the continuous 

experiments, the reactors were modified to upflow hybrid reactors through introduction of 

polyurethane (PUR) carrier material. Batch experiments were used to determine the 

maximum specific terephthalate degradation rate and maximum specific growth rate of the 
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biomass cultivated in the reactors. Batch experiments were furthermore used to asses the pH 

and temperature dependency of terephthalate degradation. 

NaOH s o d a 

biogas 20 % l i m e 

recirculation 

$ $ 

=Hn 
effluent 

2k 
gas 

meter 

• 

V temperature 

control 

substrate nutrients 

Figure 6.1: experimental set-up used in the continuous experiments. 

6.3 Materials and methods 

Continuous experiments. Three identical UASB-type reactors with a total working volume 

of 3.85 1. (inner diameter: main body: 80 mm, sedimentation zone: 120 mm) were used. The 

reactors were made of glass and equipped with an internal three phase separator as shown in 

Figure 6.1. Biogas produced was led through (i) a waterlock filled with a 20 % sodium 

hydroxide solution for carbon dioxide removal and for the control of the water level in the 

three phase separator, (ii) a column packed with soda lime pallets with indicator for water 

vapour removal and (iii) a wet gas meter (Meterfabriek Dordrecht, Dordrecht, The 

Netherlands) for quantification of the methane production. The temperature of the reactors 

was controlled by a thermostat-bath-circulator (Haake D8, Germany) connected to the 

double wall of the reactors. 
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All three reactors were fed with disodium terephthalate as sole carbon and energy source, 

from a continuously agitated 100 1. container. Substrate was prepared through dissolution of 

the desired amount of terephthalic acid in a sodium hydroxide solution of two times the 

molar terephthalic acid concentration. The final pH of the substrate was adjusted to 7 

through addition of sodium hydroxide or hydrochloric acid from 1 M stock solutions. 

Nutrients were dosed from a separate container and contained (in mg(l influent)"1): NH4C1 

(1040), KH2P04 (170), (NH4)2S04 (170), MgCl2-6H20 (150), KC1 (270), yeast extract (18) 

and trace elements (1 ml) as described by Huser et al [12]. Initially, NaHC03 (3000 mg(l 

influent)"1) was added to the influent to maintain a reactor pH of approximately 7.0. In a 

latter stage, sufficient bicarbonate alkalinity was generated through degradation of 

terephthalate, and NaHC03-dosage was stopped. Both substrate and nutrients were supplied 

to the reactors with multichannel peristaltic pumps (Gilson-Minipuls 2, Villiers-Le-Bel, 

France). 

Table 6.1: Experimental set-up and initial operational parameters of the first and 

second run of the continuous experiments 

Variable0' 

name 

reactor-type 

carrier 

temperature 

VLR 

HRT 

XR 

„ niax 
qTA 

TAinfl 

recirculation 

unit 

CO 

(mmol-TAl'd') 

(hr) 

(gVS-11) 

(mmol-TAgVS'd1) 

(mM) 

(1-hr"') 

(l) VLR: volumetric loading rate, HRT: 

concentration 

run 1 

R30/R37/R55. 

UASB 

-

30/37/55 

1.3 

36 

8.4 

<0.1(30°C) 

1.8 

-

run 2 

R1/R2/R3 

hybrid 

R1/R2: PUR-1(2) 

R3: PUR-2 

37 

2.0 

15 

3.0 

0.5 (37 °C) 

1.3-

Rl:6.0 

R2/R3:-

hydraulic retention time, TA^,,: influent 

terephthalate, XR: concentration volatile 

q™" : maximum specific terephthalate conversion rate. 

solids in the reactor, 

(2) Characteristics of PUR-1 and PUR-2 are presented in Table 6.2. 



Table 6.2: Characteristics of the two types of polyurethane 

(PUR) carrier material used in the anaerobic hybrid reactors. 
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Two experimental runs were performed and the initial operational characteristics during both 

runs are shown in Table 6.1. During the first run the reactors were operated as UASB 

(Upflow Anaerobic Sludge Blanket) reactors at 30, 37 and 55 °C. The reactors were seeded 

with 8.4 g-VS(l reactor)"' suspended methanogenic sludge from a full scale down-flow fixed 

film reactor located at Geel, Belgium, treating wastewater generated during production of 

terephthalic acid and isophthalic acid [4], Prior to inoculation of the reactors the sludge had 

been stored for 5 months at 4 °C. The initial specific activity of the seed sludge with 

terephthalate and acetate amounted respectively 0.1 and 5.3 mmolg-VS'day"1 at 30 °C, and 

had an ash-content of 27 %. In time, the loading rates were increased through increment of 

the influent concentration terephthalate. 

For the second run the reactors 

were inoculated with a mixture 

of the final biomass from R30 

and R37. Two types of P U R _ 1 P U R"2 

polyurethane carrier material 

(for characteristics see Table 

6.2) were placed in the reactor 

below the three phase separator, 

herewith modifying the UASB reactors to hybrid reactors. The added amounts of carrier 

material resulted in a specific surface area per volume reactor of approximately 200 m2m° in 

Rl and R2 and 375 m2m° in R3. The carrier particles were randomly organized and 

occupied approximately 2/3 of the volume of the down-part of the reactor. The effluent of Rl 

was recycled with a peristaltic pump (Watson Marlow 502 S, Falmouth, UK) to obtain an 

upflow velocity of 3 m-hf'. 

Batch experiments. Batch experiments were conducted in 120 or 320 ml serum bottles 

(liquid volume 25 or 70 ml respectively). The basal medium used in the batch experiments 

was similar as described in Chapter 2. The general procedure of the experiments was the 

following: nutrients and substrate from concentrated stock solutions were transferred to the 

bottles and demineralized water was dosed to obtain the desired liquid volume. 

Subsequently, the bottles were sealed with butyl rubber stoppers and aluminium crimp or 

screw caps, and the headspace was flushed with a N2/C02-mixture (70/30 v/v). After 

flushing, 1 ml of a 30 g 1"' Na2S-7-9H20 stock solution was dosed, and the bottles were pre-

incubated at the desired temperature in an orbital motion shaker. After the desired 

temperature had established, biomass was dosed to the serum bottles by syringe from a well 

specific surface mam'3 550 800 

dimensions mm 25*25*15 7*7*7 

void volume % 95 90 
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mixed sludge sample from the reactors. In case a significant part of the biomass was present 

in granular form, the granules were disintegrated with a blender prior to inoculation. 

Determination of the maximum specific activities (q"13") of biomass from the bioreactors with 

terephthalate, benzoate or acetate (initial concentrations 5, 5 or 15 mM respectively) were 

performed at initial biomass concentrations of 1.5 to 2.5 g-VS-1"1. For determination of the 

maximum specific activity on terephthalate of biomass washed out from the bioreactors, 25 

ml of reactor effluent was sampled by syringe from the sedimentation zone and incubated 

with 1.0 ml from a terephthalate stock solution (0.12 M). In this case no additional nutrients 

or bicarbonate were supplied. Activity determinations were based on measured methane 

concentrations in the headspace during a one ore two day period. 

Maximum specific growth rates (n™*) 

on terephthalate were determined with 

biomass from R37 at different 

temperature and pH-values. The 

experimental procedure was 

comparable to the specific activity 

measurements, except that lower 

initial biomass concentrations (0.3 to 

0.6 g-VS-1"') and (in some cases) 

higher terephthalate concentrations 

were used. Besides the methane 

concentration in the headspace, 

terephthalate concentrations in the 

medium were measured in time. 

In order to asses the pH-dependency of anaerobic terephthalate degradation, biomass from 

R37 was incubated with terephthalate at initial pH-values ranging from 5.6 to 7.6. To obtain 

pH-values in this range, different C02/NaHC03 ratio's were used as shown in Table 6.3. The 

final pH in the bottles was calculated after complete degradation of 6 mM terephthalate 

according to the following stoichiometry: 

Table 6.3: nitial concentrations of C02 and 

NaHC03 and the corresponding 

final (after 

terephthalate) 

determ 

on tere 

exp 

1 

2 

3 

4 

5 

calculated initial and 

complete degradation 

pH-values in 

ination of the maximurr 

of 6 mM 

the experiment for 

specific 

phthalate at different pH-values. 

CO, 

% 

100 

75 

95 

30 

10 

NaHC03 

mM 

4.8 

12 

48 

48 

48 

PHj„itial 

-

5.6 

6.1 

6.6 

7.1 

7.6 

growth rate 

PHfiml 

-

6.1 

6.3 

6.6 

7.0 

7.4 

C 8 H 4 0 f +6.5H20 >3.75CH4 +2HCO3 +2.25C02 

All batch experiments were performed at least in duplicate. 

(6.1) 

Analyses. The concentration of aromatic acids was determined by high pressure liquid 

chromatography (HPLC). The methane concentration in the headspace of the serum bottles, 

the hydrogen concentration in the biogas and the concentration and composition volatile 
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fatty acids in the liquid were determined by gas chromatography (GC). A detailed 

description of these methods can be found in Chapter 2. 

The concentration of total and volatile solids (TS and VS) in sludge samples was determined 

without filtration, after drying and incineration of the samples according to Standard 

Methods for Examination of Water and Wastewater [1]. Measured solids concentrations 

were corrected for the measured concentration terephthalate in the samples. Determination of 

the concentration of total and volatile solids in the effluent of the bioreactors was performed 

after filtration, using glass fibre filters (GF 52, Schleicher and Schuell, Dassel, Germany). 

Calculations. The maximum specific activity (q1™") was defined as the maximum substrate 

conversion rate related to the initial biomass concentration. The maximum substrate 

conversion rate was calculated from measured methane concentrations in the headspace 

corrected for the stoichiometry of the conversion, using linear regression. If non-

methanogenic substrates are applied, this method is only valid if no intermediates 

accumulate throughout the experimental period, as was checked by measurement of the 

accumulating concentration volatile fatty acids. 

Analyses of the temperature dependency of the maximum specific terephthalate conversion 

rate (q^A*) w a s based on the Arrhenius equation for the temperature dependency of 

chemical reactions: 

q!Sx(T) = A.e*-T (6.2) 

where qxAX(T) (mmol-TA-g-VS'd1) is the maximum specific terephthalate degradation 

rate at the absolute temperature T (K), A is the frequency factor (same unit as q^A^T)), Ea 

(kJ-mol"') is the activation factor, and R (kJmoi'-K"') is the gas constant. This equation is 

only valid at temperatures lower than the optimum temperature and contrary to enzyme 

kinetics, the constants A and Ea have only limited physiological meaning when microbial 

cultures are used. Values for A and Ea can be estimated through linearization of lnlq™* (T)J 

versus T"1 within a limited range of temperatures lower than the optimum temperature. 

After assessment of the optimum temperature (Topt), the specific terephthalate degradation 

rate at temperatures lower than the optimum temperature can be calculated from qTAX(Topt) 

and the estimated value of Ea according to: 



Wastewater Treatment I: Hybrid Reactors 123 

q^(T) = q?f (V)-exp[-Ea • - ^ ^ - ) (6.3) 

For incorporation of the temperature dependency in Monod-based equations for microbial 

growth ( HXAX CO)' a n equivalent equation was used. It was assumed that the microbial yield 

is independent of the temperature and maintenance and/or decay are neglected. Exponential 

substrate (terephthalate) depletion and product (methane) formation curves can consequently 

be described using the following equations: 

CTA(t) = CTA(0) + ̂ ^ . ( l - e x p L f l x ( T ) . t ) ) (6.4) 
UTA (T) l l

 '* 

CcH4(t) = CCH4(0)-fTACH4 • ( l - n X T A ) - 1 1 ^ 0 ^ ^ 1 - ^ ^ ^ ) - ! ) ) (6.5) 

where CTA(t) and CCH4(t) (mM) are the terephthalate and methane concentration as a function 

of time (t, day), RTA0(T) (mMday"') is the initial volumetric terephthalate consumption rate 

as a function of the temperature (T), fTACH4 (mol-CH4mol-TA1) is the number of moles 

methane produced per mole terephthalate, and nXTA (e-mol-Xe-mol-TA) is the electron-yield 

of biomass (X) on terephthalate. Through substitution of functions equivalent to equation 6.3 

in equation 6.4 and 6.5, a relation describing the temperature dependency of RTA0(T) and 

UTAX(T) is obtained. Herewith, exponential terephthalate consumption and methane 

production curves, measured at different temperatures can be described using the RTA0(Topt) 

and HTAX(T0pt) as only variables. 

The net growth rate in the anaerobic hybrid bioreactors during the exponential increase in the 

terephthalate removal capacity (RC, moll"1 day'1) was calculated from the cumulative 

methane production with equation 6.5. Using this equation for bioreactor data the net growth 

rate minus biomass wash-out is calculated. Calculations were performed during time periods 

that the effluent concentrations terephthalate exceeded 2 mM in order to fulfil the 

assumption of zero-order substrate consumption. 

Calculation of the biomass yield for growth of the mixed population on terephthalate (YXTA, 

g-VS-mol"1) in the anaerobic bioreactors was based on the mass-balance for terephthalate 

degrading biomass in a completely mixed reactor with biomass retention: 

dXR _ v max TA Y Qinf ' v if. f.\ 

—7— -yXTA-qTA •— r ^ T ' X R _ _ T ^ Xeff (
b
-

b
) 

dt KTA + TA VR 
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where XR and Xeff (g-VS 1"') are the concentrations volatile solids in the reactor and the 

effluent respectively, VR is the volume of the reactor (1), Qjnf is the influent flow rate (1-day1), 

and YXTA is the biomass yield for growth on terephthalate (g-VSmol1). If effluent 

concentrations of terephthalate (TA) exceed significantly the apparent half saturation 

concentration for terephthalate degradation (TA » KTA), we can substitute 

q j ^ - T A / ( K T A + T A ) X R by the average volumetric removal capacity of the reactor 

(RCTA, mol I'd"1). In case of steady state conditions in the reactor the biomass yield for 

growth on terephthalate can consequently be calculated according to: 

Y _ Qinf -Xeff , f i ^ 

K.^T A VR 

The average biomass retention time (SRT, day) in the bioreactors is calculated according to: 

^ £ ™ . V R 
max K 

SRT = - ^ (6.8) 
Xeff ' Qinf 

Calculation of the half saturation constant for acetate (K^, mM) is based on the mass balance 

of acetate over the reactor: 

^ = % ^ ( C 2 m f - C 2 ) + q £ f - T ^ • X R - f T A C 2 - ( l - r i x T A T A ) -
dt VR K T A + TA 'A 

, max C2 
(6.9) 

max ~ - Y 

qc2 '^TcT* 1 

where n x TA (e-mol-XTA-e-mol-TA1) is the electron yield of the terephthalate fermenting 

biomass as defined in Chapter 3 and fTAC2 (mol-C2mol-TA"') is the number of moles acetate 

formed per mol terephthalate according to the stoichiometry of terephthalate fermentation: 

C 8H 404 _ +8H 2 0 »3C2H302 +3H+ +2HCOJ +3H2 (6.10) 

If (i) no acetate is present in the influent, (ii) the effluent concentration acetate is small 

compared to the concentration of acetate generated due to terephthalate fermentation, (iii) the 

concentration of terephthalate is high compared to the half saturation constant for 

terephthalate (KTA) and (iv) using the steady state assumption (dC2/dt = 0), the half 

saturation constant for acetate can be calculated from measured maximum specific substrate 

conversion rates for terephthalate and acetate, and the average effluent concentration acetate: 
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C2 

K r , +C2 •-C2 

Q T A fTAC2 •(1~T1XT ATA) 

„max 

qc2 

(6.11) 

6.4 Results 
v 

Continuous experiments in UASB-type reactors (run 1). Three UASB reactors, operated 

at 30, 37 and 55 °C (R30, R37 and R55) were run for a period of 130 days. The initial 

operational parameters are shown in Table 6.1. Despite the inoculation of the reactors with 

sludge obtained from a full-scale reactor that actively degraded terephthalate, the assessed 

initial maximum specific terephthalate degrading activity was very low (see Table 6.1). 

Probably the long storage time preceding the inoculation negatively affected the 

terephthalate degrading activity. 

During most of the experimental 

period, a slow increase of the 

terephthalate removal capacity 

was found in R30 and J&3JL 

During approximately the last 

month of operation, no further 

increase of the removal capacity 

was observed. The average 

operational parameters and 

treatment performance during 

this month are presented in Table 

6.4. This table furthermore shows 

the biomass concentration in the 

reactors at the termination of the 

experimental period, and the assessed maximum specific terephthalate degrading activity of 

biomass from the reactors at the operational temperatures. Even though the maximum 

specific terephthalate degradation rate (qxA*) of the biomass had increased significantly 

throughout the experimental period, the terephthalate removal capacity of the systems 

remained low due to the low biomass concentrations in the reactors. No granulation of the 

biomass was observed. Since good growth could be obtained in batch experiments, biomass 

retention was identified to be the main factor limiting the terephthalate removal capacity of 

the UASB-reactors operated at 30 and 37 °C. 

Table 6.4 : Average values for the treatment performance 

of the UASB reactors operated at 30 and 37 

last month of operation 

par.(,) 

VLR 

HRT 

TAinf 

RC 

XR 

„max 
q"TA 

unit 

mmoH-'-d-1 

hr 

mM 

mmoM-'-d-' 

gvs-i-' 

mmolgVS'-d-1 

(l) RC: removal capacity, 

Table 6.1 

R30 

4.0 

30 

5.0 

2.0 

5.3 

0.25 (0.01) 

CC during the 

R37 

6.0 

20 

5.0 

3.8 

4.6 

0.59 (0.09) 

for other abbreviations see 

^ 
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The terephthalate removal capacities calculated from the methane production rate 

corresponded well (within 15 %) to the removal capacities calculated from the effluent 

terephthalate concentrations. This indicates that little if any accumulation of intermediates 

occurred, as was confirmed by very low effluent acetate concentrations and hydrogen partial 

pressures_iii_lhe_ biogas throughout the experimental period (< 0.3 mM and < 4 Pa 

respectiyely)v-

The terephthalate removal capacity of the reactor operated at 55 °C remained below 0.5 

mmol I'd"1. Combined with the observation that only limited conversion (< 10 %) of 

terephthalate was found in batch experiments incubated at 55 °C, it was concluded that either 

the seed material did not contain thermophilic terephthalate degrading organisms, or that the 

operational conditions were not adequate for cultivation of these organisms. No further 

efforts were made to treat terephthalate under thermophilic conditions. 

/ Temperature and pH-dependency of the terephthalate grown biomass. The maximum 

* specific terephthalate degradation activities of sludge samples from the three reactors at 20, 

30, 33, 37, 40, 43 and 55 °C were measured in batch experiments. The results, presented in 

Figure 6.2, show that within the temperature range of 20 to 40 °C, a reasonable description 

of the temperature dependency of the maximum specific terephthalate degrading activity of 

biomass from R30 and R37 is obtained with an apparent activation energy (Ea) of 55 

kJmol'. The specific terephthalate degrading activity of biomass from R30 is 43 % lower 

compared to biomass from R37. At 43 °C the terephthalate degradation rates were low and 

decreased in time. 

In experiments conducted with biomass from R55 and incubated at 30 to 40 °C, we found 

accumulation of acetate in time. Highest acetate concentrations were observed in 

experiments performed at 37 °C and the accumulated concenfratmn^amqunted aj^rpximately 

8 mM after 10 days of incubation. Exponential methane formation was observed after 

approximately 6 days of incubation. In all the experiments performed at 55 °C only limited 

terephthalate conversion was observed (<0.5 mM). 
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ln(q?f )(mmole.g"1.cr1) 

0.0031 0.0032 0.0033 0.0034 0.0035 

Temperature"1 (K"1) 

Figure 6.2: Temperature dependency of 

the maximum specific activity with 

terephthalate (qjAX) of biomass from the 

UASB-reactors R30 (O) and R37 (A). Solid 

drawn lines were calculated using an 

activation energy of 55 kJmole"1. 
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Figure 6.3: Terephthalate (TA) degradation 

by biomass from R37 at 30 (O), 33 ( • ) , 37 

(A) and 40 (<>) °C. Lines were calculated 

using an activation energy of 90 kJ-mole'1 

and equal initial biomass concentrations, 

except for the experiment at 40 °C, where 

an initial biomass concentration 3.2 times 

smaller than in the other experiments had to 

be used in order to describe the measured 

data. 

The temperature dependency of the specific 

growth rate of the terephthalate degrading 

biomass from R37 was investigated by 

incubation of a small amount of biomass (0.5 g-VST') with terephthalate at 30, 33, 37, 40 

and 43 °C (Figure 6.3). The exponential terephthalate depletion curves were analysed using 

Equation 6.4, and a satisfactory description of the curves measured at 30, 33 and 37 °C could 

be obtained using a value for Ea of 90.5 kJ-mol"1. For description of the terephthalate 

depletion curve measured at 40 °C, an initial volumetric terephthalate degradation rate 3.2 

times smaller as those used at 30-37 °C had to be applied. This suggests that a part of the 

terephthalate degrading activity in the inoculum was lost at 40 °C. The estimated value for 

UTA" (ToPt) w a s ° - 2 3 daY"' a t 4 0 ° C At 43 °C less than 0.5 mM terephthalate was degraded. 
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Figure 6.4: Terephthalate (TA, top graph) 

degradation and concomitant methane (CH4, 

bottom graph) production by biomass from 

R37 at three different pH-values. Drawn 

lines were calculated using an equal initial 

volumetric conversion rate and the 

maximum specific growth rates shown in 

figure 5. 
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Figure 6.5: pH-dependency of the 

maximum specific growth (u™x) rate of 

biomass from R37 on terephthalate. 

The pH-dependency of the growth rate of 

terephthalate degrading biomass from R37 

was assessed in batch experiments at initial 

pH-values ranging from 5.6 to 7.6. pH-values 

within this range were obtained through 

application of different C02/NaHC03 ratios in 

the serum bottles (see Table 6.3). The 

calculated final pH-values after complete 

degradation of 6 mM terephthalate (Table 6.3) 

corresponded within 0.1 pH-unit to measured 

values. 

The data presented in Figure 6.4 reveal that 

the differences observed in terephthalate 

degradation and methane production at initial 

pH-values between 6.1 and 7.1 are small. Both terephthalate degradation and methane 

production could be well described with Equation 6.4 and 6.5, using equal values for RTA0 

and maximum specific growth rates (\ij™(pH)) as shown in Figure 6.5. The lag-phases 

prior to terephthalate degradation were approximately 5 days in all cases and were not 

included in the estimation of the maximum specific growth rate. The observation that both 

terephthalate degradation and methane production could be described with Equation 6.4 and 
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6.5 suggests that no intermediates accumulate throughout the experiment. This was 

confirmed by the measured low concentrations acetate (< 0.5 mM). In the experiment 

performed at an initial pH of 7.6, the lag-phase prior to terephthalate degradation was much 

longer (± 25 days) as compared to those observed at pH-values between 6.1 and 7.1. After 

this lag period, only a slow increase in the terephthalate consumption rate was observed, 

suggesting a low growth rate (Figure 6.5). At an initial pH of 5.6, accumulation of about 1.6 

mM acetate was observed after 15 days of incubation. No further degradation of 

terephthalate or methane formation did occur. The resulting pH-dependency of the growth 

rate of the biomass from R37 is shown in Figure 6.5. 

Table 6.5: Average values for the treatment performance of the 
hybrid reactors treating terephthalate as sole substrate during the 
last month of operation 

par.(1) 

VLR 

HRT 

TAinf 

RCTA 

RCCH4 

unit 

mmoll'd-1 

hr 

mM 

mmoll'd-1 

mmoM-'-d"1 

Rl 

51 

15 

32 

44 

42 

R2 

61 

13 

33 

51 

52 

R3 

84 

10 

35 

71 

68 

(l) RCTA: removal capacity based on measured effluent 
concentrations terephthalate; RCCH4: terephthalate removal 
capacity based on measured methane production rates; for 
other abbreviations see Table 6.1. 

Continuous experiments in hybrid reactors (run 2). In the second run of the continuous 

experiments, polyurethane (PUR) carrier material was introduced in the reactors in order to 

enhance biomass retention. The reactors were seeded with a mixture of biomass from R30 

and R37 and they were operated at 37 °C. The initial operational parameters are shown in 

Table 6.1. 
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5 mm 

B 

Figure 6.6: Biofilm formation on the carrier material from R3; 
carrier without biofilm (A), biofilm formation after 65 (B) and 
110 (C) days of operation. 

The averaged values for the 

imposed volumetric loading 

rate (VLR) and the assessed 

terephthalate removal capa-

city (RC) based on measured 

methane production rates 

throughout the experimental 

period of 211 (Rl) or 234 

(R2 and R3) days are shown 

in Figure 6.7. The treatment 

performance of the three 

reactors can be divided into 

three periods: (i) a lag period 

of approximately 50 days 

where only limited tereph-

thalate removal is observed 

(RC<1 mmoM-'-day-'), (ii) a 

period of exponential 

increase of the removal 

capacity of the reactors up to 

approximately day 115, and 

(iii) from this day until the 

end of the experiment the 

removal capacity of the 

reactors fluctuated (Rl and 

R2) or decreased slightly in 

time (R3). The final tereph-

thalate removal rates of the 

reactors were much higher 

compared to the UASB-

reactors of the first run, 

despite the shorter hydraulic 

retention times (Table 6.5). 

The terephthalate removal 

capacities as calculated from 

effluent concentrations 



Wastewater Treatment I: Hybrid Reactors 131 

RC (mmole.r1.day1) VLR (mmole.l"1.day1) 

80 

60 

40 

R1 

• 

I &i 
\A 
is 

E=£L i 

/— 

JXb£r 
g^C? 
o 0 

"i» 
Wo 
& 

1 

ou 

60 

40 

20 

0 ( 

R2 

• 

<—J* 
^ H B l g ^ 

nid M̂  
/ . 

^I^E^Sfc 

#fgy° 

terephthalate, corresponded well to 

the removal capacities calculated 

from the methane production rate. 

This suggests that terephthalate is 

completely converted into methane 

and inorganic carbon according to 

Equation 6.1, as was confirmed by 

the low effluent concentrations 

acetate and hydrogen partial 

pressures in the biogas throughout 

the experimental period (<0.5 mM 

and <5 Pa respectively). 

During the period of exponential 

increase of the removal capacity of 

the reactors, biofilm formation on 

the carrier material clearly 

manifested (Figure 6.6). After 

approximately 110 days of 

continuous operation, biofilms in R3 

occupied completely the void 

volume of the carrier particles. Due 

to the lower specific surface area 

and higher void volume of the 

carrier particles used in Rl and R2, 

these kept their open structure 

throughout the experimental period. 

During the exponential increase of 

the terephthalate removal rates, an 

increase in the biomass 

concentration in the bottom part of 

the reactors (beneath the carrier 

material) was observed. After approximately 110 days of operation the formation of oval 

shaped granules, ranging in size from 0.5 to 3 mm, was observed in the bottom part of the 

reactors. At the end of the experimental period, a dense layer of granular biomass was 

present in R2 and R3, occupying approximately 15-20 % of the volume beneath the three 

phase separator. In Rl less granular biomass was formed. In time the formation of channels 

120 

100 

80 

60 

40 

100 150 200 250 

time [days] 

Figure 6.7: Volumetric removal capacity (RC) based 
on measured methane production rates and averaged 
volumetric loading rates (VLR) in Rl (top graph) to 
R3 (bottom graph). 
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biomass concentrations indicate that biomass retention fluctuates around an average value 

which approximates steady state. A second assumption made during calculation of the 

reactor yield is that the microbial composition of biomass washing out from the reactor 

equals the biomass in the reactor. The correctness of this assumption was confirmed by the 

comparable maximum specific activities on terephthalate that were measured with biomass 

from the effluent as well as the sludge bed (Table 6.6). 

Table 6.7: Estimated values of various parameters for description of the treatment performance of 
the anaerobic hybrid reactors. Parameter values obtained with a previously described terephthalate 
grown enrichment culture (enr.c.) are shown for comparison. 

reactor 

Rl 

R2 

R3 

enr.c. 

RCTA 

mmoH-'-d-' 

48 

53 

74 

-

SRT 

day 

35 

42 

46 

-

SRT 

HRT 

-

52 

63 

107 

-

* X T A 

gmole"' 

10.2 

10.0 

9.2 

8.6 

^ C 2 

mM 

0.3 

0.5 

0.5 

0.4 

•^Ferm 

XAcM O) 

g g ' 

0.73 

0.54 

0.52 

1.1 

.. net 
M T A O 

day ' 

0.029 (0.062) 

0.024 (0.071) 

0.022 (0.062) 

0.094 

(1) The net growth rate on terephthalate in Rl to R3 was calculated according to nTA = YXTA • q̂ A* • 

Values between brackets represent net growth rates as calculated during the exponential increase 

of the volumetric removal capacities in the reactors, neglecting biomass wash-out. 
(2) The apparent half saturation constant (Kc2) for acetoclastic methanogenesis was calculated using 

Equation 6.11 and an average effluent concentration acetate of 0.3 mM. 
<3) The concentration ratio of terephthalate fermenting organisms (Xfemn) versus acetoclastic 

methanogens (XAcM) was calculated from measured maximum specific substrate conversion rates 

shown in Table 6.6, related to the values obtained with the enrichment culture: qp^TA = 23 an^ 

qS=98mmolg- 'day l . 

Taken these considerations into account, the calculated SRT-values presented in Table 6.7 

can be regarded as reasonable approximations of the average SRT. The SRT-values are 

comparable for the three reactors. The solid retention time related to the hydraulic retention 

(SRT/HRT) is considerably higher for R3, suggesting that the total surface of carrier material 

available for biofilm formation (R1/R2: 200 m 2 m \ R3: 375 m2/m"3) played a role in the 

efficiency of biomass retention. The terephthalate removal rates in Rl and R2 were highly 

comparable throughout the entire experimental period, suggesting that the differences in 

hydraulic regime imposed to these reactors hardly affected biomass retention. 
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Biomass growth in the anaerobic hybrid reactors. The measured maximum specific 

terephthalate degrading activity of biomass in the anaerobic hybrid reactors (average value is 

2.5 mmolg'day"1, Table 6.6) is much lower than the value of 10.9 mmol-g'-day"1 obtained 

with the previously described methanogenic enrichment culture (Chapter 3). Assuming that 

(i) the reactors were in steady state and (ii) the terephthalate concentration in the reactor 

exceeded considerably the apparent half velocity constant for terephthalate degradation 

(KTA), the net growth rate in the reactors can be calculated from the biomass yield in the 

reactor and the measured maximum specific terephthalate conversion rate according to 

^TA
 =

 YXTA "ITA" • From the data presented in Table 6.7 it can be seen that the values for 

)a"et obtained using this method are lower than those calculated from the exponential increase 

of the terephthalate removal capacity during day 85-105, even though biomass wash-out was 

neglected using this latter method. 

A possible reason for the lower net growth rates in the biofilm reactors during the latter 

period is the influence of mass transfer limitations, leading to substrate depletion in the 

biofilm. This may result in a negative growth rate (decay) in the centre of the biofilm. 

Combined with the positive growth rate in the biofilm near the bulk liquid, this may lead to 

lower values for the net growth rate calculated for the presumed steady state. However, the 

effluent terephthalate concentrations between day 150 and 200 (2 to 6 mM) were much 

higher than the KTA-value of 0.1 mM which we estimated for R2 (Figure 6.8). This suggests 

that mass transfer limitations have been of minor importance in R2 and that no, or only 

limited substrate limitations occurred during the time period for calculation of the net growth 

rate based on the steady state assumption. Contrary to Rl and R2, biofilms in R3 occupied 

completely the void volume of the PUR-support particles, suggesting that mass transfer 

limitations may have played a more important role in this reactor. It furthermore is 

interesting to note that the decrease in the terephthalate removal capacity in R3 from day 120 

(+ 100 mmoll'day1) to 130 (± 70 mmoll'day"1) occurred at the time that the PUR-particles 

became saturated with biomass (Figure 6.6). Presumably, the increase in the biofilm 

thickness may have contributed to the observed decrease in the capacity in this reactor. 

Another aspect that may affect the net growth rate of the terephthalate degrading biomass in 

the bioreactors is the development of different concentration ratios of the individual species 

involved in the syntrophic degradation of terephthalate. As a result of different decay rates or 

different retention times in the reactor, the concentration ratio of the species in terephthalate 

degradation may vary. The estimated concentration ratio of terephthalate fermenting 

organisms versus acetoclastic methanogens, and the apparent half saturation constant for 

acetoclastic methanogenesis (K^) are shown in Table 6.7 for biomass from the anaerobic 
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hybrid reactors as well the enrichment culture. It is evident from the data in this table that 

even though the calculated values for K^ for the hybrid reactors and the enrichment culture 

are comparable, the relative concentration of acetoclastic methanogens is higher compared to 

terephthalate fermenting organisms in the hybrid reactors. This suggests that either selective 

wash-out of the terephthalate fermenting culture occurs, or bacterial decay plays a more 

important role in the growth of the terephthalate fermenting culture compared to the 

acetoclastic methanogens. 

In summary we suggest that either bacterial decay or selective washout of the terephthalate 

fermenting culture played an important role in the capacity limitation of the reactors. Mass 

transfer limitations due to the formation of thick biofilms appeared to play only a minor role. 

Influence of the temperature and the pH on anaerobic terephthalate degradation. The 

temperature dependency of the specific terephthalate degrading activity of biomass from R30 

and R37 in the temperature range of 20 to 40 °C could well be described with an apparent 

activation energy (Ea) of 55 kJ-mol"1, corresponding to a Q10 of 2.0. For description of the 

temperature dependency of the specific growth rate of the terephthalate degrading biomass, a 

significantly higher value for Ea of 90 kJ-mol"1 (Q10=3.2) was estimated. No clear reason 

could be identified for the difference in the estimated Ea-values. 

Both values for Ea suggest that the anaerobic terephthalate degradation is kinetically 

controlled. If transport processes are rate limiting, a lower value for Ea (« 20 kJ-mol"1) is 

expected to be found. Based on an extensive literature research, Henze and Harremoes 

suggested a similar average value for Q10 of 2.7 for anaerobic conversions within the 

mesophilic temperature range [11]. 

Terephthalate degradation proceeded well within the pH-range of 6.1 - 7.1, with preference 

for a pH of 7.1. At an initial pH of 5.6 accumulation of acetate occurred, which may have 

contributed to the absence of growth at this pH. No acetate accumulation was observed at 

higher pH-values, suggesting that terephthalate degradation strongly depends on the rapid 

removal of acetate. The terephthalate degrading biomass was found to have a low tolerance 

forpH-values exceeding 7.5. 

The estimated maximum specific growth rates of the sludge sampled from R37, as 

determined during the temperature- and the pH-experiment at 37 °C and pH 7.1 (respectively 

0.16 and 0.19 day"1), are significantly higher than the previously determined value with the 

terephthalate grown enrichment culture (0.094 day"1, Chapter 3). Various reasons may have 

contributed to this observation: (i) besides "true growth", reactivation of the culture may 

have contributed to the observed increase in the terephthalate degradation rate, resulting in 
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an overestimation of the growth rate in the experiments with biomass from the reactors, (ii) 

the biomass cultivated in the reactors may contain a higher concentration of methanogens, 

relative to the concentration of terephthalate fermenting bacteria, and this may increase the 

overall growth rate of the mixed culture when grown on terephthalate [26], and (iii) both 

cultures may have a different microbiological composition with different kinetic properties. 

UASB versus hybrid reactors. Both UASB and hybrid reactors have successfully been 

applied for the mesophilic treatment of a large variety of wastewaters, including wastewaters 

containing aromatic compounds [6, 10, 14, 16-18]. In both reactor types the formation and 

retention of methanogenic granular sludge has been observed, resulting in high biomass 

concentrations and high volumetric substrate removal rates. Considering that normally both 

reactor-types are dimensioned and operated in a similar way, the top part of the reactors - i.e. 

a combined internal three phase separator and settler for UASB-reactors, and a stationary 

packed bed in hybrid reactors - is the main difference between both reactor-types. 

Consequently, any differences in treatment performance between both reactor-types 

primarily can be attributed to differences in biomass retention and the formation and 

retention of granular biomass. The hybrid reactors used in our investigations differ from 

those described in literature, because they were equipped with an internal settler besides a 

layer of polyurethane (PUR) carrier material beneath the three phase separator. 

The terephthalate removal rates found in the anaerobic hybrid reactors exceeded the rates in 

UASB-reactors by a factor of more than 10. The high removal rates obtained in the hybrid 

reactors can primarily be attributed to the high solid retention times (SRT) in these reactors 

(see Table 6.7). From the data shown in Table 6.4, a much lower SRT-value of 11 days was 

roughly estimated for the UASB-reactors operated at 30 and 37 °C, despite the longer 

hydraulic retention times in these reactors. 

Formation of granular biomass was only observed in the hybrid reactors, i.e. following the 

formation of dense biofilms on the PUR support material. Presumably, the granulation in the 

hybrid reactors can be attributed to the accumulation of biofilm particles detached from the 

carrier material. The settled biofilm particles may serve as nuclei for granule formation in the 

lower part of the reactor. Probably due to the absence of such nuclei in the suspended 

inoculum of the UASB-reactors, no granulation was observed in these reactors. Enhanced 

granulation and biomass retention in hybrid versus UASB-reactors seeded with suspended 

biomass has previously been observed by Liangming et al. [19] during their work on the 

anaerobic treatability of artificial PTA-wastewater. Similar observations were made by 

Fiebig and Dellweg [7] in their study on acetate degradation in a UASB and a hybrid reactor. 

The high removal rates resulting from the effective colonisation of the PUR reticulated foam 
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particles furthermore confirms the suitability of this type of carrier as a microbial 

colonisation matrix [3, 9,13, 25, 27]. 

Practical implications. The main practical achievement of the work described in this paper 

is that high rate degradation of terephthalate (> 40 mmol-l'day"1 or 10 g-COD l1 day"1) can 

be accomplished in anaerobic bioreactors if (i) a high sludge age can be obtained, (ii) the 

temperature is close to its optimum value of 37 °C and (iii) pH-values are between 6.1 and 

7.1 with preference for a pH of 7 (and acetate concentrations are low). The maximum 

specific terephthalate degrading activity of biomass grown in the anaerobic hybrid reactors 

(± 2.5 mmolg'day"1) is much higher than previously reported values of 0.1 to 0.3 

mmolg'day"1 obtained with biomass from terephthalate fed anaerobic bioreactors [2, 5,15]. 

Previously we described that the easily degradable substrates in PTA-wastewater (acetate 

and benzoate) strongly inhibit the degradation of terephthalate (Chapter 4, [5, 15]). Based on 

these results we suggested to use a two-stage reactor system for anaerobic pre-treatment of 

PTA-wastewater. The results described in this chapter provide extra support for this 

hypothesis. In the first stage of a two-stage system, acetate and benzoate can be degraded at 

high rates [8, 18], while in the second stage high-rate degradation of terephthalate can be 

obtained if the previously defined boundary conditions are fulfilled. It is postulated that 

using this approach significantly higher volumetric capacities (> 15 g-COD l"1 day"1) can be 

obtained as those described in literature (0.5 - 4 g-CODl'day1 [2, 4, 15, 22, 24, 28]). The 

application of a staged reactor concept for the anaerobic treatment of a mixture of acetate, 

benzoate and terephthalate will be described in Chapter 7. 
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Chapter 7 

Wastewater Treatment II: 

Two-stage Reactor 

Abstract 

The degradation of a terephthalate, benzoate and acetate mixture 

was studied in two-stage UASB-reactors. It was found that pre-

removal of acetate and benzoate in a two-stage reactor concept 

enabled high-rate treatment of PTA-wastewater after a relatively 

short start-up period. 
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7.1 Summary 

The feasibility of high-rate anaerobic pre-treatment of wastewater generated in the 

production of purified terephthalic acid (PTA) was studied in a lab-scale two-stage upflow 

anaerobic sludge blanket (UASB) reactor system. The artificial influent of the system 

contained the main organic substrates of PTA-wastewater: acetate, benzoate and 

terephthalate. Three reactors, operated in parallel, were used for the second stage. The 

reactors were seeded with a suspended terephthalate degrading culture, with and without 

additional methanogenic granular sludge (two different types). The first stage UASB-reactor 

was seeded with methanogenic granular sludge. All reactors were operated at 37 °C and pH 

7.0. 

During the first 300 days of operation a clear distinction between the biomass grown in both 

reactor stages was obtained. In the first stage, acetate and benzoate were degraded at a COD-

removal efficiency of 95 % and a volumetric loading rate of 40 g-COD l"1 day"1 within 25 

days of operation. No degradation of terephthalate was obtained in the first stage during the 

first 300 days of operation, despite operation of the reactor at a decreased volumetric loading 

rate with acetate and benzoate of 9 g-COD l'day"1 from day 150. Batch incubation of 

biomass from the reactor with terephthalate showed that the lag-phase prior to terephthalate 

degradation remained largely unchanged, indicating that no growth of terephthalate 

degrading biomass occurred. From day 300 onwards, however, terephthalate degradation was 

observed in the first stage, and the biomass in this reactor could successfully be enriched 

with terephthalate degrading biomass, resulting in terephthalate removal capacities of 

approximately 15 g-COD l"1-day'1. Even though no clear reason could be identified why 

(suddenly) terephthalate degradation was obtained after such a long period of operation, it is 

suggested that the solid retention time as well the prevailing reactor concentrations acetate 

and benzoate may have played an important role. From the first day of operation, 

terephthalate was degraded in the second stage reactors. In presence of methanogenic 

granular biomass, high terephthalate removal capacities were obtained (15 g-COD l'1 day"1) 

within approximately 125 days of operation. 

From the results obtained it is concluded that terephthalate degradation is the bottleneck 

during anaerobic treatment of PTA-wastewater. Pre-removal of acetate and benzoate in 

staged bioreactor reduces the length of the lag-period prior to terephthalate degradation in 

latter stages, and enables high rate treatment of PTA-wastewater1. 

1 A modified version of this chapter has been submitted for publication. 
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7.2 Introduction 

Considering the composition of PTA-wastewater, a distinction can be made between 

compounds that are anaerobically readily degradable (acetate and benzoate) and compounds 

that are slowly degradable (terephthalate and para-toluate). In a preliminary study we 

demonstrated that during anaerobic treatment of a mixture of acetate, benzoate and 

terephthalate in lab-scale UASB-reactors, degradation of terephthalate was strongly rate 

limiting [8]. Only in absence of acetate and benzoate a substantial terephthalate degradation 

was achieved. The troublesome degradation of terephthalate could largely be attributed to (i) 

the combined effect of inhibition by acetate and benzoate and (ii) the slow growth rate of 

terephthalate degrading biomass at the applied operational temperature of 30 °C. These 

results were confirmed with a methanogenic enrichment culture grown on terephthalate 

(Chapter 3 and 4). The results obtained with this culture furthermore showed that the activity 

of the culture was almost completely lost by imposing feedless periods of only a few hours, 

as well as through co-incubation with high concentrations of acetate or benzoate. Still, by 

improving biomass retention through introduction of polyurethane carrier material and by 

working at the optimised temperature of 37 °C, high volumetric terephthalate removal rates 

(10-17 g-COD r'day"1) could be obtained in anaerobic hybrid reactors seeded with 

suspended methanogenic biomass and fed with terephthalate as sole carbon and energy 

source (Chapter 6). 

Para-toluate is poorly degradable in methanogenic environments (Chapter 2, [7]) and 

consequently its removal in anaerobic bioreactors proceeds only at very low rates [10, 11]. 

Therefore para-toluate normally needs to be removed in an aerobic post-treatment step. 

However, since para-toluate generally contributes to only 5 to 15 % of the COD-load, high 

volumetric removal capacities and treatment efficiencies can be obtained during anaerobic 

pre-treatment, even when para-toluate is not degraded. The aromatic PTA-wastewater 

constituents benzoate, terephthalate and para-toluate were furthermore shown to be hardly 

toxic to acetoclastic and hydrogenotrophic methanogens [5, 8]. 

In order to avoid inhibition of terephthalate degradation by acetate and/or benzoate, we 

previously suggested a two-stage reactor concept, enabling the spatial separation of acetate 

and benzoate removal in a first stage, and degradation of terephthalate (and para-toluate) in a 

second stage (Chapter 4, [8]). Staged reactor systems can be obtained through application of 

anaerobic bioreactors in series, or through application of reactor-systems in which plug-flow 

is enhanced. Several concepts of integrated staged anaerobic bioreactors have been described 

in literature [2, 6, 9, 12, 13]. In this chapter the results obtained with a two-stage UASB-

reactor concept treating a mixture of acetate, benzoate and terephthalate will be described, 
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together with the characteristics of the biomass cultivated in both stages. Based on the results 

obtained, the practical applicability of a high-rate two-stage reactor concept for pre-treatment 

of PTA-wastewater will be discussed. 

7.3 Materials and Methods 

Continuous experiments. The first stage of the two-stage reactor concept consisted of a 

UASB-type reactor with a total working volume of 3.85 1. (inner diameter main body: 80 

mm, sedimentation zone: 120 mm). The reactor, made of glass, was equipped with an 

internal three phase separator as shown in the flow sheet presented in Figure 7.1. Biogas 

produced in the first stage was (i) scrubbed with a 20 % sodium hydroxide solution for 

carbon dioxide removal, (ii) led through a column packed with soda lime pallets with 

indicator for water vapour removal and (iii) a wet gas meter (Meterfabriek Dordrecht, 

Dordrecht, The Netherlands) for quantification of the methane production. The temperature 

of the reactor was controlled at 37 °C by a thermostat-bath-circulator (Haake D8, Germany) 

connected to the double wall of the reactor. 

The substrate and a large fraction of the effluent of the first stage were mixed in a mixing 

vessel and pumped into the reactor at flow rate of 15 1-hour"' to maintain a liquid upflow 

velocity of 3 mhour"1. The pH in the mixing vessel was maintained at 7.0 ± 0.1 through 

dosage of sodium hydroxide (50 mM). Biogas produced in the first stage was led over the 

mixing vessel in order to obtain a comparable carbon dioxide partial pressure in the reactor 

and the mixing vessel. The substrate- (terephthalate, benzoate and acetic acid) and nutrient-

solutions were pumped to the mixing vessel from separate containers. Disodium 

terephthalate was prepared in a continuously agitated 100 1. container through dissolution of 

the desired amount of terephthalic acid in a sodium hydroxide solution. Nutrients, acetic acid 

and sodium benzoate were fed to the mixing vessel from 10 1. containers. The composition of 

the nutrient solution applied has been described in Chapter 2. Acetic acid was dosed as an 

acid to enable pH-control solely by dosing sodium hydroxide and to minimise the sodium 

concentration of the medium. 

The effluent of the first stage was collected in an external settler to for sedimentation of 

washed-out biomass and to avoid introduction of biomass from the first stage into the second 

stage. Accumulated biomass washed out from the first stage was removed from the settler at 

regular intervals. 
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Figure 7.1: Flow sheet of the experimental set-up applied in the continuous experiments. Rl: 

recirculated UASB-reactor (first stage); R21, R22 and R23: parallel operated UASB-reactors 

(second stage); M: mixing vessel; S: multichannel pump; R: recirculation pump; B: 

sedimentation reactor; G: biogas; E: effluent; NaOH: 20 % sodium hydroxide solution; SLP: 

column filled with soda lime pallets with colour indicator; TC: temperature control; pHC: pH-

control; GM: Gas Meter; TA, BA, C2 and NUT: containers with stock-solutions disodium 

terephthalate, sodium benzoate, acetic acid and nutrients respectively. 

The second stage of the two-stage reactor system consisted of three identical 0.95 1. UASB-

reactors operated in parallel. The reactors were made of glass and had a inner diameter: 60 

mm. The reactors were equipped with a simple three phase separator consisting of a reversed 

T-connection piece. Biogas produced in these reactors was scrubbed with a 20 % sodium 

hydroxide solution and quantified by liquid displacement using Mariot bottles. The reactors 

were placed in a temperature controlled (37 CC) water bath. Substrate was fed to the reactors 

from the settler using a multichannel peristaltic pump (Gilson-Minipuls 2, Villiers-Le-Bel, 

France). 

Start-up and operational procedures. The first stage of the two-stage reactor (Rl) was 

inoculated with methanogenic granular sludge from a full scale Internal Circulation (IC) 
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reactor [15] treating potato starch processing wastewater. The acetoclastic methanogenic 

activity of the seed sludge was 0.72 g-CODg-VS'.d-1 at 37 °C and pH 7. The length of the 

lag-phases required to degrade 2 mM benzoate and terephthalate in batch experiments 

amounted approximately 9 and 61 days respectively (Chapter 2). Initially, the reactor was 

operated with acetic acid and benzoate as sole substrates in COD-equivalent amounts at a 

loading rate (VLR) of 4.0 g-COD 1'day"1 and a hydraulic retention time (HRT) of 7 hours. 

In time the VLR of the reactor was increased by increasing the concentration acetic acid and 

benzoate in the influent. From day 40 day of operation, terephthalate was added to the 

influent, initially at a concentration of 0.60 g-COD l"1. In time the concentration of 

terephthalate in the influent was increased stepwise to 2.5 g-COD l"1 to study whether the 

increased concentration terephthalate affected benzoate and acetate conversion in the reactor. 

After 67 days of operation of Rl, the three reactors of the second stage (R21, R22 and R23) 

were started up. All three reactors were inoculated with 1.5 g-VS-1"1 crushed biomass from a 

lab-scale anaerobic hybrid reactor treating terephthalate as sole carbon and energy source 

(Chapter 6). The initial specific terephthalate degrading activity of this biomass amounted to 

0.48 g-COD-g-VS'-day"1 (2.0 mmol-gVS'day"1). In order to assess whether granular sludge 

could function as a carrier material for the terephthalate degrading suspended culture, 

granular biomass was added to R21 and R22. The biomass added to R21 was the original 

seed material used (25 gVS-1"1) for inoculation of Rl, and granular biomass removed from 

Rl (42 gVS l"1) was used as additional seed material for R22. 

Batch experiments. Batch experiments were used to determine the specific activity of the 

biomass cultivated in the reactors with acetate, benzoate or terephthalate. The experiments 

were performed at 37 °C in 320 ml serum bottles using the general procedure described 

elsewhere (Chapter 6). The length of the lag-period prior to terephthalate degradation for 

biomass from Rl was determined in a similar manner as described in Chapter 2. 

Analyses. The concentrations of benzoate and terephthalate were determined by high 

pressure liquid chromatography (HPLC). The methane concentration in the headspace of the 

serum bottles used in the batch experiments, the hydrogen concentration in the biogas and 

the concentration and composition of volatile fatty acids in the liquid were determined by 

gas chromatography (GC). A detailed description of these methods can be found in Chapter 

2. 

The concentration of total and volatile solids (TS and VS) in sludge samples was determined 

without filtration, after drying and incineration of the samples according to Standard 

Methods for Examination of Water and Wastewater [1]. Granular sludge samples were 



Wastewater Treatment II: Two-stage Reactor 147 

sieved (mesh 0.5 mm) prior to determination of the concentration TS and VS. Measured 

concentrations were corrected for the measured substrate concentration in the samples. 

Calculations. The maximum specific activity determined in the batch experiments was 

calculated using the method described in Chapter 6. The specific growth rate of biomass 

unadapted to terephthalate was determined from the exponential methane production curve 

as described in Chapter 3. The length of the lag phase required to obtain terephthalate 

degradation was defined as the time needed to obtain 1 mM terephthalate degradation, for 

easy comparison with previously determined values (Chapter 2). 

7.4 Results 

The anaerobic breakdown of PTA-wastewater constituents (acetate, benzoate and 

terephthalate) was studied in a two-stage bioreactor concept. Initially, only the first stage 

(Rl) was started up with acetate and benzoate as organic substrates in COD-equivalent 

concentrations. Even though the biomass used as inoculum for Rl had not been grown on 

benzoate, the capacity of the reactor to degrade benzoate increased rapidly. Within 25 days 

of operation Rl was able to degrade the acetate-benzoate mixture at a volumetric loading 

rate (VLR) of 40 g-COD l"1 day'1 and a hydraulic retention time of 7 hours with a COD-

removal efficiency exceeding 95 % (data not shown). 

Following the initial start-up procedure, the operation of Rl can be divided into three time-

periods (see Table 7.1): 

Period I, Reactor Rl (day 25-150): The main objectives during this period were (i) to asses 

if terephthalate degrading capacity could be obtained in Rl at high VLR-values for benzoate 

and acetate, and (ii) to assess if increasing terephthalate concentrations in the influent would 

inhibit acetate and/or benzoate removal. 

From day 40 onwards terephthalate was supplied to the reactor at an initial concentration of 

0.6 g-COD l"1. Until day 60 the influent terephthalate concentration was increased stepwise 

to a concentration of 2.5 g-CODl"'. It was found that terephthalate did not affect the 

degradation of either benzoate or acetate and showed an inert behaviour in the reactor. 

On day 70 of operation 42 g volatile solids were removed from Rl (reducing the volatile 

solids concentration in Rl from 40.0 to 28.9 g-VST1) for inoculation of one of the reactors 

of the second stage (R22). To avoid accumulation of acetate and/or benzoate in the effluent 

of the first stage, the VLR with benzoate and acetate was temporarily lowered to 30 

g-COD 1'day"1. Within one week, however, the loading rate could be resumed to 46 

g-COD l"1 day"1 without affecting the treatment efficiency for acetate and benzoate. 
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Table 7.1: Averaged values for the operational parameters of the first stage 

(Rl) of the two-stage anaerobic system. 

parameter*'> 

day number 

HRT 

VLRBA 

V L R a 

VLRTA 

TIBA 

•He: 

RCTA 

day: biomass 

unit 

-

hour 

g-CODl'd"1 

g-CODl'd1 

g-CODl'd"1 

% 

% 

g-CODl'd-' 

g-vs-r1 

time period 

I II 

25-150 150-330 

4.7-5.3 2.9-5.2 

23 4.5 

23 4.5 

2.5-12 12-22 

88-100 98-100 

95-100 86-100 

0 0-15 

0- 23 0 
137 36 7 2 3 ° : 2 6 2 

(1) HRT: hydraulic retention time, VLR: volumetric loading rate 

capacity, n: COD-removal efficiency, BA: benzoate, C2: 

terephthalate. 

III 

330-398 

2.2-2.9 

0-52 

0-60 

25-40 

55-100 

98-100 

5-22 

398: 54.5 

RC: removal 

acetate, TA: 

During the last 20 days of period I, the treatment efficiency of Rl for benzoate declined 

slightly, resulting in an increase in the effluent concentration benzoate from 100-200 

mg-CODl"' to 500-800 mg-COD l1. Besides benzoate, small amounts (<100 mg-CODl'1) of 

carboxycyclohexane accumulated in the effluent, suggesting that the methanogenic 

consumption of intermediately formed reducing equivalents was inhibited. Since no 

identifiable modification in the operation was imposed to the reactor, a distinct reason for the 

decrease in the treatment efficiency for benzoate could not be identified. 

Throughout period I, the effluent concentrations terephthalate were not different from the 

influent concentrations, suggesting that no adsorption or biodegradation of terephthalate 

occurred. The absence of net-growth of terephthalate degrading biomass in the sludge from 

Rl was confirmed by results from batch experiments incubated with terephthalate as sole 

carbon and energy source (Table 7.2). Even though the length of the lag phase required to 

degrade the 1 mM terephthalate decreased slightly compared the inoculum of the reactor (30 

to 40 days versus 61 days in the inoculum (Chapter 2)), it is evident that no significant 

amounts of terephthalate degrading organisms had accumulated in Rl throughout period I. 
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Table 7.2: Characteristics of biomass from Rl sampled after 70, 137, 

194 and 234 days of operation 

parameter unit 70 

day nr. 

137 194 234 

„max 
qc2 
„max 
qBA 

lagTA 

UTA 

g-CODgVS'd-' 

g-CODgVS'd-' 

day 

day1 

1.33 

0.79 

42 

0.11 

0.95 

0.60 

30 

0.12 

1.00 

0.78 

40 

0.10 

0.83 

0.50 

51 

0.13 

m qc!x ar,d qBAX : maximum specific acetate and benzoate degradation 

rate respectively; lag-TA: lag period required to obtain 50 % 

terephthalate degradation; uTA: estimated growth rate on terephthalate. 

Period II, reactor Rl (day 150-330). During the second period the VLR with acetate and 

benzoate was lowered from 46 to 9 g-COD-l'day1 , to assess if terephthalate degradation 

could be achieved at this lower loading rate. Due to the decrease in the loading rate, effluent 

concentrations acetate and benzoate were lower compared to period I (0-60 versus 100-300 

mg-acetate-COD-r' and0-30versus 100-200mg-benzoate-CODl1). 

Despite the lowered VLR with benzoate and acetate, no terephthalate degradation was 

observed from day 150 to 300 (see Figure 7.2). The absence of terephthalate degradation 

capacity of the biomass in Rl was confirmed by a batch-experiment with sludge sampled 

from the reactor on day 234 (see Table 7.2). The length of the lag-period required to obtain 2 

mM terephthalate degradation was comparable to values measured during period I. 

At day 234 of operation, sludge was removed from Rl and mixed with granular sludge used 

for the initial inoculation of R l . Part of this sludge mixture was used for re-inoculation of 

one of the second stage reactors (R23), while the rest of the biomass was returned into Rl . 

Herewith the biomass concentration in Rl remained unchanged («26.2 g-VST1). The 

removal of acetate and benzoate in Rl was hardly affected by this procedure and remained as 

high as 95-100%. 
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Figure 7.2: Operational performance of Rl 
during period II. The bottom graph shows the 
volumetric loading rate with benzoate and 

From approximately day 300 onwards, 

significant terephthalate removal was 

obtained in Rl. The terephthalate removal 

capacity increased within 30 days to 

approximately 15 g-COD l'day"'. The 

degradation of terephthalate in Rl was 

confirmed by the increased methane 

production rates. Throughout the period of 

increasing terephthalate removal, the 

effluent concentrations acetate and benzoate 

dropped to values lower than the detection 

limit of the corresponding analytical 

methods (approximately 5 and 20 

mg-CODl"' for acetate and benzoate 

respectively). Prior to this period of 

increasing terephthalate removal in Rl, 

effluent concentrations acetate were low 

(10-50 mg-CODl'), but always higher than 

the detection limit. 

Period III, reactor Rl (day 330-398). 

Throughout period III the operational 

parameters of Rl were varied for short periods of time. Variations imposed to the system 

were accomplished by varying the influent concentrations acetate and benzoate. Herewith the 

HRT remained unchanged at approximately 2.5 hours. The VLR for terephthalate was kept 

significantly higher compared to the terephthalate removal capacity and therefore 

terephthalate was present in excess in the reactor at all times. The effect of the varying 

loading rates with acetate and benzoate on the terephthalate removal capacity is shown in 

Figure 7.3. The following characteristic periods can be distinguished: 

• Up to day 348 the VLR with benzoate and acetate was kept constant at values around 10 

and 8 g-COD-l'-day"' respectively. During this period the terephthalate removal capacity 

reached a stable value of approximately 16 g-COD-l'day"1, 

• at day 348 the VLR with benzoate and acetate was increased to 17 and 10 g-COD l'day"1 

respectively. This resulted in an immediate decrease in the terephthalate removal capacity 

from 16 to 13 g-CODl'day'. 

acetate (VLRB solid line) and the 
terephthalate removal capacity (RCTA, ). The 

top graph shows the removal efficiency for 

acetate and benzoate. 
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• when the dosage of benzoate was 

stopped on day 353, the 

terephthalate removal capacity 

increased to 16 g-COD l"1 day"', 

while termination of acetate acid 

dosage on day 355 led to a further 

increase of the terephthalate 

removal capacity to 20 

g-COD-l'day-1, 

• returning the benzoate and acetate 

load on day 357 to 17 and 10 

g-COD l"1 day"1 respectively, led 

to return of the terephthalate 

removal capacity to its previous 

valueofl6g-COD-l-'-day', 

• from day 360 to 367, the acetate 

VLR was gradually increased to 

60 g-COD-l'day"'. Despite this 

large increase, the acetate 

concentration in the effluent 

increased to a maximum value of 

only 75 mg-CODl', and the 

terephthalate removal capacity 

decreased concomitant to the 

increase in acetate loading to 5 

g-COD-l'day', 

• at day 367 the acetate loading rate 

was decreased to 19 

g-COD-r'-day"', resulting in an 

increase in the terephthalate 

1 3000 

330 340 350 360 370 380 390 400 

time (days) 

Figure 7.3: Operational performance of Rl during 
period III. The two top graphs show the volumetric 
loading rate (VLR, solid lines, left y-axis) with 
benzoate (BA) and acetate (C2) and the corresponding 
effluent concentrations (O, right y-axis). The bottom 
graph shows the terephthalate removal capacity (RCTA) 

degrading capacity to 15 g-COD 1"'day"1 within a period of 6 days . 

on day 375 and day 382 the benzoate loading rates were during a two day period 

increased to 52 and 33 g-COD-l'day"' respectively, resulting in effluent benzoate 

concentrations of 2.0 and 0.7 g-COD l'day"'. These high benzoate concentrations in the 
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effluent resulted in a decrease of the terephthalate removal capacity to 6 g-COD -r'-day'1 in 

both cases. 

Second stage reactors; R21, R22 and R23. As a result of inoculation of R21, R22 and R23 

with a small amount of suspended terephthalate degrading biomass, terephthalate 

degradation was observed from the first day of operation of the second stage (day 67). 

Initially the reactors were operated at a VLR of approximately 1 g-COD-l'-day'1 and a HRT 

of 50 hours. Due to the high treatment efficiency of Rl for benzoate and acetate, 

terephthalate was the main carbon and energy source in the influent of R21 to R23. 
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Figure 7.4: The COD-removal capacity, calculated from methane production rates (RC-CH4) 
and in- and effluent concentration terephthalate (RC-TA), as a function of the volumetric 
loading rate (VLR) in R21 (left graph) and R22 (right graph). Drawn lines represent a COD-
removal efficiency of 100 %. 

In time, the VLR of the reactors was gradually increased by increasing the influent flow rate. 

R21 and R22, that were inoculated with granular biomass besides the terephthalate degrading 

biomass, the VLR could gradually be increased to 15 g-COD -r'-day"1 after 125 days of 

operation (day 192). Treatment efficiencies exceeded 80 % throughout this period, as can be 

seen from Figure 7.4. At this time the HRT was as low as 4 hours. Even though the removal 

capacity of R22 increased slightly faster compared to R21, the differences observed in the 

treatment performance between both reactors were insignificant. During period III of 

operation of Rl the influent concentrations terephthalate of the second stage fluctuated 

strongly resulting in VLR-values ranging from 20 to 40 g-COD 1'day"1 at a HRT of 2 hours 

in R21 and R22. Despite these strong fluctuations, the removal capacity of terephthalate 



Wastewater Treatment II: Two-stage Reactor 153 

remained around 20 g-COD l'day"1 in both reactors. The final concentration of volatile 

solids in R21 and R22 amounted 32.9 and 52.2 g-VS-1'1. 

Compared to reactor R21 and R22, the terephthalate removal capacity of R23 remained 

considerably lower. The maximum capacity was found to be 2 g-COD l"1 day' at a HRT of 

12 hours. Even though some floe formation occurred in this reactor, its low removal capacity 

primarily could be attributed to the low biomass concentrations (final biomass concentration 

on 230 day: 5.2 g-VS-11). 

At day 234, R23 was reinoculated with biomass from Rl, supplemented with the original 

seed sludge. In this way an equal biomass concentration (» 26 g-VST1) and composition was 

obtained in the reactors Rl and R23,. Consequently, the removal of terephthalate in both 

reactors could readily be compared. Until day 274 no terephthalate degradation was observed 

in R23, but from this day onwards the terephthalate removal capacity increased 

exponentially at a comparable rate as calculated for Rl (« 0.08 day"1, data not shown). 

Herewith the lag-phase prior to terephthalate degradation amounted 40 days, which is highly 

comparable with the length of the lag period prior to terephthalate degradation observed in 

the batch experiment performed on day 234 (see Table 7.2). The terephthalate removal 

capacity of R23 increased from day 274 onwards to values comparable to those obtained 

with R21 and R22 (15-20 g-COD-l'May"') within 75 days of operation. 

VLR, RC (gCOD.I'Vd'1) 
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Observed irregularities in the 

treatment performance of the 

second stage reactors. At day 234, 

when the modifications were made 

to Rl and R23 as described above, 

the terephthalate removal capacity 

in R21 and R22 was almost 

completely lost, as shown for R22 in 

Figure 7.5. For a period of 

approximately 20 days almost no 

terephthalate conversion and biogas 

production, was observed in both 

reactors. Following this period, the 

terephthalate removal capacity 

recovered exponentially to values 

comparable to those observed prior 

to the upset of the reactors. The apparent growth rate, calculated from the exponential 

JSS2&&. 

200 220 300 320 240 260 280 

time (days) 

Figure 7.5: Volumetric loading rate (VLR) and COD-
removal capacity calculated from methane production 
rates (RC-CH4) and in- and effluent concentrations 
terephthalate (RC-TA) in R22 from day 200 to 320. 
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increase of the terephthalate removal capacity from day 250 to 263, amounted 0.19 day"1. 

This value is considerably higher as those estimated for exponential growth in R l and R23, 

suggesting that besides bacterial growth, reactivation of the terephthalate degrading biomass 

played a role in the recovery of the terephthalate degrading activity of R21 and R22. 

Table 7.3: Specific activities (expressed as g-substrate-COD-g-VS'day'1) of 

sludge from R22 and R23 incubated with acetate, benzoate and terephthalate on 

day 241 and 317 of operation. 

substrate 

acetate 

benzoate 

terephthalate 

R22 

day 241 day 317 

0.37 0.94 

0.21 0.48 

0.06 0.43 

R23 

day 241 day 317 

0.38 1.17 

0.16 0.57 

0.02 0.29 

In order to assess whether specifically the 

terephthalate degrading biomass was 

inhibited in R21 and R22, the specific 

activity was measured of biomass sampled 

on day 241 from the reactors with acetate, 

benzoate and terephthalate. Measured 

values were compared to those obtained 

with biomass sampled from R21 and R22 

on day 317. At this time both reactors were 

actively degrading terephthalate at a rate of 

approximately 20 g-COD l"1 day"1. From the 

data presented in Table 7.3 it can be seen 

that all specific activities were significantly 

lower at day 241, compared to day 317. 

However, while the activities with benzoate 

and acetate at day 241 are 2 to 3 times 

lower, the specific activities with 

terephthalate are 7 and 17 times lower in 

R21 and R22 respectively. These data 

suggest that mainly the terephthalate 

degrading biomass had been inhibited. 

Previous research with a terephthalate 

TA (g-COD. r1) 

2.0 g-BA-COD.I"1 

0.5 g-BA-COD.I" 

0.0 -a—o-

8 10 0 2 4 6 

time (days) 

Figure 7.6: Terephthalate (TA) degradation by 

sludge from R22, incubated without benzoate 

(BA, o), and with 0.5 ( ) and 2.0 

g-BA-CODl"1 (A). BA was completely 

degraded within 0.8 and 2.5 days in the 

experiments incubated with 0.5 and 2.0 

g-BA-CODl"1 respectively. Drawn lines 

correspond to TA-degradation rates of 0.31, 

0.19 and 0.12 g-TA-CODl 'day1 for 

incubation without, and with 0.5 and 2.0 

g-BA-CODl"1 respectively. 
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degrading enrichment culture revealed that short periods without substrate may result in a 

complete loss of the terephthalate degrading activity. The terephthalate degrading biomass 

could be resumed through dosage of low concentrations of benzoate to the culture (Chapter 

4). In order to assess if dosage of benzoate to R21 and R22 could enhance the recovery of the 

terephthalate degrading capacity, batch experiments were performed with biomass sampled 

from R21 and R22 at day 239, and incubated with mixtures of terephthalate and benzoate 

(see Figure 7.6). The results reveal that benzoate did not improve the terephthalate degrading 

activity. The terephthalate degradation rate after complete removal of benzoate even 

decreased with increasing benzoate dosage. It was furthermore observed that terephthalate 

degradation was completely inhibited by benzoate at initial concentrations as low as 2.1 mM. 

These results are comparable to those obtained with the terephthalate degrading enrichment 

culture, when no period without substrate was imposed to the culture (Chapter 4). 

7.5 Discussion 

General performance. The results presented above demonstrate that high-rate anaerobic 

pre-treatment of PTA-wastewater in a two-stage UASB-reactor is possible. Benzoate and 

acetate can be degraded in the first stage of such a staged reactor concept at very high rates 

(> 40 g-COD l"1 day"1), while terephthalate can be degraded in a latter stage at moderate rates 

(15-20 g-COD-l'day"1). Taken into account that normally in PTA-wastewater (i) acetate, 

benzoate and terephthalate correspond to 80-90 % of the COD-load, (ii) the total COD-

concentration of PTA-wastewater amounts to 6 g-COD l"1, and (iii) acetate, benzoate and 

terephthalate are present in COD-equivalent concentrations, the results suggest that a COD-

removal efficiency of approximately 80 % can be reached at an overall volumetric loading 

rate of 25 g-COD l'day"1 and a hydraulic retention time of 5.6 hours (first stage: 2.4 hours; 

second stage 3.2 hours). Herewith it is assumed that the rest-fraction of the COD-load of 

PTA-wastewater consists primarily of para-toluic acid, which is anaerobically degraded at 

only very low rates (Chapter 2, [10, 11]) and should therefore be removed in an aerobic post-

treatment step. 

Compared to previously reported data on anaerobic pre-treatment of PTA-wastewater, 

summarised in Table 1.4, the volumetric COD-removal capacities described in this chapter 

are considerably higher. So far, terephthalate degradation has only been reported in 

anaerobic bioreactors operated at low VLR-values of 2.5 to 4.5 g-COD -l'1 day"1. Herewith 

this is the first study that evidently shows that high-rate treatment of a mixture of acetate, 

benzoate and terephthalate at short hydraulic retention times is possible. 
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Terephthalate degradation: the bottleneck in anaerobic PTA-wastewater treatment. 

The work described here confirms our previous observation that terephthalate degradation 

represents the bottleneck in anaerobic PTA-wastewater treatment [8]. Since terephthalate 

corresponds normally to 30 to 50 % of the COD-load in PTA-wastewater, degradation of this 

compound is essential for successful implementation of anaerobic treatment. Several 

properties of the terephthalate degrading biomass play a role in the problematic terephthalate 

degradation in anaerobic treatment systems: (i) the long lag-period prior to terephthalate 

degradation with anaerobic granular sludge or digested sewage sludge (44 to 61 days, 

[Chapter 2]), (ii) the slow growth rate as determined with a terephthalate grown 

methanogenic enrichment cultures ((i™"1 = 0.094 day"1 at 37°C) and estimated from reactor 

data (neglecting biomass wash-out: a™" = 0.04 day' at 30°C to 0.06-0.08 day"1 at 37°C, this 

chapter and Chapter 3 and 6, [8]), (iii) the severe inhibition of terephthalate degradation at 

low concentrations of acetate, benzoate or molecular hydrogen (Chapter 4, [5, 8]), and (iv) 

the loss of terephthalate degrading activity due to short periods without substrate, or through 

incubation with high concentrations benzoate or acetate besides terephthalate (Chapter 4, [5], 

Figure 7.6). We furthermore observed strong inhibition of terephthalate degradation in R21 

and R22 from day 130 to 160 of operation. So far we were unable to identify a clear reason 

for this loss in terephthalate degrading capacity, but the activity measurements (Table 7.3) 

revealed that the inhibition of acetate and benzoate degrading activities were less severe. 

Apparently, anaerobic terephthalate degradation is far more sensitive to minor environmental 

changes compared to anaerobic benzoate and acetate degradation, and may be troublesome to 

obtain and to maintain in anaerobic bioreactors 

Despite these intrinsic limitations, successful enrichment of biomass on terephthalate can be 

achieved in anaerobic bioreactors, and consequently high removal rates can be obtained. 

High terephthalate removal rates in bioreactors of the second stage were only obtained when 

they were inoculated with granular biomass. In the reactor seeded with suspended 

terephthalate degrading biomass (R23), only low removal rates (2 g-COD-l'day"1) were 

obtained due to limitations in biomass retention. Co-inoculation with granular biomass 

enabled high terephthalate removal rates (15-20 g-COD-l'-day"1) at short hydraulic retention 

times (2 hours). Since the granular biomass itself only had a very low potential for 

terephthalate degradation, with lag-phases prior to terephthalate degradation of 30 to 60 

days, it appears that initially the granular biomass acted as an efficient carrier for enhanced 

retention of the terephthalate degrading culture. Based on these results we suggest that the 

presence of nuclei for biofilm formation in the UASB-reactors is essential for effective 

biomass retention required for high-rate treatment of terephthalate. Previously we used a 
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similar line of reasoning to explain the superior treatment performance of anaerobic hybrid 

reactors versus UASB-reactors seeded with suspended methanogenic biomass (Chapter 6). 

Single reactor versus a two-stage reactor concept. Experiences with staged anaerobic 

bioreactor concepts reported in literature are primarily focused on easily degradable 

substrates such as carbohydrates. In these reactors, acidification primarily proceeds in the 

first stages of the process, whereas in the latter stages the volatile fatty acids produced are 

converted to methane and carbon dioxide [2, 6, 9, 12, 13]. The two-stage anaerobic 

bioreactor concept used during this study was obtained by placing two UASB-reactors in 

series. To avoid introduction of biomass from the first stage into the second, biomass washed 

out from Rl was removed by sedimentation. Contrary to the multi-stage bioreactors 

described in literature, we obtained a clear spatial separation of biomass in both treatment 

steps by using this approach. 

During the first 300 days of the experiment, terephthalate degradation occurred only in the 

second stage of the system. The length of the lag-phase prior to terephthalate degradation 

found for biomass from Rl remained between 30 and 50 days (Table 7.2), suggesting that 

hardly any net-accumulation of terephthalate degrading biomass had been obtained in Rl. 

Based on biomass yields on acetate and benzoate (Chapter 3) and measured biomass 

concentrations, we roughly estimated the solid retention time (SRT) in Rl at 20 to 25 days 

throughout period I, and at 66 to 92 days during period II. Even though the higher SRT-

values calculated for period II may have contributed to the gain of terephthalate degrading 

capacity in Rl starting from day 300, obviously the SRT cannot fully account for the 

absence of terephthalate degradation during the first 300 days of operation because the 

estimated SRT-values are considerably higher than the doubling time of the terephthalate 

degrading culture (* 7 days). Therefore we presume that besides the SRT other aspects, such 

as the prevailing reactor concentrations acetate and benzoate, play a role in the complete 

absence of terephthalate degradation throughout the first 300 days of operation of Rl. This 

explanation is confirmed by comparison of the operational performance of Rl and R23 from 

day 234 onwards. At this day, both reactors were re-inoculated with the same sludge at equal 

concentrations. Operational differences between both reactors were that (i) Rl was fed with 

acetate and benzoate besides terephthalate at a low rate (9 g-COD l'-day"1), and (ii) the HRT 

was significantly lower in Rl (2.5 hours in Rl versus 12 hours in R23). Due to these 

operational differences the lag phase required to obtain terephthalate degradation in R23 

amounted to approximately 40 days in R23 and 66 days in Rl. Insufficient data are available 

to elucidate to what extent the SRT and/or the inhibition of terephthalate degradation by 
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acetate, benzoate and/or hydrogen are the dominant factors in the extremely long lag-phase 

prior to terephthalate degradation observed in Rl. 

In this respect it is relevant to note that after terephthalate degradation was obtained in Rl, 

this reactor showed a high tolerance to increased loading rates with acetate and benzoate. 

Contrary to the batch experiment with biomass from R21 and R22 (Figure 7.6), no complete 

inhibition of terephthalate degradation was observed at benzoate concentrations as high as 

2.0 g-COD 1"'. Furthermore, at volumetric loading rates with acetate and benzoate as high as 

60 and 16 g-COD-1"1 day"' respectively, no complete inhibition of terephthalate was obtained. 

During operation of Rl at moderate loading rates with acetate and benzoate (« 15-25 

g-COD-1"'-day"1), comparable volumetric terephthalate removal capacities could be obtained 

as in R21 and R22 (15-20 g-COD l'-day"'). It should be emphasised, however, that varying 

the loading rates with benzoate and acetate did strongly affect the terephthalate degradation 

in Rl, resulting in terephthalate removal capacities between 5 and 20 g-COD 1"' day"'. It can 

furthermore be speculated that long-term operation at elevated acetate and benzoate loading 

rates will lead to a reduced terephthalate removal capacity due to the unfavourable growth 

kinetics on terephthalate, compared to those on acetate or benzoate. 

In summary it can be concluded that the main advantage of the two-staged anaerobic reactor 

system is reduction of the lag-phase prior to terephthalate degradation. As a result of pre-

removal of acetate and benzoate in the first stage, a high terephthalate degrading capacity in 

the second stage can be obtained at prolonged SRT-values and minimised concentrations 

acetate and benzoate. Terephthalate degradation only can be obtained in the first stage when 

the reactor concentrations acetate and benzoate are sufficiently low and the SRT is high. 

Still, the observation that strongly fluctuating acetate and benzoate loading rates primarily 

affect the terephthalate removal capacity, suggests that anaerobic degradation of 

terephthalate in a second stage remains to be preferred. 

Practical implications. A combined low rate anaerobic pre-treatment and aerobic post-

treatment of PTA-wastewater was shown to be an economically feasible alternative for the 

complete aerobic treatment by Amoco Petrochemicals Inc. [3,4, 14], This company has built 

four full-scale down-flow fixed film reactors for anaerobic pre-treatment of PTA-wastewater. 

The applied VLR of the reactor located in Geel, Belgium is low (4.0 g-COD l'-day"') and 

therefore the reactor is very big (15,200 m3) [3]. The high investment costs for such a large 

reactor are compensated by the significantly lower operational costs compared to complete 

aerobic treatment due to lower nutrient requirements, lower excess sludge production and 

lower energy consumption. 
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High rate two-stage anaerobic pre-treatment of PTA-wastewater may represent an attractive 

alternative for the low rate system developed by Amoco Petrochemical Inc. Assuming that 

an overall VLR of 25 g-COD l'day'1 can be applied in a staged UASB-reactor concept, the 

reactor volume can be reduced by a factor 6. As emphasised above, the applicability of such 

VLR-values depends strongly on the biomass concentrations that can be maintained in the 

reactor. In this respect the availability of granular methanogenic biomass for start-up of the 

system, may have a large positive impact on the time needed for start-up of the system. If 

sufficient granular biomass is available, high rate degradation of acetate and benzoate in the 

first stage can be obtained within one month. However, start-up of the second stage for 

degradation of terephthalate will normally require at least 3 to 5 months, and even longer 

when using flocculent methanogenic biomass. 
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General Discussion 

Abstract 

A discussion on some practical aspects of the anaerobic 

treatment of phthalate isomers containing wastewaters is 

presented. Based on the results described in the previous 

chapters and considerations concerning reactor design and pH-

control, we will work towards an optimised concept for design 

and operation of anaerobic PTA-wastewater treatment plants 
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8.1 Introduction 

The aim of the work described in this thesis was to elucidate whether or not anaerobic 

treatment represents an attractive contribution to conventional aerobic treatment for 

treatment of phthalic acids containing wastewaters. Wastewater generated during production 

of phthalic acid isomers can be characterised as a concentrated mixture of non-complex and 

complex substrates. Normally, both categories represent approximately 50 % of the total 

organic contamination level of the wastewater. Acetate and benzoate can be ranked among 

the first category of compounds. Both compounds can be degraded at high-rates in anaerobic 

bioreactors, as has been demonstrated on lab- and full-scale [13, 15]. The phthalate isomers 

and the more reduced aromatic compounds represent the category of complex substrates. As 

outlined in chapter 1, the bottleneck in anaerobic treatment of these wastewaters is the 

degradation of phthalic acids. Therefore we focused our research on both microbiological 

and technological aspects of the anaerobic degradation of these compounds. 

In this chapter some practical implications of the experimental results presented in Chapter 2 

to 7, on anaerobic bioreactor design and operation will be discussed. Since various 

microbiological aspects are extensively discussed in Chapter 3 to 5, this chapter will focus 

on engineering aspects of full-scale treatment of phthalate isomers containing wastewaters. 

As the anaerobic degradation of terephthalate has been studied most extensively in our 

investigations, the discussion will consider the wastewater generated during terephthalic acid 

production (PTA-wastewater). First, recent developments regarding full-scale anaerobic 

treatment of PTA-wastewater are presented. Based on these experiences, we will work 

towards an optimised concept for anaerobic treatment of PTA-wastewater taking into 

account considerations concerning reactor design (Paragraph 8.3), and caustic soda 

requirements for pH-control (Paragraph 8.4). 

8.2 Full-scale PTA-wastewater treatment 

In recent years a relatively large number of anaerobic bioreactors has been constructed for 

pre-treatment of PTA-wastewater (Table 8.1). It appears that since Amoco demonstrated in 

the late 1980's that low-rate anaerobic pre-treatment of PTA-wastewater is an economically 

attractive alternative for conventionally applied aerobic treatment methods [9, 10, 21], 

various other PTA-producers became interested in anaerobic pre-treatment of their waste as 

well. 
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In the past decade more than 10 full-scale anaerobic bioreactors have been constructed for 

PTA-wastewater treatment (Table 8.1). The data presented in Table 8.1 show that most 

reactors have been designed to operate at low to moderate volumetric loading rates (2-10 

kg-COD-m^day"1). Combined with the fact that PTA-production normally occurs at quite a 

large scale, this resulted in the installation of large reactor volumes. As a consequence, some 

of the anaerobic reactors listed in Table 8.1 are among the biggest in the world. Due to the 

large volumes, the anaerobic bioreactors are normally constructed in 2 to 4 compartments. 

Besides the down-flow fixed-film reactors constructed by Amoco, both hybrid and UASB-

reactors have been installed for PTA-wastewater treatment. The final post-treatment of the 

anaerobic effluent of most of the treatment plants listed in Table 8.1, is achieved in 

conventional activated sludge systems. Some PTA-producers, such as Eastman 

Petrochemical Inc, USA, rely completely on aerobic treatment technology. This company 

recently constructed PTA-production plants with aerobic wastewater treatment systems in 

The Netherlands and Spain. 

Besides the recent full-scale applications mentioned in Table 8.1, some PTA-producers are 

currently working on a new generation of PTA-production plants that include anaerobic 

treatment of the generated waste. Dupont, that took over the PTA-production capacity from 

ICI, is currently developing anaerobic treatment technology for implementation in future 

PTA-projects. Downstream of PTA-production, i.e. in the production of polyester from PTA 

and ethylene glycol, the anaerobic treatment technology is becoming more important as well, 

as can be deduced'from the recently constructed Biobed® reactors by Biothane in Greece and 

Turkey. 

As Amoco only published few of their experimental, as well as full-scale experiences, design 

criteria for anaerobic bioreactors treating PTA-wastewater remain unclear. Moreover, it 

appears to be very hard to acquire reliable information with regard to the treatment 

performance of the anaerobic bioreactors listed in Table 8.1. Petrochemical companies 

generally are quite reluctant in providing information about the amount and composition of 

the generated waste because this may provide insight in the efficiency of their production 

processes. The closeness of these companies seriously hampers the development of 

environmental treatment technologies for wastestreams generated in petrochemical 

production processes, such as PTA-wastewater. The literature information on lab-scale 

studies dealing with anaerobic PTA-wastewater treatment are furthermore scarce and 

controversial as outlined in Chapter 1. Consequently, anaerobic treatment of PTA-

wastewater can hardly be regarded as an accepted technology. 
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8.3 Reactor technology 

The commercial success of high-rate anaerobic bioreactor technology is based on the high 

concentrations of biomass that can be maintained in these reactors due to uncoupling of the 

solid and liquid retention time. High biomass concentrations combined with high specific 

substrate conversion rates, and adequate mixing to overcome mass transfer limitations, result 

in high volumetric substrate conversion rates and consequently small reactor volumes. 

With regard to anaerobic terephthalate degradation, we demonstrated in Chapter 6 and 7 that 

both anaerobic hybrid reactors and UASB-reactors were capable of terephthalate degradation 

at moderate- to high-rates (10-20 g-COD l'day"1). The good treatment performance of both 

reactor systems can be explained by the high biomass concentrations that could be 

maintained, combined with the high values for the maximum specific terephthalate 

conversion rates (qxAX) ( see Table 8.2). The values for qjA* we measured with biomass 

from both reactor types (see Table 8.2) were much higher than those reported in literature 

(0.02 to 0.07 g-TA-CODg-VS'd1, [7, 11, 17]). The main objective of the continuous 

reactor studies was to elucidate if high terephthalate removal capacities could be obtained, 

and not to determine the minimum effluent concentrations that can be reached. 

Consequently, we worked at relatively high reactor concentrations terephthalate (>0.5 

g-COD-1"1) and therefore mass transfer limitations played only a minor role. 

Table 8.2 : Operational characteristics of anaerobic bioreactors described 

in Chapter 6 and 7 and treating terephthalate as main 

source. 

reactor 

name: 

Cx 

RCTA 

max 
<lTA 

type: 

(g-vs-r1) 

(g-TA-CODl'd1) 

(g-TA-CODg-VS'd1) 

UASB 

R22 and R23, 
Chapter 7 

30-50 

15-20 

0.3 - 0.5 

carbon and energy 

Hybrid 

Rl,R2andR3 
Chapter 6 

15-30 

10-17 

0.5 - 0.7 

The successful enrichment of the terephthalate degrading biomass could be achieved in both 

reactor types despite major microbiological bottlenecks in the anaerobic degradation of 

terephthalate: 
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1. Even at the optimum temperature (37°C) and pH (~7.0), the growth rate of a terephthalate 

degrading culture was found to be very slow (jijA* = 0.09 day"1, Chapter 3), 

2. the lag-period prior to terephthalate degradation with methanogenic granular sludge or 

digested sewage sludge was long (44 to 61 days, Chapter 2), 

3. terephthalate degradation is strongly inhibited by benzoate and acetate (and molecular 

hydrogen) (Chapter 4, [11, 17]), 

4. a terephthalate grown enrichment culture readily lost its capacity when incubated with 

high concentrations benzoate or acetate, or after a short period without substrate (Chapter 

4). 

With regard to the kinetic parameters for terephthalate degradation some controversial results 

were obtained. The maximum specific growth rate (l-iTA*) f° r terephthalate degradation 

determined with a terephthalate grown enrichment culture (Chapter 3) and those calculated 

from the exponential growth phase in the hybrid and UASB-type reactors (Chapter 6 and 7) 

were of the same order of magnitude (0.09 and 0.06 to 0.08 day"1 respectively). However, the 

values calculated from batch experiments with biomass sampled from the hybrid reactors 

(Chapter 6) and those from the second stage reactors during the recovery period (Chapter 7) 

were significantly higher (0.17 to 0.21 day"'). All these experiments were conducted at 

highly comparable environmental conditions; pH 7.0 and 37°C. Although other reasons 

cannot be excluded, likely the higher nxAX_values measured with bioreactor biomass result 

from an overestimation of the true growth rate due to reactivation of the biomass (as 

described in chapter 6 and 7). Due to the indirect measurement of UTA* " i-e- fr°m t n e 

exponential increase of the substrate conversion rate - no distinction can be made between 

"true" growth and exponential reactivation. Undoubtedly, a direct determination of growth 

through measurement of biomass concentrations in time represents a superior method. 

However, a reliable measurement of an increase in biomass concentration with reactor sludge 

is not possible in batch-experiments due to the low biomass yield of many anaerobic bacteria 

and the high background concentration solids. The best method for determination of kinetic 

parameters is by using chemostat cultures. However, at low growth rates these kind of 

experiments are extremely laborious. Therefore we remain dependent on the methods 

described in this thesis, but interpretation of the results obtained should be handled with care. 

The maximum specific terephthalate degradation rate (q™AX) calculated for the terephthalate 

grown enrichment culture (Chapter 3) was significantly higher than the values found for the 

biomass from the hybrid and UASB-type reactors fed with terephthalate as main substrate 
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(2.6 versus 0.3 to 0.7 g-TA-COD-g-VS'd"1). This indicates that in the anaerobic bioreactors 

inactive solids have accumulated in the sludge, likely due to bacterial decay (Chapter 6). 

However, the kinetic description of biomass dynamics in anaerobic bioreactors is highly 

complex and depends on various processes. 

Biomass dynamics in high-rate anaerobic bioreactors. Important factors that may 

influence biomass dynamics in high-rate anaerobic bioreactors are (i) variations in solid 

retention times as function of the location in the biofilm, and (ii) kinetic parameters such as 

substrate consumption for growth-independent maintenance, bacterial decay, and subsequent 

lysis and hydrolysis of the cultivated biomass. 

Variations in solid retention time can 

readily be predicted from microscopic 

inspection of granular biomass that has 

been subjected to a change in waste 

water composition. For example, the 

original granular biomass used for 

inoculation of the UASB-reactors 

described in Chapter 7 could still be 

distinguished in the core of the granules 

that had developed in the reactors after 

more than one year of operation. This 

suggests that the granular inoculum 

primarily functioned as carrier for the 

cultivated specific biomass. As the 

surface of the granule is subjected to shear forces in the reactor, biomass located on the 

outside of the granule may have considerably shorter solid retention times than biomass 

located in the core of the granule. This suggests that the solid retention time is a function of 

the location of the solids in the biofilm. 

Combined with the limited insight available with regard to maintenance, decay and 

hydrolysis related processes in high-rate anaerobic bioreactors, it is concluded that the 

knowledge available for adequate kinetic description of biomass dynamics in high-rate 

anaerobic bioreactors is far from sufficient. Herewith the identification of reasons for the 

observed capacity limitations in these systems remains troublesome (Chapter 6 and 7). 

Furthermore, the design of high-rate anaerobic bioreactors remains strongly based on 

empirically defined grounds. 

1 mm ' < . " ' .'»-*• 

Figure 8.1: Cross section of granular biomass 
sampled from reactor Rl (Chapter 7) after 320 
days of operation. The initial granular seed sludge 
can readily be distinguished as the black core of 
the granule 



168 chapter 8 

Hybrid versus UASB-reactors. As described above, both anaerobic hybrid and UASB-

reactors were capable to degrade terephthalate at high rates (Chapter 6 and 7). However, a 

major difference between anaerobic hybrid reactors and UASB-reactors may manifest when 

scaling-up these systems from lab- to full-scale. At full-scale, mixing in both reactor-types is 

primarily obtained through biogas production. The biogas production per unit surface-area of 

reactor (QA, m3m"2hr"') determines to a great extent the mixing in the reactor compartment. 

As this parameter is linearly related to the height of the reactor, QA-values are normally 15 to 

30 times higher in full-scale reactors. Moreover, the liquid upflow velocity (vup, m-hr"1) will 

be higher to the same extent. The higher QA-value in full-scale hybrid-reactors will give rise 

to significantly higher shear-forces in the fixed bed zone of the reactor, whereas this will 

have little impact on the sedimentation zone of a full-scale UASB-reactor. Consequently, the 

efficiency of biomass hold-up may be significantly lower in full-scale compared to lab-scale 

anaerobic hybrid reactors. 

The fixed-bed section in hybrid reactors may improve the process of biomass granulation 

from suspended seed-material, as described in Chapter 6. The following subsequent steps 

could be identified in the granulation process in the anaerobic hybrid reactors: (i) formation 

of biofilms on the polyurethane carrier particles, (ii) after full colonisation of the carrier, 

biofilm detachment was observed, and (iii) the detached biofilm particles settled and served 

as nuclei for granule formation in the down-part of the reactor. Similar mechanisms for 

granule formation have been described for nitrifying, denitrifying, sulfate reducing and 

methanogenic bacteria [3, 4, 16]. In none of the UASB-reactors we observed biomass 

granulation from suspended seed-material. 

Based on these arguments we suggest that for full-scale application, the UASB-reactor 

concept may remain superior over hybrid reactors, provided that granular biomass is 

available for inoculation. If no granular biomass is available, hybrid reactors likely need a 

shorter start-up time due to more effective formation of granular biomass. The time required 

for start-up of UASB-reactors with suspended biomass presumably can be shortened by 

introducing the proper nuclei for biofilm formation in the reactor compartment. 

Single versus two-stage reactors. In Chapter 4 and 6 we suggested that physical separation 

of biomass degrading acetate and benzoate, and biomass degrading terephthalate may 

increase the overall capacity of a system treating PTA-wastewater. In such a two-stage 

reactor concept, the inhibition of terephthalate degradation by acetate and benzoate in the 

second stage can be avoided. Furthermore, the solid retention times (SRT-values) required 

for gaining sufficient capacity for the different substrates can be optimised for both reactor 

modules individually. 
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The experimental results described in Chapter 7 showed that the positive effect of staging on 

anaerobic terephthalate degradation will mainly manifest during start-up. Only after a period 

exceeding 300 days of operation a substantial degradation of terephthalate was observed in 

the first stage reactor. We attempted to explain these results based on the basis of a simple 

mathematical model (Appendix). The model considers the treatment of a mixture of acetate, 

benzoate and terephthalate at COD-equivalent concentrations in a single-stage reactor. The 

active biomass concentrations in the anaerobic bioreactor was assumed constant (20 

gVS-COD-1"1). Kinetic parameters as described in Chapter 3 were used. The initial 

concentration of terephthalate degrading biomass in non-adapted seed sludge was estimated 

from the data presented in Chapter 2 and amounted to 3 mg-VS-CODl1. 

XTA (g-VS-COD.r1) 

100 200 

time (days) 

300 

Figure 8.2: Development of the 
concentration terephthalate degrading 
biomass (XTA) as function of time at four 
removal capacities for acetate and benzoate 

RCBA/c2 (g-COD.r1.d-1) 

Figure 8.3: Relative steady state 
terephthalate removal capacity (RC'TA), and 
the relative time required to obtain a 
concentration terephthalate degrading 
biomass (t*4) of 4 g-VS-CODl1, as a 
function of the combined removal capacity 
for benzoate and acetate (RCBA/C2). The 
situation where terephthalate is the sole 
carbon and energy source is used as 
reference. 

The change in the concentration of 

terephthalate degrading biomass (XTA) as a 

function of time was calculated at four 

different removal capacities for acetate and 

benzoate. Results are shown in Figure 8.2. The relative time required to obtain a 

concentration terephthalate degrading biomass of 4 g-VS-COD 1"' (i), and the relative steady 

state terephthalate removal capacity (ii) as a function of the removal capacity for acetate and 

benzoate are shown in Figure 8.3. As expected, the model predicts that in absence of acetate 

and benzoate the seed material in the reactor is slowly replaced by terephthalate degrading 
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biomass, until the active biomass in the reactor consists fully of terephthalate degrading 

biomass. Ideally, this situation would prevail in a second stage reactor. In presence of acetate 

and benzoate, two effects are observed: (i) the maximum concentration of terephthalate 

degrading biomass in the reactor is reduced, and (ii) the time needed to obtain this maximum 

concentration is significantly prolonged. As in the model calculations the inhibition of 

terephthalate degradation by benzoate and acetate were neglected, the trends observed in 

practical conditions may be even more pronounced. In general terms, the biomass yield on 

the readily degradable substrates (acetate and benzoate) and the total concentration of active 

biomass that can be achieved in the reactor(s) determine the extent of the positive effect of 

the application of two-stage reactor concept for treatment of a mixture of readily and slowly 

degradable substrates 

The factors implemented in the model may have contributed to the extremely long lag-phase 

prior to terephthalate degradation observed in the first stage of the two-stage system (Chapter 

7). The observation that following this lag-period (of approximately 300 days), the reactor 

achieved a relatively high capacity for terephthalate degradation (~ 15 g-COD I'd"1) 

indicates that the biomass concentration in the reactor had to be increased significantly. This 

was confirmed by the measured increase in the total sludge concentration from 

approximately 30 to more than 50 g-VSl"' at this stage of the experiment. However, no 

conclusive explanation is available for the observed increase in the biomass concentration. 

8.4 pH-control 

During the production of purified terephthalic acid (and isophthalic acid), the separation of 

the product is based on their poor solubility in water. Through washing the aromatic acid 

crystals with water, water-soluble impurities are removed. As an increased alkalinity of the 

water would decrease the efficiency of product separation, it is evident that the generated 

wastewater generally contains only trace amounts of alkalinity. Only during cleaning of 

production units with concentrated sodium hydroxide, significant amounts of alkalinity are 

introduced into the wastewater. This suggests that to enable anaerobic treatment of PTA-

wastewater, substantial amounts of neutralising agents have to be dosed to maintain an 

optimal reactor pH, as is required for effective anaerobic treatment. Herewith dosage of 

neutralising agents may represent a large fraction of the operational costs [9]. 
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Remarks: 

• C02 is stripped from the buffer tank, 

• Acetate and benzoate are completely 

degraded in AR1, 

• Terephthalate is completely degraded 

inAR2(AR1 forS1) 

Wastewater: 

• acetic acid: 3.0 g-COD.I' 

• benzoic acid 3.0 g-COD.I' 

• terephthalicacid 3.0g-COD.I' 

pH-control: 
• agents: NaOH 

• setpoints: 
buffer: 5.5 
AR1/AR2:>=7.0 

buffer AR1 AR2 

Figure 8.4: Flow charts (SI, S2 and S3) and general assumptions used for calculation of the 
alkalinity requirements during anaerobic pre-treatment of PTA-wastewater. 

To gain insight in the alkalinity requirements for anaerobic treatment of PTA-wastewater, a 

mathematical model was developed that enables the calculation of chemical speciation 

(including precipitation). The model is based on chemical equilibrium constants and the 

wastewater composition. A detailed description of this model can be found elsewhere [24]. 

This chemical equilibrium model was coupled with a reactor model for calculation of the 

impact of recirculation flows and of biological degradation reactions on the required amount 

of neutralising agents. 

Prior to conducting the reactor calculations, the solubility product of terephthalic acid was 

estimated from the water solubility at 25°C (see Table 1.1). The calculated value amounts 

K^TA) = [H+]-[HTA] = 10"81 molM"2. All the other chemical equilibrium constants were 

obtained from standard text books [6, 22, 23]. Combined with the pKa-values for 

terephthalate (Table 1.1), this results in the chemical speciation of terephthalate in pure water 

as a function of the pH as shown in Figure 8.5. 
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NaOH (meq.l1) 

4.5 5.0 

PH(-) 

Figure 8.5: Speciation of terephthalate as a 

function of the pH (bottom graph) and the 

concentration of sodium hydroxide dosed. 

Without NaOH-dosage the pH amounts to 

3.96. 

Chemical equilibrium calculations were 

conducted for wastewater treatment plants 

consisting of subsequently a buffer tank and 

either a single or two-stage anaerobic 

bioreactor configuration as shown in Figure 

8.4. The caustic soda requirements were 

calculated in relation to the recirculation flow 

rate over the buffer tank. The pH-setpoint in the buffer tank was set at 5.5 to avoid 

terephthalic acid precipitation (see Figure 8.5). Carbon dioxide was stripped from the buffer 

tank at variable air-flow-rates and mass transfer limitations were neglected. Other 

assumptions made to enable the calculations are mentioned in Figure 8.4. The calculated 

required amounts of caustic soda that need to be dosed to the buffer tank (and the anaerobic 
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Figure 8.6: Influence of recirculation on the 

sodium hydroxide requirements for 

neutralisation (bottom graph), the C02-

partial pressure in AR1 (middle graph) and 

the pH in AR1 (top graph). Boundary 

conditions and definitions are explained in 

Figure 8.4. 
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bioreactors) to obtain the pH-setpoints are shown in Figure 8.6. The results clearly 

demonstrate that a major reduction (upto 70 %) in caustic soda requirements can be obtained 

through applying recirculation of the effluent of the anaerobic reactor(s) to the buffer tank. 

Applying a recirculation factor exceeding four only has a limited impact on the caustic soda 

requirements. The results furthermore demonstrate that to avoid unfavourable high pH-

values in the anaerobic reactors (> 7, see Chapter 6), the recirculation-factor should amount 

at least 1. 

NaOH (meq.l"1) 

30 

2 4 6 8 10 
Qg/Qinf (l-gas/l-liq) 

Figure 8.7: Influence of the gas-flow rate in 
the buffer (C02-stripping) reactor related to 
the influent flow rate (Qg/Qinf) on the caustic 
soda requirements for maintaining a pH of 
5.5 in the buffer tank (at QR/QM = 2). 

2 3 4 5 

PH(-) 

Figure 8.8: Percentage of terephthalate in 

the solid form (H2TA [s]) as a function of 

the pH and the concentration sodium 

hydroxide required to obtain the pH-values, 

At first sight the two-stage reactor (S2, Figure based on the wastewater composition 

8.4) was expected to require higher amounts of presented in Figure 8.4. 

caustic soda for neutralisation, because non-

degraded terephthalic acid in the first stage will requires additional caustic soda dosage. 

However, the calculations show that the caustic soda requirements in SI and S2 are highly 

comparable. This can be attributed to the lower CCypartial pressure in AR1 that is obtained 

when degrading only a benzoate/acetate-mixture as in S2 and S3. Consequently, lower 

bicarbonate concentrations are required to maintain a pH of 7 in AR1. When recirculation is 

conducted from AR1 (S3, Figure 8.4) caustic soda requirements are significantly higher due 

to the high (undiluted) terephthalate concentration in AR1. It should be noted that when a 

two-stage system is operated in series, the hydraulic load of the system is twice the value of 

parallel operation. In a hydraulically limited system therefore parallel operation is preferred 

with regard to the caustic soda requirements. 

Active stripping of carbon dioxide from the buffer tank will normally be necessary to 

overcome mass transfer limitations [23]. However, stripping with air may lead to the 
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introduction of significant amounts of oxygen and subsequent growth of aerobic biomass in 

the buffer tank. A reduction in the amount of air used for stripping can be obtained through 

gas-recirculation. Recirculation of the gas used for stripping will lead to an increase of the 

C02 partial pressure in the off-gas of the stripping tank. However, at a pH-setpoint of 5.5 in 

the stripping (buffer) tank, the driving force for carbon dioxide stripping is high. Therefore 

recirculation of air is possible and the caustic soda requirements are relatively independent 

from the C02-partial pressure as can be seen from Figure 8.7. 

Pre-precipitation of terephthalic acid. Wastewater generated in both steps of the PTA-

production process differ considerably in composition and strength. As outlined in Chapter 1 

wastewater generated during production of CTA consists primarily of acetic acid, whereas 

during the purification of CTA, terephthalic acid containing wastewater is generated. Mixing 

of both wastestreams will enhance pre-precipitation of terephthalic acid, even in presence of 

significant amounts of caustic soda as can be seen from Figure 8.8. Pre-precipitation of 

terephthalic acid, may represent a feasible complementary step to biological treatment [26]. 

The generated solid waste can either be incinerated, or be used in polyester production 

processes that do not require highly purified terephthalic acid [25]. 

Closing the water cycle. Closing the water cycle in industrial production processes is 

becoming a hot topic these days [1]. However, it is evident that the effluent of a treatment 

plant that includes anaerobic bioreactors is not suitable for application in the terephthalic 

acid production process due to the high concentration of bicarbonate alkalinity. The 

utilisation of bicarbonate-rich water in the production process will increase the solubility of 

terephthalic acid, and therewith decrease the product yield. To remove the alkalinity of the 

effluent, hyperfiltration (reversed osmosis) can be used. The benefits of such a step are that 

water suitable for application in the production process is generated, while the concentrated 

bicarbonate stream can be used for neutralisation of the raw wastewater. Herewith the costs 

for caustic soda dosage can be substantially reduced. However, hyperfiltration is an 

expensive treatment method and whether this may represent an economically feasible 

solution is doubtful. 

8.5 Concluding remarks 

In Paragraph 8.3 we proposed that a two-stage system is preferred over a single stage reactor 

for the start-up of anaerobic bioreactors for treatment of PTA-wastewater. In a two-stage 

system the length of the lag-phase prior to terephthalate degradation can be significantly 

reduced. However, with regard to the caustic soda requirements in a hydraulically limited 
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system a single reactor or a two-stage system operated in parallel is preferred. Taken these 

considerations into account, and assuming a treatment plant consisting of two identical high-

rate anaerobic UASB-reactors, the following steps are suggested to optimise the start-up 

procedure: 

period 1: parallel operation. 

During this first period both reactors should obtain sufficient capacity for acetate and 

benzoate removal. Optimal growth of the acetate and benzoate degrading biomass can be 

obtained if all biomass is subjected to sufficiently high substrate concentrations, as can 

easily be realised in a system where both reactors are operated in parallel. It should be 

noted that by removal of benzoate and acetate from the wastewater, normally treatment 

efficiencies of 30 to 60 % are obtained. Consequently the loading rate of an aerobic post-

treatment step will be significantly reduced. If a sufficient amount of methanogenic 

granular sludge is available for start-up of the reactors, high treatment efficiencies can 

normally be obtained within one month of operation. However, when only a flocculent 

seed-sludge is available, such as digested pig-manure or (digested) sewage sludge, the 

first period may last several months. 

Period 2: operation in series. 

Once a high treatment efficiencies for benzoate and acetate has been achieved, the 

operation should gradually be changed to a sequential mode. Herewith optimal conditions 

can be established in the second stage reactor for the generation of terephthalate degrading 

capacity. Since the biomass in the second stage reactor has been fed with acetate and 

benzoate throughout period 1, it will be able to efficiently degrade the products of 

terephthalate fermentation (acetate and molecular hydrogen) and consequently an optimal 

environment is created in the second stage reactor for growth of terephthalate fermenting 

biomass. If the first stage reactor is capable to degrade benzoate and acetate at high 

efficiencies, part of the biomass in the first stage can be transferred to the second stage in 

order to optimise the conditions for terephthalate degradation further. 

Period 3: optimisation. 

If the system is capable to degrade efficiently acetate and benzoate in the first reactor and 

terephthalate in the second reactor, the operation can be optimised economically by 

minimising the caustic soda requirements. In hydraulically limited systems, this may 

include a gradual change to parallel operation of the two reactors, preferably combined 

with the transfer of biomass from the second stage to the first stage and vice versa. 
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buffer tank anaerobic reactor 1 (AR1) anaerobic reactor 2 (AR2) 

raw wastewater 

treatment / c—® ' 
/ biomass exchange 

post-treatment 

-% 
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Figure 8.9: Flow-chart consisting of a buffer tank and two anaerobic bioreactors (AR1 and 
AR2) that can be operated in parallel and plug-flow. CI, C2 and C3 stand for the three 
compartments of the buffer tank. 

The construction of a treatment plant that enables both operation in parallel or in series is not 

necessarily more complicated than construction of a system that can only be operated in one 

of these two modes. In this respect it is relevant to note that most of the full-scale anaerobic 

treatment plants listed in Table 8.1 consist of 2 or more reactor-compartments because of 

their large volumes. Herewith the construction of a system that can both be operated parallel 

or in series becomes a matter of installation of adequate piping, valves and pumps. In Figure 

8.9 an example is shown of how a system consisting of a buffer tank and two anaerobic 

bioreactors (AR1 and AR2) may look like. To obtain parallel operation of both reactors, 

wastewater should be pumped from CI (or C2) to AR1 and AR2, and the effluent should be 

returned to C3. For operation in series (with AR2 as the second stage), wastewater to AR1 

should be pumped from CI, and to AR2 from C2. The effluent from AR1 should be returned 

to C2, and from AR2 to C3. For operation in series, both the flow rate to AR1 and AR2 

should exceed the flow rate of the raw wastewater. For a gradual transfer from parallel to 

sequential operation, the influent valves should be equipped with flow controllers that enable 

mixed flow from CI and C2. 

The presented set-up not only looks attractive for wastestreams that consist of a mixture of 

slowly and rapidly degradable substrates, but also for wastestreams composed of substrates 

that are degraded at comparable rates. Operation in series will lead to increased substrate 

concentrations in the first stage, resulting in relatively high growth rates of the biomass. Due 

to the lower substrate concentrations, only limited or negative growth will occur in the 

second stage. Continuous operation in series with either AR1 or AR2 as first stage may 
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therefore lead to limitations in the biomass concentration in the second stage. This can be 

overcome either through transferring biomass from AR1 to AR2 and vice versa, or through 

switching operation using alternating AR1 and AR2 as first stage reactor. This second 

operational strategy is applied by ADI Systems Inc. for their anaerobic hybrid reactors [18]. 

In summary it is suggested that optimised treatment of non-toxic wastewater containing 

substrates that are degraded at comparable rates, is obtained in systems which can be 

regarded as completely mixed with regard to the biomass, and plug-flow for the wastewater. 

With regard to the applicability of high-rate anaerobic PTA-wastewater treatment, we have 

to wait for the start-up experiences of Biothane Inc. with the newly constructed treatment 

plant in Turkey (Table 8.1). This two-stage Biobed® system is constructed to operate at high 

loading rates and in a sequential mode. Successful start-up and operation of this plant may 

provide the first full-scale reference for two-stage high-rate anaerobic treatment of PTA-

wastewater. 

Appendix 

To get a quantitative idea of the impact of rapidly degradable substrates on the degradation 

of slowly degradable substrates in a single stage anaerobic bioreactor, a simple kinetic model 

was developed. As an example, a mixture of acetate, benzoate and terephthalate was used. 

Kinetic parameters for degradation of the different substrates as described in Chapter 3 were 

used. 

The following assumptions were made to enable the calculations: 

1. The total concentration active biomass in the reactor is constant, 

This assumption is based on the observation that the active biomass concentrations in well-

functioning anaerobic UASB-reactors varies within a limited range. A more mechanistic 

description of the biomass concentration is highly complex as described in Paragraph 8.3. 

2. maintenance and decay related processes are neglected, 

3. during start-up, terephthalate is present in excess (CTA»KTA), 

4. there is no mutual influence of the different substrates 

The mass balances of the total active biomass concentration (Xtot, g-VS-COD-1"1) and the 

concentration of terephthalate degrading biomass (XTA, g-VS-COD-1"') over the reactor are: 

, ° = MTA X T A + Y x A c M C 2 R C C 2 + Y X B A B A R C B A - - ^ r b (8-1) 
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d X j A . m a x Y
 X T A 

' = UTA • X T " dt 
»-TA 

SRT 
(8.2) 

where RC stands for volumetric removal capacity (g-COD I'd"1), Y x . Mc2 an<^ ^XR A BA 

are the total (lumped) biomass yields for growth on acetate (C2) and benzoate (BA), and 

( i ™ represents the maximum specific growth rate on terephthalate (TA). As Xtot is 

assumed to be constant, Equation 8.1 can be solved for SRT and substituted into Equation 

8.2, resulting in the following equation: 

dXjA 
dt 

where 

= a-XTA +b-X T A 

Y X A c M C2 R C C2 Y X B A BA ' R C BA 

(8.3) 

a - | ^ T A 
X tot Xtot 

and 

b = 
max 

MTA 

X tot 

Integration allows for calculation of XTA as a function of time: 

xTA(t) = -
a-XTA(0)-e a t 

a-b-X T A (0 ) + b-XTA(0)-e a-t 
(8.4) 

The reduction of the steady state concentration terephthalate degrading biomass as a function 

of the acetate and benzoate removal capacity can be calculated from: 

lim XTA (t): • = X„ 
^AcM C2 •RC C2 ••BA BA • RC BA (8.5) 

and the time needed to obtain a given concentration terephthalate degrading biomass can be 

calculated from: 

In 

t = -

xTA(t) 
XTA(0) 

+ ln 
b - X T A ( 0 ) - a 

b - X T A ( t ) - a 
(8.6) 
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9.1 Summary 

Phthalic acids can be ranked among the group of compounds that play an important role in 

our human environment. Terephthalic acid can be found in polyester fibres and polyethylene 

terephthalate -PET- bottles, phthalic acid esters manufactured from ortAo-phthalic acid is 

used as plasticizer in PVC, e.g. for toys, and isophthalic acid can be found in numerous 

polyester resins. With an annual world-wide production of approximately 4 kilogram per 

capita, phthalic acids comprise an important group of aromatic bulk-chemicals. 

All three phthalic acid-isomers (ortho, meta- and para-benzene dicarboxylic acid) are 

primarily produced from their xylene analogues, derived from crude oil. During production 

of phthalic acids, wastestreams are generated with a high concentration of organic 

contamination. The work described in this thesis was aimed at answering the question if 

anaerobic biological treatment might represent an attractive alternative for conventional 

aerobic treatment technologies. Some principal advantages of anaerobic treatment over 

aerobic treatment are (i) the lower nutrient requirements (ii) the lower excess sludge 

production, and (iii) energy generation through production methane-rich biogas, instead of 

energy consumption for aeration. However, with regard to the anaerobic biodegradability of 

various aromatic wastewater constituents almost no information is available. This is 

particularly true for the phthalic acids, that normally represent 30 to 60 % of the Chemical 

Oxygen Demand (COD) load of the generated wastewater. We therefore focused our work 

on the anaerobic degradation of these compounds. Both microbiological (Chapter 2 to 5) and 

technological aspects of anaerobic phthalic acid degradation were studied (Chapter 6 and 7). 

Microbiological aspects 

The anaerobic biodegradability of phthalate isomers and some related compounds was 

studied using batch assays (Chapter 2). Two types of granular sludge and digested sewage 

sludge were used as inoculum. All phthalate isomers and their corresponding methyl esters 

were found to be degraded by all inocula studied, after lag periods ranging from 17 to 156 

days. The observed order in the length of the lag-period prior to degradation was in all cases 

ort/io-phthalate < terephthalate < isophthalate. 

Using the biomass from the biodegradability experiments and bioreactor biomass, cultures 

were enriched on the three phthalate isomers (Chapter 3). Three enrichment cultures were 

obtained, degrading either ort/ao-phthalate isophthalate or terephthalate. All three cultures 

were capable of benzoate degradation without a lag-period. Kinetic parameters were 

determined for growth of the cultures on the phthalate isomers, benzoate and acetate. A three 

species model was developed for description of the intermediate acetate and molecular 
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hydrogen formation, and final production of methane from benzoate and terephthalate. Using 

this approach, a satisfactory description of the degradation of both substrate by the 

syntrophic cultures was obtained. 

In Chapter 4 some specific properties of the terephthalate degrading enrichment cultures are 

described. It was found that incubation of the culture with a mixture of terephthalate and 

either benzoate or acetate, resulted in an almost complete loss of the terephthalate degrading 

capacity. Furthermore, a period of only a few hours without substrate had a similar effect. 

The latter effect could be overcome by dosage of a low concentration of benzoate. Based on 

these results we suggest that terephthalate degradation is strongly dependent on the 

degradation of benzoate (presumably the first intermediate formed) in a kind of chain 

reaction. 

In Chapter 5 experiments with the phthalate isomers grown enrichment cultures, incubated 

with the phthalate isomers or a benzoate-phthalate mixture and bromoethanosulfonate are 

described. Bromoethanosulfonate is a specific inhibitor of methanogens. Using this 

approach, product formation from the phthalate isomers and benzoate fermenting cultures 

can be studied. It was found that reduction equivalents generated during oxidation of both 

the phthalates and benzoate were incorporated in benzoate under formation of cyclohexane 

carboxylate. The free energy change for both benzoate oxidation and reduction were found to 

be highly comparable, suggesting that within narrow energetic limits, benzoate oxidation and 

reduction may proceed simultaneously. 

Technological aspects 

Prdhmnary studies indicated that the anaerobic degradation of terephthalate is the rate 

limiting step in the anaerobic treatment of a acetate-benzoate-terephthalate mixture (Wat. Sci. 

Technol. (1997) 36: 237-248). Acetate, benzoate and terephthalate are the main organic 

pollutants in wastewater generated during Purified Terephthalic Acid production (PTA-

wastewater). Substantial terephthalate degradation in lab-scale Upflow Anaerobic Sludge 

Bed (UASB) reactors was only obtained after removal of benzoate. and acetate from the 

influent, but terephthalate removal rates remainedJow. Based on these results we suggested 

to treat PTA-wastewater in a two-stage reactor concept, enabling pre-removal of acetate and 

benzoate. 

Chapter 6 deals with the optimisation of terephthalate removal from PTA-wastewater in the 

second stage of a two-stage reactor concept. Reactor studies were conducted with 

terephthalate as sole carbon and energy source, herewith simulating complete pre-removal of 

acetate and benzoate. Three UASB-reactors were inoculated with suspended methanogenic 
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biomass andoperated at 30. 37 and 55°C. Only low treatment capacities could be obtained in 

these reactors as a result of limitations in biomass retention. Batch assays with biomass 

sampled from the reactors indicated that optimised environmental conditions for 

terephthalate degradation comprised a|temperature of 37 °C and a pH of 7.0~Jntroduction of 

polyurethane (PUR) static carrier and operation at 37°C significantly improved the treatment 

performance of the reactors. After a lag-period of approximately 80 days, the ca£acity_ofjtue_ 

reactors increased exponentially. Final treatment capacities in these reactors ranged from 10-

17 g-COD-r'-day"1. These high treatment capacities could largely be attributed to the 

effective colonisation of the PUR particles and subsequent formation of granular biomass. 
•-' • t -.tip* 

In Chapter 7 the results obtained with a two-stage UASB-reactor for treatment of an acetate-

benzoate-terephthalate mixture are described. The first stage UASB-reactor was inocUlate'd 

with unadapted methanogenic granular sludge and found to be capable of high-rate acetate 

and benzoate degradation (~ 40 g-COD'i'^day"') within one month of operation. Despite 

lowering of the acetate-benzoate loading rate to 9 g-COD l"1 day"1 from day 150 of operation, 

no terephthalate degradation was obtained in the first stage until day 300 of operation. From 

this day onwards, the terephthalate degrading capacity increased rapidly and the maximum 

terephthalate degradation rates obtained amounted to 15-20 g-COD'l'-day"1. The reactor 

furthermore showed a large tolerance to overloading with benzoate and acetate. No clear 

reason could be identified with regard to the question why it took 300 days to obtain 

terephthalate degrading capacity in this reactor. 

Three parallel operated UASB-reactors were used as second stage. The reactors were 

inoculated with a small amount of suspended terephthalate degrading biomass and granular 

methanogenic sludge was added to two reactors. Terephthalate degradation was observed 

from day 1 of operation and the terephthalate removal rates after 100 days of operation 

amounted to 15-20 g-COD-1"'•day"1 in the reactors inoculated with granular sludge. From this 

work we conclude that the two-stagejeactor concept primarily reduces the time required for 

start-up of anaerobic bioreactors treating PTA-wastewater. The two-stage reactor concept 

furthermore enables high-rate anaerobic treatment of PTA-wastewater at a short hydraulic 

retention time (25 g-COD^l'-day"1 and 6 hours respectively). 

In Chapter 8 engineering aspects of the anaerobic treatment of PTA-wastewater are 

discussed. Based on considerations concerning the optimal conditions for cultivation of the 

specific types of biomass, and considerations concerning sodium-hydroxide requirements for 

neutralisation, a gradual transition from initial operation in parallel to operation in series is 

suggested for start-up of a two-stage anaerobic bioreactor. 
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9.2 Samenvatting 

Ftaalzuren behoren tot de groep van petrochemische producten die een belangrijke rol spelen 

in het menselijk milieu. Tereftaalzuur wordt gebruikt voor de produktie van kledingvezels en 

polyethyleen tereftalaat (PET) flessen voor koolzuurhoudende frisdrank. Esters van ortho-

ftaalzuur worden toegepast als weekmaker in polyvinyl chloride in b.v. speelgoed, en 

isoftaalzuur wordt gebruikt bij de produktie van harsen. 

Ftaalzuren worden middels chemische oxydatie geproduceerd uit xylenen, gewonnen uit 

aardolie. Als gevolg van de produktie en het gebruik van water gedurende de produktie van 

ftaalzuren worden afValstromen gegenereerd met een hoge concentratie organische 

verontreiniging. Het doel van het in dit proefschrift beschreven onderzoek was om te bepalen 

of anaerobe biologische zuivering een goed alternatief, of aanvulling kan zijn voor aerobe 

zuiveringsmethoden voor deze afvalstromen. Principiele voordelen van anaerobe zuivering 

ten opzichte van aerobe zuivering zijn: (i) de lagere nutrienten behoefte, (ii) lagere biomassa 

produktie, en (iii) de produktie van energierijk biogas. Ten aanzien van de anaerobe 

afbreekbaarheid van de aromatische verbindingen in het afvalwater, is echter weinig 

informatie beschikbaar. Dit is met name het geval voor de ftaalzuren, die normaal gesproken 

30-60 % van de totale organische verontreiniging omvatten van het gegenereerde afvalwater. 

Daarom is het onderzoek beschreven in dit proefschrift toegespitst op deze groep 

verbindingen. Zowel microbiologische (Hoofdstuk 2-5) als technologische (Hoofdstuk 6-8) 

aspecten van de afbraak van ftalaten zijn bestudeerd. 

Microbiologische aspecten 

De anaerobe afbreekbaarheid van ftalaten en verwante componenten zijn onderzocht met 

behulp van batch-experimenten {Hoofdstuk 2). Als entmateriaal werden twee typen 

methanogeen korrelslib en slijkgistingsslib gebruikt. De drie ftalaat isomeren en de 

bijbehorende methyl esters werden alien afgebroken door de drie entmaterialen, na een lag-

fase die varieerde in lengte van 17 tot 156 dagen. De volgorde van de lengte van de lag-fase 

voorafgaande de afbraak van de drie ftalaat isomeren was in alle gevallen ortho-

ftalaat<tereftalaat<isoftalaat. 

De in de afbreekbaarheidsexperimenten gebruikte biomassa, en biomassa uit anaerobe 

bioreaktoren zijn vervolgens gebruikt voor ophoping van methanogene culturen op de ftalaat 

isomeren {Hoofdstuk 3). Op deze wijze werden drie ftalaat afbrekende syntrofe culturen 

verkregen die in staat waren om een van de ftalaat isomeren af te breken. De drie culturen 

konden benzoaat afbreken zonder lag-fase. De microbiele groei beschrijvende kinetische 

parameters van de drie culturen zijn bepaald voor de ftalaten, benzoaat en acetaat. Uitgaande 
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van de betrokkenheid van drie typen micro-organismen in de volledige afbraak van de 

ftalaten en benzoaat is een kinetisch model opgesteld. Met behulp van het model en gemeten 

en berekende parameters kon de accumulatie van de als intermediair gevormde acetaat en 

waterstof en de uiteindelijke produktie van methaan worden beschreven. 

In Hoofdstuk 4 worden een aantal specifieke eigenschappen van de tereftalaat afbrekende 

ophopingscultuur beschreven. Incubatie van de cultuur met een mengsel van tereftalaat en 

benzoaat of acetaat resulteerde in een nagenoeg volledig verlies van tereftalaat afbrekende 

capaciteit van de cultuur. Een vergelijkbaar effect werd waargenomen na een periode van 

enkele uren zonder substraat. Door dosering van een kleine hoeveelheid benzoaat na een 

periode zonder substraat, kon de tereftalaat afbrekende capaciteit gedeeltelijk worden 

geregenereerd. Op basis van deze experimentele resultaten stellen wij voor dat de afbraak 

van tereftalaat sterk afhankelijk is van de gelijktijdige afbraak van benzoaat (waarschijnlijk 

het eerste intermediair tijdens tereftalaat afbraak) in een soort kettingreaktie. 

Hoofdstuk 5 beschrijft de experimenten waarbij de drie ophopingsculturen werden 

gei'ncubeerd met de ftalaat isomeren of een benzoaat-ftalaat mengsel in aanwezigheid van 

bromoethanosulfonaat. Bromoethanosulfonaat is een specifieke remmer van de 

methanogenese. Op deze manier kan produktvorming gedurende fermentatie van de 

aromatische substraten worden onderzocht. De resultaten gaven aan dat reduktie-

equivalenten die worden gegenereerd gedurende benzoaat en ftalaat oxydatie worden 

gei'ncorporeerd in benzoaat onder vorming van carboxy-cyclohexaan. De vrije energie 

verandering voor benzoaat oxydatie en reductie waren in hoge mate vergelijkbaar, 

suggererende dat, binnen bepaalde energetische grenzen, benzoaat oxydatie en reductie 

gelijktijdig kunnen verlopen. 

Technologist-he aspecten 

Uit inleidende experimenten hebben we geconcludeerd dat de anaerobe afbraak van 

tereftalaat de shelheidsbepalende stap is in de afbraak van een acetaat-benzoaat-tereftalaat 

mengsel (Wat. Sci. Technol. (1997) 36: 237-248). Acetaat, benzoaat en tereftalaat zijn de 

belangrijkste organische substraten in afvalwater dat wordt gegenereerd tijdens de produktie 

van PTA (Purified Terephthalic Acid). Substantiele tereftalaat afbraak in labschaal UASB 

(Upflow Anaerobic Sludge Bed) reaktoren werd alleen waargenomen na verwijdering van 

acetaat en benzoaat uit het influent, maar de tereftalaat verwijderingscapacitieit bleef laag. 

Op basis van deze resultaten hebben wij voorgesteld om voor anaerobe zuivering van PTA-

afvalwater gebruik te maken van een tweetraps reaktor, teneinde de afbraak van tereftalaat in 

de tweede trap te kunnen optimaliseren door voorverwijdering van acetaat en benzoaat in de 

eerste trap. 
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De experimenten beschreven in Hoofdstuk 6 waren gericht op de optimalisatie van de 

tereftalaat afbraak in de tweede trap van een tweetraps reactor concept. Teneinde de 

volledige voorverwijdering van acetaat en benzoaat te simuleren werden reactor-

experimenten uitgevoerd met tereftalaat als enig substraat. Drie UASB-reactoren werden 

geent met gesuspendeerd methanogeen slib en bedreven bij 30, 37 en 55°C. Als gevolg van 

beperkingen in biomassa retentie, konden slechts lage tereftalaat verwijderingscapiciteiten 

worden verkregen in deze reactoren. Uit batch-experimenten met slib uit de reactoren bleek 

dat optimale tereftalaat afbraak werd verkregen bij een temperatuur van 37°C en een pH van 

7,0. Teneinde de biomassa retentie in de reaktoren te verbeteren werd vervolgens 

polyurethaan (PUR) dragermateriaal aan de reactoren toegevoegd en de operationele 

temperatuur werd op 37°C ingesteld. Na een lag-fase van ca. 80 dagen leidden deze 

maatregelen tot een exponentiele toename van de zuiveringscapaciteit van de reactoren. De 

uiteindelijke zuiveringscapaciteit die in de drie reactoren kon worden bewerkstelligd 

varieerde tussen 10-17 g-CZV(Chemisch Zuurstof Verbruik)-r'-dag"'. Deze hoge 

zuiveringscapaciteiten waren het gevolg van de vorming van biofilmen op het PUR-

dragermateriaal, gevolgd door de vorming van korrelslib. 

In Hoofdstuk 7 worden de resultaten besproken van experimenten met een tweetraps UASB-

reactor voor de behandeling van een acetaat-benzoaat-tereftalaat mengsel. De eerste trap 

reactor werd geent met ongeadapteerd methanogeen korrelslib en bleek binnen een maand in 

staat om acetaat en benzoaat af te breken met een hoge snelheid (ca. 40 g-CZV l'-dag"1). 

Ondanks het verlagen van de belasting van de reactor met benzoaat en acetaat tot 9 g-CZV-1" 

'•dag"1 vanaf dag 150, werd gedurende de eerste 300 dagen geen afbraak van tereftalaat 

waargenomen in de eerste trap. Vanaf dag 300 nam de zuiveringscapaciteit ten aanzien van 

tereftalaat snel toe, en de uiteindelijke tereftalaat afbrekende capaciteit bedroeg 15-20 g-

CZV l'-dag"1. Bovendien bleek de reactor in staat om sterke overbelastingen met acetaat en 

benzoaat te verwerken met slechts een beperkt verlies van tereftalaat afbrekende capaciteit. 

Geen eenduidig antwoord werd gevonden op de vraag waarom het 300 dagen duurde voordat 

de reactor in staat bleek om tereftalaat af te breken. 

Drie parallel bedreven UASB-reactoren werden gebruikt als tweede trap. De drie reactoren 

werden geent met een kleine hoeveelheid tereftalaat afbrekend slib, waaraan in twee 

reactoren methanogeen korrelslib werd toegevoegd. De met korrelslib geente reactoren 

bleken na ca. 100 dagen in staat om tereftalaat af te breken met een snelheid van 15-20 g-

CZV l'dag"'. De belangrijkste conclusie uit deze experimenten is dat door toepassing van 

een tweetraps systeem voor de anaerobe behandeling van PTA-afvalwater, de benodigde tijd 

voor opstart van de zuivering aanzienlijk kan worden verkort. 
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In Hoofdstuk 8 worden een aantal technologische aspecten van de anaerobe zuivering van 

PTA-afvalwater besproken. Aan de hand van overwegingen betreffende reactor ontwerp en 

de natronloog behoeften voor pH-sturing, wordt voor opstart van een tweetraps reactor voor 

behandeling van PTA-afvalwater een geleidelijke overgang in de bedrijfsvoering van parallel 

naar propstroom voorgesteld. 
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