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ABSTRACT

The aim of this thesis was to study factors potentially atfecting the

biodegradation of the toxic compound 2-Chlorophenol (2-CP) under anaerobic,

aerobic and anoxic conditions. The work covered anaerobic batch and semi-

contínuous studies and continuous aerobic and anoxic experiments in sequencing

batch reactors (SBR's). The 2-CP concentration ranged from 30 to 50 mg/L.

Under anaerobic conditions, digester sewage sludge exhibited a better

dehalogenation potential than either the bleached kraft mill (BKM) effluent lagoon

sediment or biomass from an anaerobic bioreactor treating BKM wastewater.

Phenolwas detected as the principal intermediate product which degraded via the

benzoate pathway. Adapted sludge transformed 2-CP without a lag although

dehalogenation rates did not increase linearly with the increase in biomass

concentration. Sulphate reduction did not inhibit z-CP dehalogenation and

methanogenesis in batch cultures amended with 0.1% yeast extract. 10 mM

bromoethanesulphonic acid (BESA) slowed the rates oÍ 2-CP dehalogenation and

partly inhibited methanogenesis while acetate and phenol accumulated in the

cultures. Molybdate at concentrations above 10 mM inhibited both sulphate

reduction and 2-CP dehalogenation with accumulation of propionate. Yeast

extract at 0.1% was the preferred electron donor compared to 10 mM each of

acetate,propionate, ethanol while hydrogen slowed 2-CP removal. 2-CP

acclimated cultures dehalogenated 30 mg/L oÍ 2,4,6-Trichlorophenol and 2,4-

Dichlorophenol to 4-Chlorophenol (4-CP) which persisted. 4-CP removal was

found feasible only with post aerobic treatment.



Under aerobic conditions, the presence, nature and concentration of

supplemental substrates influenced the specific z-CP removal in sequencing batch

reactors (SBR's) by mixed microbial cultures. An optimal dextrose and phenol

concentration of 40 and 60 mg soluble organic carbon (SOC)/L effected maximum

2-CP removal. An un-aerated but mixed period in the react phase of the SBR

cycle enhanced the subsequent aerobic removal of 2-CP removal over continuous

aerobic conditions. 2-CP removal rates decreased with the decrease in

temperature and complete removal at 5 "C was feasible only in the presence of

phenol. Specific biodegradation rates of 2-CP were linear according to Arrhenius

equation over the 10 "C to 24 "C and 5 "C to 10 "C range. Lower sludge retention

time (SRT) enriched the 2-CP degrading population and increased specific 2-CP

removal rates. Biomass yield (Y) value was calculated to be 1.27 and 0.76 mg

VSS/mg SOC removed/day for the dextrose and phenol systems respectively.

Biodegradation of 2-CP under anoxic NO.- reducing conditions was

demonstrated. At an hydraulic retention time (HRT) of 4 hours, maximum anoxic

removals of 54-58o/o and 66-680/o for 2-CP occurred in presence of dextrose and

phenol. The residual2-CP was rapidly removed in the subsequent aerobic period

and at rates which were higher than 2-CP removal rates in fully aerobic reactors.

IT
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Chapter 1.

INTRODUCTION AND SCOPE

2-Chlorophenol (2-CP) belongs to a special group of halogenated

compounds (chlorophenols) that have been identified as chemicals of concern due

to their inherent toxicity to a broad spectrum of organisms (Ruckdeschel and

Schwaz, 1987; WHO, 1993), widespread use and resulting presence in the

environmental media and biota (Health and Welfare Canada, 1989; US EPA,

1993). Active research in recent years have shown that a variety of bacteria or

bacterial consortia are able to mineralize and transform chlorophenols under

ditferent conditions although degradation of these compounds in nature is often

slow (Allard et al., 1987).

Under anaerobic conditions, poly-chlorophenols are degraded by reductive

dehalogenation to monochlorophenols such as 2-CP,3-CP or 4-CP or completely

dehalogenated to phenol (Woods et al., 1989; Hale et al., 1990; Armenante,

1992b; Madsen and Aamand, 1992; Häggblom etal., 1993a). There are mixed

reports in literature as to the relative persistence of 2-CP,3-CP or 4-CP under

anaerobicconditions. While studies conducted by Boyd et al. (1983), Boyd and

Shelton (1984), Hrudey et al. (1987a) and Häggblom et al. (1993b) indicated that

2-CP was relatively easier to remove compared to either 3-CP or 4-CP, several

others have concluded that 2-CP was the most recalcitrant monochlorophenol

tested under anaerobic conditions (Lu and Tsai, 1993; Lu and Tsai, 1992; Liu and



Pacepavicius, 1990; Häggblom et al., 1990). Potential alternative electron

acceptor such as sulphate was found to have a mixed and site specific effect on

the anaerobic dehalogenation of these compounds (Colberg, 1 990). Much remains

to be seen however as to how such dehalogenation activity can be sustained on

a long term basis, what effect does acclimation have on the overall performance

of the treatment system and how such an activity is influenced by stimulating or

inhibiting various metabolic groups within the bacterial consortium. This study

focusses on answering some of these questions.

Aerobic degradation of 2-CP and other chlorophenols is better understood

as several bacterial species responsible for degradation have been isolated and

the pathways of degradation and enzyme systems have been studied in detail

(Häggblom, 1992). There is however a gap in the literature as to the degradation

of multiple substrates and the influence of supplementary substrates since in

actual practice, a multicomponent mixture such as wastewater undergoes

simultaneous biodegradation. Of the three redox environments, knowledge

concerning the fate of toxic compounds such as z-CP under anoxic conditions is

the least well developed although such environments have become an important

component of many treatment systems in recent years. This study aimed to gain

insight to the potential factors that atfect the biodegradation of 2-CP as a model

compound under anaerobic, aerobic and anoxic conditions. The differences in

biodegradability under various environments can be very important for ultimate

process selection since the use of multiple redox environments may be the key to

successful degradation of this class of compounds.
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Chapter 2.

LITERATURE REVIEW

2.1 Synthesis and Properties of Ghlorophenols

Chlorophenols (CP's) are organic chemicals derived from phenol (1-

hydroxybenzene) by substitution in the phenol ring with one or more atoms of

chlorine. Nineteen congeners are possible, ranging from monochlorophenols (2-

CP, 3-CP and 4-CP) to the fully substituted pentachlorophenol (PCP). There are

several methods by which chlorophenols can be synthesized, including: direct

chlorination, hydrolysis of the chlorinated benzenes, conversion of diazonium salts

of various chlorinated anilines, and chlorination of phenosulphonic acids and

benzenesulphonic acids followed by the removal of the sulphonic acid group

(Doedens, 1963). Although manufacture of chlorophenols in Canada ceased as

of July 1983, large quantities of imported chlorophenols continue to be used

(Health and Welfare Canada, 1989).

Some of the important properties of four different chlorophenols that were

tested in this study are summarized in Table 2-1. All of the CP's are solids at

room temperature, except Íor 2-CP which is a liquid. They have strong odours that

have been described as pungent or medicinal, particularly those of 2-CP and 2,4-

DCP (WHO, 1993). Taste and odour thresholds are so low that Maximum
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Acceptable Concentrations (MAC) of chlorophenols in drinking water are based on

organoleptic rather than toxicological criteria (WHO, 1984). The solubility of all

chlorophenols in water is generally poor, varying from 2.1 X 10-1 moUL for 2-CP to

7.9X 10-1 for 2,9,4,6-T4CP (WHO, 1993). In contrast, the sodium or potassium

salts of chlorophenols are up to four orders of magnitude more soluble in water

than the parent compounds.

Table 2 -1. Physical and chemical properties of some chlorophenols

Property 2-CP 4-CP 2, -DCP 2,4,6-TCP

Melting Point
("C @ 760 mm)

Dissoc. Cont. (K")

prq

Odour threshold
in Air (ppb @ 25"C)

Taste threshold HrO
(ppb @ 25'C)

Solubility
(g/L @ 20 'C)

Appearance

9.0 43.2-43.7 45

3.2 x 10-s 6.6 x1o-10 2.1 x 10'8

8.48 - 8.65 9.42 - 9.37 7.85

22502

69.5

3.8 x 10-8

6.1 - 6.62

1 000

0.3 Not
reported

4.6 0.8

0.1 -4

28.5

0.1

27.1

Light amber Needle-like Colourless Colourless
liquid white to straw needles or crystals

crystals grey flakes

CP's are weak organic acids with plÇ (i.e. log dissociation constant) ranging

lrom 4.81for PCP to 8.49 for 2-CP. The acidity of chlorophenols increases as the



number of chlorine substitution increases. The polarity of a chemical is strongly

correlated with Ko*, the octanol-water parfition coefficient Ko* is the ratio of a

chemical's concentration in octanol to its concentration in water at equilibrium. In

general, smaller molecules and more polar molecules (such as phenol) dissolve

more readily in water and thus have low Ko* values and tendency to be adsorbed

compared to larger and less polar molecules with higher Ko* values. Ko* values

for chlorophenols increase with chlorination (log K"* ranges Írom 2.15 to 5.01), also

indicating a propensity of the higher chlorophenols to bioaccumulate in tissue,

represented by octanol in the Ko* determination (WHO, igg3).

2.2 TOXICITY OF CHLOROPHENOLS

The available information on the effects of chlorophenols relates primarily

to the aquatic habitats (WHO, 1993). Chlorophenols are toxic to all prokaryotic

and eukaryotic organisms (Kozak et al., 1979) although a considerable overlap

exists in the concentrations that are toxic to bacteria, phytoplankton, plants,

invertebrates, and fish (several studies but summarized by wHO, 1gg3).

Moreover, the toxicology of chlorinated phenols is complicated by the presence of

severaltoxic impurities like dibenzo-p-dioxins and dibenzofurans in technicalgrade

formulations (Ahlborg and Thunberg, 1980). Assessment of toxicity studies with

chlorophenols therefore requires a knowledge of types, levels, and effects of micro-

contaminants present in the formulation studied, because some of these
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compounds are extremely toxic themselves.

Toxicity generally increases with the degree of chlorination of the phenol

ring, presumably as a result of increasing lipophilicity but chlorophenols with

chlorine in the meta- positions (i.e. 3 and 5 position) are often more toxic than can

be expected solely on the basis of their chlorine numbers (Kobayashi et al., 1979;

WHO, 1993). In addition, pH can significantly atfect the toxicity of chlorophenols.

At low pH, a given chlorophenol is relatively toxic, because the compounds are

present mainly in the molecular form that can readily cross biological membranes.

As pH increases, chlorophenol toxicity is reduced because the ionic form is more

prevalent.

Exposure to chlorophenols affected algal biomass, composition, and activity

(summarized by WHO, 1993). When 5 mg/L of 2,4,6-TCP was added to

enclosures in a pond, oxygen level declined from initial levels of 3 - 4 ppm to less

than 1 ppm within 6 days of treatment indicating a shift in the balance between

heterotrophic and autotrophic metabolism (Schauerte et al., 1982). Significant

amounts of both tetra- and pentachlorophenol residues were detected in several

resident varieties of fishes in the Fraser river estuary of British Columbia known

for its lumber and kraft pulp discharges containing organo-chlorines (Rogers et al.,

1992). Studies of the effects of chlorophenols on fish have indicated fish kills and

tainted flesh as a result of spills from lumber treatment and kraft pulp mill
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discharges (WHO, 1993). The potential of chlorophenol bioaccumulation in a

species of chinook salmon exposed to bleached kraft effluents is also known

(Servizi et al., 1988). The investigators (Servizi et al., 1988) also observed

enlarged nuclei in these species under study and concluded that it could be due

to chronic stress.

Chlorophenol toxicity may impact on secondary biological wastewater

treatment since many industrial wastes contain a variety of such compounds in

large quantities. El-Gohary and Nasr (1984) have indicated that the exposure of

microorganisms to 50 mg/L 2,4-DCP in bench-scale trickling filter units treating

wastewater had reduced the BOD and COD removal etficiency. While studying

the biodegradation of chlorinated aromatics by un-acclimated activated sludge,

unexpected and anomalous behaviourwas noted with chlorinated phenols. These

compounds were not degraded, but instead they showed substantial use of oxygen

in Warburg studies without substrate assimilation (Okey and Stensel, 1993). The

anomalous behaviour was identified as uncoupling of oxidative phosphorylation.

In studies of chlorophenol toxicity on specific organisms, Keweloh et al.

(1991) showed that growth of E. coli was inhibited in presence of 1 mM 4-CP,

presumably due to the disturbances caused in the arrangement of the fatty acids

residues by a lipophilic compound like 4-CP. However, addition of palmitic acid

to the culture medium alleviated the toxicity effect by imparting rigidity oÍ E. coli
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membrane. Bryant and Schulz (1994) evaluated the effect of PCP and lower

chlorophenols on the ciliate Tetrahymena pyriformis. They determined that

decreasing chlorine substitution led to lower toxicity due to decreasing

hydrophobicity and reactivity.

Under anaerobic conditions, the etfects of toxicity of chlorophenols has been

studied to address the treatability of various chemical wastes containing such

compounds. Hrudey et al. (1987) reported that z-CP at concentrations up to 100

mg/L (0.78 mM) did not inhibit methanogenesis. They also found that phenol

degradation was inhibited by 3-CP and 4-CP at concentrations greater than 30

mg/L, while concentrations up to 97 mg/L of 2-CP were not inhibitory for ultimate

phenol degradation. Extensive work on anaerobic toxicity of chlorophenols was

later carried out by O'Connor and Young (1989) by applying the biochemical

methane potential (BMP) and anaerobic toxicity assay techniques in 10% (vol/vol)

fresh municipal digester sludge. z-CP was found to be recalcitrant above 20 mg/L

and also inhibited methanogenesis which contradicts the findings of Hrudey et al.

(1987). Presence of methyl substituents in the ring appeared to reduce the toxicity

effects on methanogenesis.

Further studies were conducted by Wang et al. (1991) on the etfects of

concentrations and type of nine monosubstituted phenols on methanogenic

fermentation of acetate in batch anaerobic toxicity assays. The rate of methane

I



production decreased progressively with increasing concentration of phenolic

compounds and the inhibitory effect toward acetate utilizing methanogens was

more correlated to substituent type rather than substituent position. The authors

concluded that the nitrophenolswere more toxicthan chlorophenols while the latter

exhibited a greater toxicity compared to either hydroxyphenols or phenol. Recent

observations by Kim et al. (1994) also supports previous findings and indicated

that chlorophenols are most toxic toward acetoclastic compared to

hydrogenotrophic methanogens. Based on anaerobic toxicity assays and upflow

column studies, Jain and Bhattacharya (1994) however showed that up to 85 ppm

of 2,4-DCP did not significantly inhibit acetate enriched methanogenic culture.

Due to the toxicity of chlorophenols and its widespread use, there is a

concern for human health and exposure to these compounds and their associated

contaminants. Figure 2-1 outlines the major distribution pathways in the

environment. On the basis of preliminary estimates from literature of total

chlorinated phenol residues in food, water, air and miscellaneous sources, the

Canadian Department of National Health and Welfare estimated typical non -

occupational exposure to all chlorophenols to be 0.18 pg/kg body weighVday for

a 70 kg adult (NHW, 1988). The major identifiable sources of these chlorophenols

were food and drinking water. Worker exposure is a major concern in industries

ín which chlorophenols are used extensively as respiratory and dermal absorption

of these compounds resulted in measurable levels in the blood and urine of

I
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Figure 2-1 Potential Pathways of Human Exposure to Chlorophenols
(Ahlborg and Thunberg, 1980)
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exposed workers (WHO, 1993).

Studies on woodworker exposure to chlorophenols are of particular

relevance to Canada due to widespread use of T.CP and PCP in the lumber

industry. Saw mill workers and those associated with manufacture of

chlorophenols experienced abnormal liverfunction, respiratory irritation and general

effect on nervous system (summarized by : NRCC, 1982 and WHO, 1993). Lampi

et al. (1991) have also indicated that long term exposure to chlorophenols

increase the cancer risk in humans. Almost all studies on lethal doses of

chlorophenols have been performed on animal models to gauge its likely impacts

on humans under acute exposure.

Long term studies implicated líver and kidney as organs that accumulated

high levels of chlorophenols and were often adversely affected, perhaps reflectíng

the role of such organs in the detoxification and elimination of xenobiotics (several

studies summarized by WHO, 1993). In general, the major mode of action in the

acute toxicity of chlorophenols involves the uncoupling of oxidative phosphorylation

and the inhibition of electron transport system which prevents the formation of ATP

(WHO, 1993). Due to this uncoupling, the increased catabolism yield higher rates

of oxygen consumption, heat release and leads to depletion of metabolic reserves

(Health and Welfare Canada, 1988).
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2.3 TRANSPORT AND DISTRIBUTION

2.3.1 Atmospheric movement

While chlorophenols are considered to be primarily water and soil

contaminants, atmospheric movements of chlorophenols also occurs. Very little

is known on the ambient levels of lower chlorophenols such as 2-CP in the

atmosphere but the few studies conducted on PCP provided a useful indication of

the potential for atmospheric distribution of other chlorophenols (WHO, 1993). lt

was not known whether such compounds were present as a vapour or adsorbed

on airborne particulates. Measurable quantities of chlorophenols have never the

less been detected in air, rainfall, and snow, sometimes far from obvious point

sources (Paasivirta et al., 1985). Furthermore, considerable quantities of

chlorophenols are released with incinerator emissions. The relative contributions

of volatilization and adsorption on particulate to these atmospheric levels are not

known.

2.3.2 Volatilization

The degree to which any compound volatilizes depends upon severalfactors

that include pH, temperature, mixing, wind velocity (Krijgsheld and van der Gen,

1986). Not much is known about the rates of volatilization of chlorophenols

especially the lower chlorophenols in the environment. lt appears that losses

through this process are minimal in natural waters. The half-times for volatilization

of 2-CP and 4-CP at 1 m depth were estimated to be 395 h and 3421 h
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respectively by extrapolating data from 0.38 cm of still water (Krijgsheld and van

der Gen, 1986). On the contrary, Saez and Rittmann (1991) observed significant

abiotic loss of 2-CP via stripping compared to either phenol or 4-CP. In their

studies on PCP volatilization, Kloppfer et al. (1982) determined that the half-life for

PCP disappearance, through volatilization from their apparatus, was 167 h at pH

3.3 and 3120 h at pH 6. No evaporation was detected at pH 8. Ettala et al.

(1992) have also shown that out o'f 4-120 ¡tglL of chlorophenols entering a full-

scale activated sludge plant treating municipalwastewater in Finland, volatilization

accounted for only 1% removal of these compounds.

2.3.3 Adsorption

Adsorption to sediments and soils is probably the most prevalent mechanism

through which chlorophenols persist in the environment. Such deposition is quite

variable in nature. ln acidic soils, chlorophenols are bound strongly, while

adsorption is minimal under alkaline conditions. While studying the adsorption

characteristics of chlorophenols to anaerobic reactor solids, Woods (1984)

concluded that the pH of the solvent was an important parameter to consider in

adsorption of such compounds. Presence of organic matter also increased the

wide availability of adsorption sites and is probably significant in sludge and

organic soils compared to mineral soils (lsaacson and Frink, 1984).

Boyd (1982) highlighted the effect of functional groups on the adsorption of

chlorophenols in an anaerobic system. The author postulated that a solute's
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affinity for soil could likely affect its bioactivity, persistence, mobility and volatility.

Presence of a chlorine atom in ortho-, meta- or para- position increased adsorption

compared to phenol (Boyd, 1982) and this phenomenon was also noticed when

activated carbon was present as the sorbent (Knettig et al., 1986). In their studies

on biosorption of chlorophenols to anaerobic granular sludge, Kennedy et al.

(1992) observed neither a good empirical correlation between increased

biosorption with increasing octanol-water partition coefficient (Ç) nor a clear

relationship between sorption and the number or positions of chlorine substituents

although the affinity of PCP to more strongly adsorb than the lesser chlorinated

phenols were seen. Tsezos and Bell (1989) however showed excellent co-relation

of uptake by living and dead biomass to octanol-water partition of the organic

pollutants tested (lindane, diazinon, PCP and 2-chlorobiphenyl).

A major factor influencing adsorption of chlorophenols onto biomass is the

distribution of ionic and molecular forms which is subsequently a function of the

suspension pH (Davis and Vohra, 1994). This is due to the fact that chlorophenols

are weak acids with pKa ranging from 4.81 for PCP to 9.9 for unsubstituted

phenol, the distribution of the molecular form (HA) and the ionic conjugate base

(A-) varies as the solution pH is altered. The concentration of the molecular

species is given by:

[HA] = a"C,

where C, is the total amount of phenol in solution

14
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fraction of the total chlorophenol present in the molecular form given by :

1
12-217+ (Ku/ uf.l )

Lee et al. (1990) examined the adsorption of PCP on clays and soils at

different pH values and ionic strengths. A significant difference was noted

between the adsorption of PCP below pH 4 and above pH 7 on these natural

materials. Above pH 7 most of the PCP was present in the ionic form which was

less adsorbable (about 2 orders of magnitude) than the molecular form. These

findings are supported by an earlier work by Davis and Huang (1990a) who

investigated the adsorption of substituted phenols onto CdS(s) as a function of pH.

Their experimental results indicated that only the molecular species were

adsorbed. At pH values greater than p}Ç, the adsorption decreased essentially to

zero. Also, highly substituted chlorophenols adsorbed more strongly onto CdS(s),

following a trend of increasing K.*.

Although these results have succeeded in predicting overallremovalof these

compounds in wastewater treatment systems maintained under controlled

conditions (Jacobsen et al., 1993), it was often ditficult to assess the impact of

adsorption on chlorophenol transport in the environment. Seip et al. (1986)

suggested that chlorophenols bound to soils are continually turned over, and that

binding sites may be saturated under the appropriate conditions leading to

increased mobility and a decreased residence time of chlorophenols in the soil

body.

q,o
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2.3.4 Tansport in aquatic environment

While a strong potential exists for a large portion of chlorophenols entering

the waters to be degraded in situ, they are nonetheless moderately soluble and

fairly persistent and may be transported for considerable distance. Fox and Joshi

(1984) detected elevated levels of trichlorophenols (TCP) and PCP as far as 82

km from the wood preserving plant where they originated. Chlorophenols that are

not degraded are concentrated in the sediments, most likely through adsorption on

sediment particulate. Since the majority of such sediments are either anoxic or

anaerobic, there is a strong possibility of the chlorophenols undergoing

transformation by microorganisms under such environments. Biological

degradation potential of chlorophenols is discussed in later sections.

2.4 ABIOTIC DEGRADATION OF CHLOROPHENOLS

Two of the major processes responsible for abiotic degradation of

chlorophenols are photodecomposition and chemical degradation. Although the

emphasis of this thesis is on biological degradation of chlorophenols, a brief

overview of two such non-biological approaches to the destruction of these

compounds is presented in the next two sections.
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2.4.1 Photodegradation

Many of the chlorophenol isomers are degradable abiotically to some extent

by exposure to ultraviolet radiation (UVR). The breakdown often involved an

oxidation reaction that dechlorinated the molecule, though a variety of reactions

have been proposed (Boule et al., 1982). 2,4-DCP in aqueous solution was

decomposed in a matter of minutes by irradiation from a UV lamp. The breakdown

of chlorophenols and pathways of degradation were affected markedly by the

position of chlorine substituents on the molecule. Among dichlorophenol isomers,

substitutions at the ortho and meta positions made the chemical more reactive

than para position (Boule et. al., 1982).

Davis and Huang (1989) studied the photocatalytic oxidation of several

chlorophenols by CdS. Their results indicated that an increase in degree of

chlorination rendered the phenols more oxidizable and increased in the order :

2,4,6--f CP greater than 2,4-DCP greater than 2-CP greater than phenol. ln a later

study, the authors (Davis and Huang, 1990) further concluded that the oxidation

rates of chlorophenols by photo-degradation using aqueous CdS not only

depended upon the degree of chlorination but also on the position of chlorine in

the ring as previously reported by Boule et al. (1982). Miller et. al. (1988) had

earlier demonstrated that a brief UV (300 nM) photolysis greatly facilitated the

removal of 2,4,5-TCP and 2, -DCP from sewage through accelerated

mineralization of its products by subsequent biological treatment indicating that

such sequential treatment may be more effective for destructions of such compounds.
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2.4.2 Ghemical degradation

There are only few reports that suggest the possibility of chlorophenols to

be degraded in the environment by chemical processes. Baker and Mayfield

(1980) had observed losses oÍ 2-CP,4-CP, and 2,4-DCP from sterile silica sand

and soils. Since microbial contamination, photolysis, and volatilization were

eliminated as the potential cause for such losses, the authors suggested that the

chlorophenols were auto-oxidized, or broken down at catalytic sites, but did not

eliminate the possibility of polymerization.

The feasibility of pre-ozonation with subsequent biodegradation as an

alternate treatment to 2-CP was investigated by Stowell et al. (1992). The major

ozonation by product of 2-CP was chlorosuccinic acid which was oxidized to oxalic

acid upon further ozonation. However, it was chlorosuccinic acid that supported

the growth of Pseudo monas pufrda during batch bíodegradation studies. Although

the system showed potential, the authors emphasized the importance of control

of such a chemical oxidation process to prevent formation of secondary refractory

intermediates. On the other hand, the beneficial effect of ozone/UV application for

treatment of water containing 2-CP was shown to be inconclusive by Skorska

(1ee3).
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2.5 MICROBIAL DEGRADATION OF CHLOROPHENOLS

Although chlorophenols are quite toxic to microorganisms in general, they

were nonetheless metabolized by a large number of microbes residing in soils,

natural waters, sediments, and sewage sludge (WHO, 1993). Biodegradation of

chlorophenols was shown to be ditficult because of the presence of chlorine atoms

in the phenolic ring (Reineke, 1984). Research on the potential of biodegradation

of chlorophenols was started primarily under aerobic conditions in the early 60's

and work on several chlorophenols was done by Alexander and Aleem (1961) and

Tabak et al. (1964).

ln the years that followed, aerobic degradation of chlorinated phenols has

been extensively studied. Several bacterial cultures have been isolated and

examined in detail, metabolic pathways and key enzymes have also been

identified as reviewed and summarized by Häggblom (1990, 1992); Reineke and

Knackmuss (1988). Earlier efforts to the study the anaerobic degradation of

chlorophenols turned up little or no information on the behaviour of these

compounds at low redox conditions (Baker and Mayfield, 1980; Horowitz et al.,

1982). The persistence of PCP and ICP in anaerobic sediment cores were also

recorded over decades by Fox and Joshi (1984). lt was Boyd and his fellow

researchers who first published their successful results of anaerobic metabolism

of chlorophenols in fresh and acclimated sewage sludge (Boyd et al., 1983).

19



Before presenting an overview of the research conducted on the

biodegradation of chlorophenols under aerobic, anaerobic and anoxic conditions,

the key factors that may affect the biodegradability as well as biodegradation rates

of these compounds are summarized below based on several references

summarized by Ali (1991) and WHO (1993).

(1) Chemicalfactors such as solubility, size of molecule, the type, number, and

position of substituents, and stereochemistry which were largely determined

by the substituence.

Biological factors such as age, effect of adaptations of the microbial culture,

degree of toxicity of the compound to the microbial culture, and the kind and

numbers of microbes present.

(3) Environmental factors such as pH, temperature, dissolved oxygen level,

availability of inorganic nutrients, presence of organic matter, and degree of

dispersion of the compound in the system.

(2)
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2.5.1 Aerobic Biodegradation

Microbial degradation of chlorinated phenols under aerobic conditions has

been studied more extensively than anaerobic or anoxic metabolism. The relative

rate of aerobic biodegradation of chlorophenols generally decreased as the number

of chlorine atoms on the phenolic ring increased (Tabak et al., 1964; Pitter, 1976;

Baker and Mayfield, 1980). Chu and Kirsch (1973) however showed that their

culture was able to utilize PCP as the sole carbon source but poorly metabolized

the dichlorophenols and did not metabolize the monochlorophenols at all. Rates

of biodegradation were further shown to be affected by the relative position of the

chlorine atoms on the phenolic ring. Compounds with a chlorine in the meta

position were generally more stable than those without (Baker and Mayfield, 1980,

Chu and Kirsch ,1973). These early observations are backed by current findings

of Liu and Pacepavicius (1990) who conducted a systemic study of 18

chlorophenols. The authors concluded that nonspecific generalizations such as

the degree of chlorination could not be reliably correlated to the persistence of

chlorophenols in their system. A key finding of their research was that position (or

positions) of the chlorine substitution in the ring was the major factor affecting

biodegradation of chlorophenols and followed the descending order of 2,4 > 4 >

3,5 > 2,6 > 3, or 5, or 2.

Alexander and Lustigman (1966) had previously studied the effect of chlorine

substitution on degradation potential in soil. They found that both 3-CP and 2-CP
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persisted for greater than 64 days while 4-CP was degraded in only 16 days.

Phenol was degraded even faster compared to any of the chlorophenols

demonstrating that Cl substitution significantly affected biodegradability. Haller

(1978) also used soil as the inoculum to study the biodegradation of 2-,3-, and 4-

CP. While 4-CP was completely degraded in 14 to 25 days, neither 2- nor 3-CP

could be degraded in that time. The potential of higher degradability at para

position (i.e. 4-) compared to either ortho- or meta- was contradicted in the study

by Baker and Mayfield (1980). They found that 2-CP and 4-CP were degraded at

the same rate in soil with lag times of only 1-2 days compared to 3-CP which

exhibited a lag time of 80 to 160 days to degrade > 70o/o which agrees with the

observations made by other researchers (Alexander and Lustigman, 1966; Haller,

1978). Pitter (1976) had also shown that 2-CP degraded at a faster rate than 4-

CP in an activated sludge system although different organisms could have been

involved in the process.

Microorganisms that have been previously exposed to a compound are able

to metabolize it immediately when re-exposed, and at a faster rate than unexposed

organisms (Alexander and Aleem, '1961; Tyler and Finn, 1974), presumably

because exposure induces the enzymes necessary to metabolize the chlorophenol.

Microorganisms not previously acclimated often exhibited lag time of as much as

several days before they begin to be degraded (Spokes and Walker, 1974; Lee

and Ryan, 1979). A wide scale difference in lag times and responses was seen
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by Liu and Pacepavicius (1990) in their study on biodegradation of eighteen

different chlorophenols.

Similarly, prior exposure to structurally related compounds facilitated the

metabolism of chlorophenols, indicating that the enzymes induced by the original

compound are somewhat nonspecific. A PCP-adapted microorganism utilised

T.CPs and ToCPs readily (Chu & Kirch, 1973), while bacteria grown on phenol,

chlorophenols, or phenoxyacetic acids were able to metabolize various other lower

chlorophenols (Tabak et al., 1964; Shimp and Pfaender, 1987; Saez and Rittmann,

1991). However, this was not always true since cultures enriched on toluene were

able to degrade PCP, 2,4,6-TCP and 2,4-DCP compared to a phenol enrichment

cultures which degraded only 2,4-DCP (Ryding et al., 1994).

lmpact of supplementary substrates on aerobic biodegradation. A

major concern in the engineering and design of a biological facility for the

destruction of toxic compounds such as chlorophenols is the impact of secondary

substrates on the overall performance of the process. Contaminated soils and

groundwater subjected to either in-situ or pump and treat methods of treatment

contain various sources of carbon compounds in addition to target organics. The

presence of such easily degradable carbon sources may either enhance, decrease

or have no effect on the biodegradation of target contaminants like chlorophenols.
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Addition of lysine to a continuous stirred tank reactor (CSTR) containing a

2-chlorophenol degrading pure culture, reduced the effluent 2-CP concentration

(Loven, 1985) while the mineralization of dinitrophenol by a defined bacterial

consortium was enhanced by the presence of glucose in a SBR (Hess et al., 1gg9,

1993). In a batch study, adaptation of a microbial community obtained from a

lake, to increasing concentrations of amino acids, carbohydrates or fatty acids

enhanced the metabolism of monosubstituted phenols (Shimp and Pfaender,

1e85).

On the other hand, the presence of alternative substrates either inhibited or

repressed the biodegradative enzymes or led to the selection of strains that lacked

the necessary pathways for degradation (Frick et al., lgBT; Topp et al., 19gg). Liu

et al. (1981) studied PCP degradation in an aquatic environment. They found that

the concentration of PCP decreased to a negligible amount in three days under

aerobic conditions. They also noted that the addition of glucose or sodium 4-

chlorophenate inhibited degradation rather than acting as inducers as was

originally believed. lt was also shown that addition of co-substrates had no effect

on the removal rate of high concentrations (100 -150 mg/L) of 2-CP in aerobic

SBR's (Oleszkiewicz et al., 1991). A majority of the work done with chlorophenols

so far has been with either batch or continuous systems with pure cultures.

Information on the use of a mixed microbial culture like activated sludge to

degrade chlorinated phenols with different types and concentrations of

supplementary substrates in a continuous system is limited.
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Aerobic biodegradation pathway. Chlorophenols are aerobically

biodegraded by one of two mechanisms. Either the halogen substituent is

replaced with a hydroxyl group after ring cleavage, or the ring is first cleaved, then

dehalogenated (Berry et al., 1987). The cleavage is accomplished through

enzymes known as mono- and dioxygenases, and oxygen is assimilated into the

resultant products (Evans and Fuchs, 1988). For fìssion of the very stable

benzene nucleus to occur, the ring is first dihydroxylated by an oxygenase (or

oxygenases) such that two hydroxyl groups are situated either ortho- or para- to

one another on the ring producing the corresponding catechol (Steiert and

Crawford,'1985; Parisetal., 1982). Apathwayforaerobicbiodegradationof 2-CP

as proposed by Steiert and Crawford (1985) is shown in Figure 2-2.

Ring cleavage proceeds through another oxygenase-catalyzed reaction when

the dioxygenase inserts molecular oxygen into the ring. A lactonizing enzyme

leads to an unstable intermediate. At this point, the chlorine is released. The

lactone is cleaved by a hydrolase resulting in maleylacetate which can enter the

tricarboxylic acid (TCA) cycle (Steiert and Crawford, 1985). During the catabolism

of lesser-chlorinated phenols such as monochlorophenols and dichlorophenols,

bacteria responsible for such degradation usually open the dihydroxylated aromatic

ring (using a dioxygenase) before they remove the chlorines. With more highly

chlorínated phenols like PCP, at least some of the halogen atoms were removed

prior to ring cleavage since chlorine-mediated ring deactivation would be sufficient

to prevent the ring-opening reactions (Steiert and Crawford, 1985).
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Aerobic degradation in biological reactors. While most studies on

chlorophenol were conducted in batch modes there is a need to study application

of these results in continuous biological reactors. Due to the generation of wastes

containing such compounds, there is also a requirement by the industries as well

as municipal treatment plants to be retro-fitted with the technology which can

handle such compounds. The following section discusses some of the treatment

processes that have proved successful or have shown promise for degradation of

chlorophenolic compounds.

Biodegradation of seven chlorophenolic compounds were studied in a fixed

film reactor (Salkinoja-Salonen et. al, 1983). PCP was found to be the most

recalcitrant compound. The ability of immobilized cells grown under aerobic and

fluidized conditions to degrade 4-CP and2,4-DCP under the conditions of ditferent

dilution rate were investigated by Shieh et al. (1990). Micro-carriers employed for

cell immobilization and retention were shown to efficiently remove up to 36 mg/L

of 4-CP and 45 mg/L 2,4-DCP even at an HRT of t hour. In another study,

Puhakka and Järvinen (1992) used a continuous-flow fluidized bed immobilized

acclimated activated sludge reactor and pure oxygen to degrade polychlorinated

phenols like 2,3,4,6-T4CP and 2,4,6-TCP. Over 99% removal efficiency at HRT

of 3 to 5 h was established. In a recent study the same authors presented two

aerobic laboratory scale continuous flow fluidized bed reactors for bioremediation

of contaminated ground water (Järvinen and Puhakka, 1994). 99% removal of
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chlorophenol was observed at a HRT of just 45 minutes indicating very high

process efficiency. Sofer et al. (1990) also demonstrated complete mineralization

of 2-CP in an air-sparged reactor under ditferent temperature conditions. The

value for temperature activity coetficient (calculated to be 1.16) indicated higher

temperature dependence of the process compared to conventional biological

treatment systems.

The feasibility of RBC (Rotating Biological Contactor) technology to treat a

syntheticwastewatercontaining severaltoxiccompounds includíng 2-CP;2, -DCP',

2,4,6-TCP and PCP was examined by Tokuz (1991). Average hydraulic loading

varied from 0.04 to 0.08 mt/mt. d and a constant organic loading of 0.1 Kg/m3 of

disc surface per day was maintained throughout the study period. Removal

efficiencies of the compounds tested was found to be a function of hydraulic

loading rate. Sequencing batch reactors (SBR's) were operated to see the effect

of 2-CP removal in presence of various combination of co-substrates including

phenol under different SRT's using mixed microbial culture (Oleszkiewicz et al.,

1991 ). Addition of co-substrate was seen to have no effect on aerobic degradation

rate and the increase in volumetric rates was proportional to increase in SRT.

Removal up to 71 o/o oÍ the influent chlorophenol (4 - 120 trrg/L) was

observed in municipal sewage treatment plants in Finland indicating the potential

of indigenous activated sludge micro-organisms to degrade halogenated aromatic
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molecules (Ettala et al., 1992). Chudoba et al. (1989) had also used a

conventional activated sludge system with constant volumetric loading to study the

kinetics o'f 2,4-DCP degradation by adapted mixed microbial population. The

maximum specific rate of 2,4-DCP removal increased with decreasing SRT which

resulted from the enrichment of mixed culture with responsible microorganisms and

washed out the predatory protozoan population. Armenante et al. (1992a) tested

several reactors for optimizing 2-CP degradation using the fungus Phanerochaete

chrysosporium. Of the three different configurations tested, the packed bed reactor

with the fungus immobilized on balsa wood particles proved to be the most

effective configuration due to low shear and presence of solid support compared

to either a batch fermenter or a chemostatic reactor with the fungus immobilized

on a silica-based porous biocatalyst support.

Aerobic degradation by pure cultures. The ability of microorganisms to

degrade naturally occurring aromatic compounds is an ancient metabolic trait

(Steiert and Crawford, 1985). One of the earliest work in isolating bacterium

capable of degrading chlorophenols was demonstrated by Chu and Kirsh (1973).

The bacterium designated KC3 utilized PCP as the sole carbon source but was

also able to grow on 2,3,4,6-T4CP. Howeverthe bacterium poorly metabolized2,4-

DCP and monochlorophenols were not metabolized at all. Saber and Cravr¡ford

(1985) isolated PCP-mineralizing strains oÍ Flavobacterium from different PCP-

contaminated dump sites. All strains used PCP as the sole source of carbon and
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energy, tolerating at least 20 ppm of PCP in their growth media. Steiert and

Crawford (1985) also reported the ability of resting cells of one PCP-mineralizing

Flavobacterium strain to fully or partially dechlorinate a variety of chlorinated

phenols. The authors concluded that the enzyme activities for catabolism of PCP

and other chlorinated phenols by Flavobacterium appear to be under the control

of an inducible enzyme system.

Pseudomonas sp. 813 was isolated from sewage by Knackmuss and

Hellwig (1978). The organism which grew in continuous culture on 4-CP as the

sole carbon and energy source readily transformed 2- and 3- CP and several

dichlorophenols except 2,6-DCP. Knackmuss and Hellwig (1978) also reported the

ability of Alcaligenes eutrophus grown on phenol to co-oxidize both mono- and

dichloro- phenols. The potential of using a strain Pseudomonas putida PpG4 to

degrade 4-CP after pre-growing on phenol was presented by Saez and Rittmann

(1ee1).

Häggblom et al. (1988) were instrumental in isolating the bacterium,

Rhodococcus chlorophenolicus from pulp bleaching effluents which degraded 18

different polychlorinated phenolic compounds that were present in spent bleaching

liquor of kraft pulp. Subsequently Valo et al. (1990) demonstrated the feasibility

of two Rhodococcus strains for bioremediation of a simulated groundwater

containing chlorophenols. Briglia et al. (1994) later studied Rhodococcus
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chlorophenolicus PCP-1, which had the potential to be used for bioremediation of

PCP contaminated soils. Apajalahti (1987) had earlier shown Rhodococcus

chlorophenolicus degraded PCP to non-chlorinated 1,2,4-trihydroxybenzene that

subsequently served as a carbon and energy source, however no evidence is

presented as to the ability of the bacterium to degrade either of the

monochlorophenols. Singh et al. (1993) had also recently isolated Bacil/us sp. ,

Pseudomonas sp., and K/eôsie//a sp. from 2-CP degrading activated sludge.

Azotobacfer sp. strain GP1 was isolated from soil which utilized 2,4,6-fCP as the

sole carbon and energy source (Li eta|.,1991). Resting cells of Azotobacfersp.

strain GPl also transformed monochlorophenols; 2,6-DCP and 2,3,6-TCP.

While bacteria are most frequently studied as the agents responsible for

chlorophenol biodegradation, they are not alone in this capability. The

basidiomy cele Phanerochaete chrysosporium which is a naturally occurring fungus

was shown to degrade very high concentrations of 2-CP in biological reactors

(Armenante et al., 1992a). The fungus was capable of producing a ligininolytic

enzyme which was primarily responsible for imparting the degradation capacity to

the microorganism.

The above results suggests the applicability of such a broad spectrum of

microroganisms in treatment processes for destruction of chlorophenols or as

innoculum for bioremediation. Although, laboratory experiments under controlled
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conditions showed great potential in microbial decontamination of polluted soils

and waters, much remains to be seen and learned concerning scale-up of such

processes to the environmental level. With rapid advances been made in area of

genetic engineering a potential exists for the use of novel microbial strains for

decontaminating awide-variety of chlorophenols. However, environmentalrelease

of such organimsms is still very much controversial and will be subjected to

extreme scrutiny for its benefits and thus requires a close collaboration of

microbiologists and environmental engineers.

2.5.2 Anaerobic Degradation

The rates of biodegradation of chlorophenols are in general dependent on

the oxidation reduction potential of the environment (ORP). Studies have shown

that multi-halogenated aromatic compounds that are recalcitrant to biodegradation

and mineralization by aerobic microorganisms may be often degraded by

anaerobic organisms by means of reductive dehalogenation (Goulding et al., 1986;

Quensen et al., 1988).

Reductive dehalogenation as a novel pathway for anaerobic biodegradation

of haloaromatic compounds was initially proposed by Suflita et al. (1982). Their

conclusions were based on the work on anaerobic metabolism of halobenzenes

by sediment and sewage sludge organisms. Parker et al. (1993) indicated that the

electronegative nature of chlorine substituents of chlorophenols acts to increase
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the oxidation level of the organic compounds, making them more susceptible to

reduction reactions. For a given aromatic ring, a greater number of substitutions

results in higher oxidation level and consequently a greater tendency to be

reduced. lndeed as a result of reductive dehalogenation, individual chlorines of

chlorophenols with multiple substitutions were well removed, while

monochlorophenols such as 2-CP ,3-CP or 4-CP accumulated (Woods et al., 1 989;

Hale et al., 1990; Armenante et al., 1992; Madsen and Aamand, 1992; Nicholson

et al., 1992). The results from several laboratory studies suggested that

biodegradation of non-halogenated or lightly halogenated compounds like the

monochlorophenols was most rapid and complete under aerobic envíronments

compared to either anoxic or anaerobic habitats (Baker et al., 1980; Baker and

Mayfield, 1980; Knackmuss, 1982; Chaudhry and Chapalamadagu, 1991).

The question now arises as to whether the anaerobes obtain energy from

reductive dehalogenation or whether such process is co-metabolic or whether the

reaction while specific is not coupled to energy conservation reactions. Zitomer

and Speece (1993) presented an extensive review of this topic which showed that

the biologically mediated dehalogenation reaction are thermodynamically

favourable to bacteria and is a more complex process than abiotic mechanisms of

dehalogenatio such as electrophilic and nucleophilic substitutions. Figure 2-3

shows schematically two possible routes for reductive dechlorination.
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Sequential anaerobic-aerobic biodegradation. The difference in

biodegradability of chlorophenols as discussed in the previous section presents a

feasible approach to devise a sequential anaerobic - aerobic treatment systems

for complete mineralization of multi-halogenated chlorophenols. The pulp and

paper industry has shown considerable interest in the removal of chlorinated

phenolic compounds formed in bleaching chemical pulps by means of sequential

anaerobic and aerobic biological treatment and excellent reviews on this topic are

presented by Ferguson et al. (1990); Zitomer and Speece (1993).

Armenante et al. (1992b) had demonstrated an integrated anaerobic-aerobic

process comprised of an anaerobic down-flow packed bed (silica beads) reactor

followed by aerobic suspended system for complete removal of 2,4,6-TCP. 4-CP

and phenol which were the final persistent products of first-stage anaerobic

treatment could be successfully mineralized under aerobic conditions. On the

contrary, Madsen and Aamand (1992) reported accumulation of 4-CP in their

single stage anaerobic batch systems dehalogenating 2,4,6-TCP indicating the

requirement for a post aerobic treatment.

The need for engineers to devise strategies employing such sequential

environments for optimizing enhanced biodegradation of chlorinated compounds

has stimulated research using two stage systems employing anaerobicand aerobic

bacteria contained in separate unit operations in series (Armenante et. al., 1992b).
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This is of vital importance to the wastewater industry because of the stringent

effluent toxicity standards require removal of specific organic compounds like

chlorophenols at the treatment plant. One such economical approach would be

to implement anaerobic-aerobic single-sludge activated sludge process. The

knowledge of single bacterial cultures exposed to oscillating oxidation reduction

potential (ORP) sequence is presently lacking. The viability of anaerobic bacteria

during aerobic period and vice-versa needs to be determined.

Anaerobic dehalogenation in methanogenic batch systems. The

potential of anaerobic metabolism of chlorophenols was initially demonstrated by

Boyd et al. (1983) using 10% (vol/vol) un-acclimated digested sewage sludge as

the inoculum source . 2-CP was removed at a faster rate compared to 3-CP while

4-CP amended cultures showed lag periods of I weeks before being removed

completely in an additional 8 weeks time. While 2-CP was míneralized >90% to

methane in 3 to 4 weeks time followed by 3-CP in I weeks, 4-CP fed cultures

showed no methane formation indicating inhibitory etfect on the methanogenic

community. Phenolwas identified as an intermediate indicating dechlorination as

the initial step in the reductive metabolism of chlorophenols.

In the following year, Boyd and Shelton (1984) further extended

understanding of anaerobic dehalogenation of chlorophenols by comparing

the

the
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degradation potential of these compounds (by monitoring substrate disappearance)

by acclimated and un-acclimated systems. 1o0o/o (vol/vol) un-acclimated sewage

sludge degraded about 50 ppm of monochlorophenols in the order of 2-CP > 3-CP

> 4-CP while, of the dichlorophenols tested, dechlorination of the Cl group ortho

to phenolic OH was observed first. Degradation results for sludge acclimated to

2-,3-, or 4-CP however gave patterns of degradation completely different from un-

acclimated sludge. Sludge acclimated to 2-CP degraded 4-CP at the same rate

but failed to degrade 3-CP. 3-CP acclimated sludge degraded 4-CP but at a

slower rate but not 2-CP, while sludge acclimated to 4-CP degraded 2- and 3-CP.

2-CP removal took place at a slower rate than 3-CP. Based on this response of

un-acclimated and acclimated sludge to the three monochlorophenols, the authors

hypothesized the involvement of two different microbial specÍes involved in

dechlorination reactions. Mineralization of 2-CP and2.4-DCP to methane was also

shown.

Complete reductive dechlorination and mineralization of PCP was

demonstrated by Mikesell and Boyd (1986) by using anaerobically digested

municipal sewage sludge acclimated to three monochlorophenols isomers

simultaneously or added in equal volumes. On the contrary, anaerobic mixed

cultures also derived from sewage sludge could only dechlorinate PCP to 3-CP

under methanogenic conditions (Madsen and Aamand, 1991). The potential of

anaerobic sewage sludge organisms to dechlorinate very high concentrations of

2-, 3-, and 4-CP was also seen wíth or without phenol addition in 100% (vol/vol)
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batch and semi-continuous cultures by Hrudey et al. (1987a). They observed that

up to 285 mg/L of 2-CP could be readily degraded and mineralized while 3- and

A-CP required extended lag times which agrees with the earlier observations by

Boyd et al. (1983).

Hrudey et al. (1987a) also indicated that presence of > 30 mg/L 3- or 4-CP

inhibited phenol degradation while up to 97 mg/L oÍ 2-CP was required to produce

the same effect. Methanogenesis was found to be un-inhibited by up to 100 mg/L

of 2-CP. The preference for removal of ortho-chlorine from2,4-;2,3- and 2,6-DCP

by 5Oo/o un-adapted anaerobic sludge was demonstrated by the same group

(Hrudey et al., 1987b). A study of 2-CP degradation by anaerobic mixed cultures

from sewage sludge was enriched in a yeast extract and peptone medium capable

of complete mineralization of 2-CP to methane and carbon dioxide (Dietrich and

Winter, 1990). Presence of yeast extract and peptone ín the culture medium was

found to be mandatory for 2-CP dehalogenation to occur. The enrichment also

exhibited the capability to remove Cl only at the ortho- position relative to the OH

group in the ring from the di-chlorophenols tested which agrees with the

observations made previously by Hrudey et al. (1987b). While 2,6-DCP was

completely dechlorinated to phenol via 2-CP, the cultures receiving 2,4-DCP

accumulated 4-CP. Incidently, the potential of complete anaerobic dechlorination

of 2,4-DCP to phenol was also shown by Boyd and Shelton, (1984); Wiegel et al.

(1990) which indicated that the specificity of dechlorination of chlorophenols was

site-specific.
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Besides digested sludge, anaerobic dehalogenation of chlorophenols by

freshwater and marine sediments has been also evaluated by several researchers.

Freshwater sediments obtained from three sites were evaluated for degradation

of monochlorophenols under variety enrichment conditions (Genthner et al., 1 989a,

1989b). 2-CP degradation was most easily maintained in laboratory transfers

compared to 3-CP while 4-CP was the most ditficult compound to sustain

biodegradation. Hale et al. (1990) reported that fresh and DCP-adapted sediments

from two ponds exhibited different dechlorinating activities with respect to relative

rates of dechlorination and substrate specificity (relative affinity towards 2,3-;2,4-

or 2,6-DCP). The difference in response to dechlorination observed in this study

(Hale et al., 1990) further strengthen the argument on site-specificity mentioned

in the previous paragraph.

Allthe DCP's tested by Hale et al. (1990) accumulated monochlorophenols.

Sequential degradation of 2,4-DCP to 4-CP and phenol and finally to methane and

carbon dioxide in freshwater pond sediments was shown to be feasible by Zhang

and Wiegel (1990) at 31 "C and at different temperatures by Kohring et al.

(1989a). The potential of chlorophenol degradation was recently shown in both

freshwater and estuarine sediments under a variety of enrichment conditions

(Häggblom et al., 1993a, 1993b) including methanogenic. Time required for initial

utilization of monochlorophenols was faster in freshwater compared to estuarine

sediments. Based on this result, the authors speculated that the biodegradability
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of such compounds (chlorophenols) to be more a function of the presence of

competent microbial populations than the molecular structure.

It is clear from the above review that indigenous bacteria from a variety of

anaerobic environments show a variable response to dehalogenation of

chlorophenols under adapted and un-adapted conditions. Therefore there is a

definite need to study further such responses and the environmental factors that

may affect the fate of chlorophenols on a long-term basis. Information obtained

from such studies will be helpful to environmental engineers to device strategies

for degradation these compounds in anaerobic ecosystems.

Effect of Sulphate on anaerobic dehalogenation. Although microbially

mediated sulphate reduction is responsible for the mineralization of at least half of

the organic matter in aquatic habitats, the knowledge of chlorophenols under-going

transformation under sulphate-reducing conditions is extremely limited (Colberg,

1990). Since sulphate is commonly present in anaerobic habitats such as aquatic

sediments, soil, and wastewater sludge, there is a need to study its influence on

the fate of toxic compounds like chlorophenols. Although the number of studies

that have explored these potential reactions is not very high, a number of reasons

have been given to account for what some investigators speculate may be a

metabolic limitation in sulfidogenic communities.
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Results from several laboratory studies suggested that sulphate may inhibit

the anaerobic degradation of chloroaromatic compounds by preventing

dehalogenation (Genthner et al., 1989a; Gibson and Suflita, 1986, 1990; Kohring

etal., 1989b; Kuhn etal., 1990, Madsen andAamand 1991). Gibson and Suflita

(1986) in their work with 2,4,S-trichlorophenoxyacetic acid (2,4,,5-T) had observed

that addition of inorganic sulphate to active 2,4,5-T dehalogenating methanogenic

enrichments resulted in significant inhibition of degradative activity. They also

noted a significant increase of acclimation time and reduction in the amount of

2,4,5-T degraded compared to control cultures without any added sulphate.

Similar observations were made by Khun et al. (1990) who reported significant

reduction in conversíon rate of 2,3,4,5-tetrachloroaniline to 2,3,5{richloroaniline

when sulphate was amended to acclimated methanogenic aquifer slurries. This

inhibitory effect was also seen to be more pronounced with less chlorinated

anilines. In a later study on the degradation of PCP under sulphate-reducing

conditions by anaerobic mixed culture derived sewage sludge, Madsen and

Aamand (1991) reported that dechlorination of PCP and its metabolites were

inhibited in presence of sulphate. The inhibitory etfect was relieved by either

adding molybdate - a competitive inhibitor of sulphate reduction or maintaining

hydrogen in the head-space.

The mechanism of this suspected sulphate inhibition of dehalogenation

remains unclear. Some researchers have suggested that such an effect is
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possibly due to a competition for electron donors between sulphate-reducing

bacteria and the dehalogenating population such that sulfidogens were able to out

compete the dehalogenators for available hydrogen or a competition exists for

electron donors by various enzyme systems within the bacterial cells (Gibson and

Suflita, 1986; Kuhn et al., 1990; Madsen and Aamand, 1991). Based on rather

consistently observed disparity in transformation potential of chlorophenols

between sulphate reducing and methanogenic regions within a shallow aquifer

study site, Khun et al. (1990) had postulated that the inhibitory effect of sulphate

on anaerobic dehalogenation potential might be lower in the environments that

maintain a higher redox potential (i.e., denitrifying and sulfidogenesis) and this was

particulary applicable for lower chlorinated compounds. lt is howeverworth noting

that a pure culture of sulphate reducing bacteria - Desulfomonile tiedjeiis capable

of aryl-dehalogenation of chlorophenols in presence of sulphate (DeWeerd et al.,

1986, 1990; Mohn and Kennedy, 1992a).

With sulphate as the terminal acceptor there are no thermodynamic barriers

to the oxidation of chlorophenols or other chlorinated compounds (Colberg, 1990).

Biodegradation of these compounds is indeed very much favourable under

sulphate-reducing conditions. Energy obtained from oxidation of mono-

chlorophenofs and chlorobenzoates is illustrated in Table 2-2.
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Table 2-2. Thermodynamic calculations for complete oxidation of mono-
chlorophenols and chlorobenzoates with SOo2' as the terminal
electron acceptor .

Compound Reaction aGo
(kJ/mol carbon)

CHLOROBENZOATES :

2C7HsO2Cl + 7SO¿2- + 5H* => 14CO2 + 7HS- + z3l + 4HzQ

2-Chlorobenzoate

3-Chlorobenzoate

2-Chlorobenzoate

CHLOROPHENOLS :

4C6H5OC| + 13SO¿2- + 9H* => 24QOz+ 13HS- + 4Cl- + 8Hz0

2-Chlorophenol

3-Chlorophenol

4-Chlorophenol

- 65.7

- 62.2

- 61.6

- 67.0

- 70.4

- 71.8

Source: From Colberg, 1990.

Several studies as mentioned before have seen transformations to be faster

and un-inhibited in methanogenic conditions with bicarbonate (HCO3J as the

terminal electron acceptor. However as seen from Table 2-3, conversion of 4-Cp

as a model compound coupled to methane formation is significantly less favoured

thermodynamically compared to any of the three sulfidogenic conditions shown.

This probably suggests that there are non-thermodynamic reasons which perhaps

affects the transformation of chlorophenols under sulphate-reducing conditions.
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Table 2-3. Comparison of terminal electron acceptors for complete oxidation of

4-CP using Sulphate(SOo''), Sulphite(SOrl), Thiosulphate(SrOr2-),

or Bicarbonate( H C O.-).

Reaction aGo
(kJ/mol carbon)

4CuHuOCl +

3CuHuOCl +

4CuHuOCl +

4C6H50Cl

13SO4'?- + 9H' =>

13SO.2- + 10H* =>

13S2O32' + SH,O =>

+ lgHro

24CO2+ 13HS- + 4Cl- + 8Hr0

18CO, + 13HS- + 3Cl- + 6H,0

24CO2+26HS-+4Cl-+4H*

=> 11CO, + 13CH¿+ 4Cl- + 4H*

- 71.8

- 121.2

- 60.2

- 39.4

Source: From Colberg, 1990.

Despite the fact linking sulphate with reductive dehalogenation of

chlorinated compounds, there are now a growing number of reports that show

chlorophenol degradation under sulphate reducing conditions. Genthner et al.

(1989b) was able to show a general stimulation of the degradation of 4-CP by

adding inorganic sulphate to their estuarine enrichments which indicated that

sulphate reduction probably served as the terminal electron process in this case

although they failed to co-relate the 4-CP removal to this reduction.

Kohring et al. (1989b) also observed the reductive dehalogenation of 2,4-

DCP to 4-CP in freshwater sediments during sulphate-reduction although a longer

acclimation time was needed in cultures amended with sulphate. lt was also found

that transformation of 4-CP to phenol under sulfidogenic conditions increased after

adaptation under methanogenic conditions suggesting that the same organism may

have catalyzed the dechlorination reaction under both conditions. Although
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sulphate concentrations were monitored, results did not conclusively link sulphate

reduction to the observed chlorophenol degradation activity.

The first report of chlorophenol degradation coupled to sulphate reduction

was presented by Häggblom and Young (1990). The authors showed complete

mineralization of 2-CP, 3-CP and 4-CP in freshwater and saline sediments

concomitant to sulphate reduction. lnhibition of sulfidogenesis by molybdate

stopped dehalogenation of these compounds totally and since methane was never

detected in their enrichments, it was concluded that sulphate reduction was the

main electron sink. The authors also reported dechlorination of 2,4-DCp to 4-Cp

and complete removal of 2,6-DCP via 2-CP and phenol during sulfidogenesis.

Häggblom et al. (1993a) compared dehalogenation of monochlorophenols using

three different electron acceptors in both estuarine and freshwater sediments.

Dehalogenation of these compounds was dependent on the electron acceptors

used and the relative position of the chlorine substituent.

ln a later study, Häggblom et al. (1993a); Häggblom and young (199s)

further investigated three ditferent forms of inorganic sulphates as potential

electron acceptors for dechlorination for 4-CP and 2,6-DCP in aquatic sediments.

4-CP was degraded in presence of sulphate, sulphite and thiosulphite in the

descending order. However sulphate slowed down 2,6-DCP degradation, while

sulphite and thiosulphite completely inhibited reductive dehalogenation underthese
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conditions. Further studies are required before the process of sulphate mediated

dehalogenation of chlorinated compounds like chlorophenols could be used as a

viable alternative in the bioremediation of contaminated water, soils and sludges.

These should include the control and factors affecting the interactions of various

metabolic groups present in the system before attempting to extrapolate some of

the sucessfull results achieved under laboratory conditions for large scale clean-up

operations. As we have seen from this review, there is a possibility that such

transformation processes are likely to be site-specific.

Anaerobic Dehalogenation by Pure Cultures. Unlike several pure

cultures of aerobic microorganisms isolated so far (refer section 2.5.1: Aerobic

degradation by pure cultures), reductive dehalogenation reactions mediated by a

single microbial species is limited. Desulfomonile tiedjeiformerly strain DCB-1 is

the best described dechlorinating anaerobic bacterium to date (Shelton and Tiedje,

1984). D. tiedjei is a gram-negative sulphate reducing bacterium that obtains

energy for growth from reductive dehalogenation of 3-Chlorobenzoate (DeWeerd

et al., 1990).

The capability of D. tiedjeito dechlorinate a range of chlorophenols was

investigated by Mohn and Kennedy (1992a). PCP, tetra- and tri- chlorophenols

were dechlorinated only at the meta- position and chlorines at either ortho- or para-

position were never removed. None of the monochlorophenols including 3-CP was
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dechlorinated which is in contrast to the ability of this organism to dehalogenate

3-CB. In all cases, the organism had to be induced by 3-CB for dehalogenation

of chlorophenols. Additionally, D. tiedjei has not been shown yet to obtain energy

from chlorophenol dechlorination.

Dietrich and Winter (1990) suggested that a spirochaete-like organism was

perhaps responsible for the dechlorination of 2-CP. This suggestion was based

on the observation that their mixed culture (which comprised of three different

morphologically distinctive micro-organisms) failed to dechlorinate 2-CP when the

spirochaete-like organism was lost. However, any attempts to isolate this

organism failed. zhang and Wiegel (1990) proposed that a spore-forming

bacterium was possibly responsible for transforming 2,4-Dcp to 4-Cp in a

sediment free consortium. However, a sediment-free enrichment culture

dechlorinating 4-CP was not obtained. Madsen and Aamand (1992) also

speculated that the organisms responsible for dechlorination of 2,4,6-TCP to 4-CP

via 2,4-DCP was a spore former since the methanogenic enrichment culture was

still able to sustain dechlorination after heat treatment for t h at 80 oC.

Madsen subsequently isolated a gram positive endospore forming bacterium

related to genus Clostridium that transformed several di- and tri-chlorophenols but

not monochlorophenols (Madsen and Licht, 1992). Dechlorination occurred at

primarily ortho- position although removal of meta- substituted chlorine was also
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observed for 3,5-DCP. The bacterium designated strain DCB-2 unlike D. tiedjei

did not reduce sulphate. However DCB-2 has not been shown to benefit from the

dechlorination process. Another gram positive isolate, Desulfitobacterium

dehalogenans, ortho- dechlorinates a wide range of chlorophenols and related

compounds and appears to benefit from the dechlorination reaction when grown

on pyruvate and yeast extract (Utkin et al., 1994).

It was only recently that Cole et al. (1994) finally isolated a bacterium

capable of anaerobic dehalogenation of a monochlorophenol. The organism,

designated strain 2CP-1 is a gram-negative facultative anaerobe that

dehalogenates 2-CP to phenol. The organism also grew aerobically indicating that

its use could be extended to treatment processes oscillating between two extreme

ORP. Only the orfho- position was dechlorinated and additional chlorines at other

positions either decreased or blocked o¡tho- dechlorination. The organism 2CP-1

could also grow wíth fumarate as an electron acceptor. Analysis of the organism's

165 rRNA sequence revealed that it was a member of the delta proteobacteria,

more closely related to the myxobacteria than the sulfidogenic bacteria. The

isolation of such pure cultures of bacteria has provided a better opportunity to

study closely and strengthen our present knowledge on the mechanisms

associated with the removal of these class of compounds under anaerobic

conditions.
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Anaerobic dehalogenation in bioreactors. Almost all the studies on

anaerobic dehalogenation of chlorophenols and associated compounds discussed

so far in this review have been carried out in batch or semi-continuous cultures.

Due to the presence of these compounds in industrial wastes and a rapid

development of anaerobic bioreactor technology, the feasibility of using a

continuous system has been investigated by a hand-full of research groups. From

some of the earlier work done in this area, Hakaulinen and Salkinoja-Salonen

(1982) had indicated the potential use of anaerobic bioreactors to treat

chlorophenolic wastes. An anaerobic fluidized bed system coupled to an aerobic

trickling filter was shown to mineralize PCP although the pathways and extent of

chlorophenol of degradation in each system was not determined.

Woods (1985) and Woods et al. (1989) used an up-flow anaerobic sludge

blanket reactor to degrade a wide range of chlorophenols including PCP in

presence of high concentrations of readily biodegradable substrates. Although

ortho- and meta- chlorines were removed, compounds with chlorines at para-

position persisted and ring cleavage was not observed. Krumme and Boyd (1gBB)

on the other hand were able to demonstrate complete mineralization of all the

three monochlorophenols in an upflow bioreactor system. However, only about

40o/o of the added monochlorophenols were removed and the system failed to

dehalogenate either 2,4,6-TCP or PCP.
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Use of up-flow anaerobic sludge bed reactor was further carried out by

Hendriksen et al. (1992) to dehalogenate PCP in presence or absence of glucose.

Although PCP dehalogenated to dichlorophenols, the removal of PCP was found

to be much higher in presence of glucose compared to the un-amended reactor.

In a later study, the authors (Hendriksen and Ahring, 1993) also compared UASB

systems inoculated with granular sludge with fixed film reactors started with

anaerobic digested sewage sludge for degradation of PCP. The UASB reactors

showed a greater potential in dehalogenating PCP compared to the fixed film

reactors. PCP dehalogenated primarily to dichlorophenols in the UASB system

while an accumulation of 3,4,5-TCP was observed in the fixed-film reactors.

Mineralization of PCP in anaerobic granular sludge using an UASB reactor was

also shown by Wu et al. (1993). The authors indicated that removal of PCP was

via biodegradation rather than adsorption. Radiotracer assay was used to

demonstrate mineralization of [14C]PCp to r4CHo and r4COr.

Lu (1992) studied the fate, toxicity and degradative pathway of five

trichlorophenols and 3,5-DCP in anaerobic sludge blanket reactors. Although

acclimation and alternate carbon sources reduced the inhibitory effect,

monochlorophenols such as 3-CP and 4-CP accumulated as the major products.

Flora et al. (1994) recently demonstrated the potential of an anaerobic fluidized-

bed granular activated carbon (GAC) to treat a simulated high-strength industrial

wastewater containing chlorophenols. A COD elimination of over g8% was

achieved for the waste comprised of 2-CP; 2,4-DcP and 2,4,6-TCP at a GAC solid

mean retention time of 100 days with an accumulation of 4-CP .
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The above studies indicate that biological reactors could be successfully

applied for the treatment and bioremediation of a variety of chlorophenolic wastes.

Most of the studies report the versatility of the UASB system especially operating

with a granular sludge although alternative bioreactors were not evaluated. Such

continuous experiments should be complemented with batch studies to determine

the fate and extent of chlorophenol degradation. Due to the dynamic nature of all

reactor systems and the complex behaviour of chlorophenols, accurate mass

balance determinations can be very ditficult to make (Mohn and Kennedy, 1992b).

2. 5.3 Anoxic degradation

Compared to the studies on biodegradation of chlorophenols under aerobic

conditions (Refer section 2.5.1) or anaerobic conditions (Refer sectíon 2.5.2), very

little is known about the fate and biodegradability of chlorophenols under anoxic

conditions. The term anoxic conditions is frequently used in environmental

engineering literature especially in the area of biological nutrient removal and

selector technology to differentiate from anaerobic conditions. Most microbiologists

will probably disagree with this terminology, but it is used ubiquitously in

engineering. Randall et al. (1992) defines anoxic as a condition with no added

oxygen or air but with total NO,-N > 0.5 mg/L.

Hu and Shieh (1987) tested the dehalogenation potential o'12,4-DCP in an

anoxic up-flow biofilter. At maximum efficiency, the system was able to maintain

a 80o/o removal efficiency of 2,4-DCP (as TOC) and influent nitrate respectively at
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an empty bed HRT of 145 minutes. However the study failed to indicate the

intermediates of chlorophenol degradation. Oleszkiewicz et al. (1 991 ) investigated

the feasibility of 2-CP degradation in presence co-substrates in an anoxic-aerobic

sequencing batch reactors (SBR's). Although nitrate reduction took place, 2-CP

was not removed during the anoxic part of the SBR cycle. All of the influent2-CP

was removed during the aerobic phase which followed the anoxic period. The

aerobic rate for 2-CP removalfollowing the anoxic phase was significantly greater

than the rates observed for 2-CP in fully aerobic reactors. The reason for such

enhancement of biodegradation rate was not investigated.

Puhakka et al. (1992) developed an anoxic biofilm which was shown to use

4-CP as the sole electron donor in denitrification reactions. Mineralization was

confirmed through chloride release which agreed well with the theoretical value.

The authors however failed to demonstrate dechlorination of 2,4-DCP or PCP

under these conditions. A comparison of biodegradation potential in batch cultures

for 2-CP, 3-CP and 4-CP was recently reported by Häggblom et al. (1993) under

denitrifying conditions. Significant removal of 2-CP was observed compared to

negligible amounts observed for either 3- or 4-CP . 2-CP dehalogenation however

could not be sustained with refeeding. No intermediates were detected for either

of these monochlorophenols nor any data given on nitrate reduction. The authors

suggested the following equation for removal of monochlorophenol under anoxic

conditions:

C.HsOCl + 5.2 NOr- + 4.2 H* =====> 6CO2 + 2.6 Nz + 4.6 Hrg + Cl-
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2.6 GONCLUSIONS

Knowledge of the mechanisms involved in the degradation of halogenated

aromatic compounds such as chlorophenols is essential for the design of effective

treatment processes. Biodegradation was the major route for detoxification of

these compounds and has been extensively researched although several abiotic

processes such as photodegradation and adsorption were also found responsible

for its removal.

The pathways of biodegradation of chlorophenols varied considerably with

the redox potential of the environment. Under aerobic conditions these

compounds are metabolized by enzymes which incorporated oxygen atoms in the

aromatic ring, followed by halogen loss from a non-aromatic intermediate. Most

studies on aerobic degradation have been restricted to batch cultures employing

pure or mixed microbial populations under controlled conditions. A gap exists in

the literature as to the ultimate fate of chlorophenols in multi-substrate biological

treatment systems.

Our understanding of anaerobic metabolism of chlorophenols has increased

in the last decade. Although these compounds were shown to undergo reductive

dehalogenation in primarily methanogenic systems, alternative electron acceptors

such as sulphate were often reported to be inhibitory. The reason for such

sulphate mediated inhibition is presently not known. ln other instances,
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transformation of chlorophenols were observed in presence of and coupled to

sulphate reduction indicating that such a mechanism in reductive dehalogenation

of chlorophenols is a site-specific phenomenon. The present understanding of the

interactions taking place between metabolic groups present in a mixed culture

dehalogenating chlorophenols is also limited.

Several studies had indicated that under anaerobic conditions the

polychlorophenols undergo reductive dehalogenation to less substituted

chlorophenols such as the monochlorophenols which either accumulated or were

removed slowly. The monochlorophenols however were readily removed under

aerobic conditions which led to the development of sequential anaerobic-aerobic

processes for complete mineralization of chlorophenols. A single-biomass system

degrading chlorophenol under oscillating ORP is however yet to be developed.

As seen from this review, degradation of chlorophenols under anoxic

conditions is extremely limited. The need to further our understanding of the fate

of chlorophenols under nitrate reducing conditions is important for remediating

polluted soil, sediments and aquifers. An in-depth examination of the factors

influencing biodegradation potential under the three redox potentials discussed in

this review is essential to further our understanding of the fate of such toxic

compounds under these environments so that suitable treatment strategies could

be devised for abating the problem of chlorophenol contamination in our

ecosystems.
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Chapter 3.

RESEARCH OBJECTIVES

Degradation of 2-CP has been studied mainly under aerobic conditions with

recent emphasis on degradation in anaerobic conditions. Very little is known about

its fate in anoxic environments. The effects of acclimation, presence of electron

donors and acceptors and the interactions of various metabolic groups present in

the degradation system are not well understood. This study was initiated to

address the problem of 2-CP degradation under three different redox potentials.

The anaerobic experiments were conducted to examine the role of following
in influencing the degradation of 2-chrorophenol (2-cp) by a mixed
microbial consortium :

- the effects of the various sources of inocula (unacclimated) on

acclimation and long term performance in batch systems.

presence of alternative electron acceptors such as SOo'2 and the role of

various inhibitors such as BESA and molybdate on 2-cp dehalogenation.

- response of cultures to 2-CP after prior acclimation.

effects of various electron donors such as yeast extract, acetate,

propionate, ethanol and hydrogen on 2-Cp dehalogenation.

the potential degradation of other chlorophenors such as 2,4,6-TCp;2,4-

DCP and 4-CP by cultures that were adapted to 2-Cp.

55



ll. Under aerobic conditions, the experiments on degradation of 2-Cp were

carried out in sequencing batch reactors (SBR's) employing a suspended

growth mixed microbial cultures to study the following factors:

- effect of the presence, nature and concentrations of supplemental

substrates such as dextrose and phenol on specific 2-cp removal.

- effect of random batch un-aerated periods during the react phase of the

sBR cycle on the subsequent aerobic degradation rates oÍ 2-cp.

- effect of different temperatures such as 24, 1s, 10 and 5oc on specific

removal rates of 2-cP in presence of either dextrose or phenol.

- effect of different SRT (20, 16, 12,8 and 4 days) on volumetric and specific

2-CP rates in presence of either dextrose or phenol.

lll. The feasibility of anoxic 2-CP removal in presence of supplementary

substrates such as dextrose or phenol was investigated in SBR's

programmed to operate on a sequential anoxic - aerobic mode.

- effect of anoxic HRT of 2, 3 and 4 hours on specific 2-cp removal.

- effect of anoxic HRT on the aerobic volumetric removal rates of 2-Cp by

mixed microbial cultures adapted to sequential anoxic-aerobíc operation.
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Chapter 4.

MATERIALS AND METHODS

4"1 ANAEROBIC EXPERIMENTS

The following sections discuss the experiments that were designed to

evaluate the etfects of different inocula sources, electron acceptors, electron

donors and adaptation on anaerobic dehalogenation of 2-CP, and other

chlorophenols.

4.1.1 Source of inoculum

To test the feasibility of 2-CP dechlorination in un-adapted cultures, the

following samples for inoculum were obtained fresh : (i) anaerobic sludge from

primary mesophillic digesters treating combined primary and activated sludge at

the North End Water Pollution Control Centre (NEWPCC), Winnipeg (ii) anaerobic

sediment from an aerated lagoon treating bleached kraft mill (BKM) wastewater,

Fort Francis (Ontario) and (iii) biomass from a laboratory scale anaerobic

bioreactor treating the wastewater from the same mill. The Winnipeg NEWPCC

receives most of its wastewater from residential sources and operates the

digesters at a retention time of 12 to 14 days. The inoculum typically contained

8 to 10 g/L of total volatile solids. The total chlorinated compounds as AOX

(adsorbable organic hafide) present in the influent kraft mill wastewater to either

the lagoon or anaerobic bioreactor was typicaf ly 30 mg/L. Although chlorophenols

are normally present in BKM wastes, no background 2-CP was detected in the



inoculum from either the lagoon sediment or biomass from the anaerobic

bioreactor. The total volatile solids content of lagoon sediment and bioreactor

biomass were 30 g/L and 14 glL respectively. Samples from the digesters and the

lagoon were collected in plastic jars filled to capacity and transported to the

laboratory where they were used immediately. Samples from the laboratory

anaerobic reactor were collected just before use to small glass vials provided with

air tight caps.

4.1.2 Establishment of cultures

Strict anaerobic techniques based on the methods described in Daniels ef

a/.(1986) were followed throughout the entíre study for medium preparation, culture

handling, and sampling. Experiments were conducted generally with sludge

samples that were added either as 10% (vol/vol) inoculum to aluminium seal type

anaerobic culture tubes (no. 2048-00150; Bellco Glass, Inc., New Jersey) or 5Oo/o

(vol/vol) inoculum in 160 mL Wheaton serum bottles.

For the culture tubes, the following procedures were followed at the onset

of setting up cultures. Prior to inoculation, mineral medium (prepared aerobically,

see next section for details) was dispensed into the tubes which were

subsequently sealed with lipped butyl rubber stoppers (aluminium seal tube

stoppers, no.2048-11800; Bellco) and crimped with aluminium seals (no.2048-

11020, Bellco). After sealing, the head-spaces were repeatedly (three times)

evacuated for 3 mins. and refilled with a gas mixture of either 80o/o nitrogen and
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20o/o carbon dioxide or 80% hydrogen âfid 20o/o carbon dioxide. This process of

evacuating and refilling with respective gas mixtures were done using a syringe

connected to a gas manifold (design modified but based on Balch and Wolfe,

1976) as shown in Fig. 4-1. The tubes were kept under positive pressure (approx

20 psi) of the appropriate gas mixture. The medium in culture tubes was

subsequently reduced by the addition of 0.35 mM titanium (lll) citrate (Zehnderand

Wuhrmann, 1976) and the tubes were finally sterilized by autoclaving for 15

minutes at 121 'C.

The culture tubes now containing the anaerobic mineral medium were then

inoculated with respective sludges by direct injection using a syringe that had been

previously flushed with sterile anaerobic deionized water to a final volume of 10

mL. 2-CP (Sigma Chemicals, St. Louis, MO) was injected from a stock solution

of 2O g/L (about 156 mM) to give a target initial concentration of about 50 mg/L

(0.385 mM) in the tubes. Tubes were established either in duplicates or triplicates

along with sterile controls. For the sterile controls, the tubes containing medium

were first inoculated with respective sludges following which they were

autoclaved at 121 oC for t h, prior to injecting 2-Cp.

A slightly different procedure was adopted for experiments with 50%

(vol/vol) cultures in 160 mL serum bottles. The mineral medium was concentrated

two-folds and dispensed at 40 mL per bottle. The bottles were subsequenily

sealed, pressurised with gas mixture, reduced and sterilized as explained above.

The bottles were then inoculated with 40 mL of sludge to final volume of 80 mL
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Fig. 4-1 A view of the Gas-Manifold used in this study
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using a 60 mL sterile syringe (Becton Dickinson & Co., Rutherford, New Jersey)

previously flushed with sterile anaerobic water and fitted with 20 gauge 1Tz inch

size needle. A similar procedure was also followed for the only experiment done

with 25 % (vol/vol) culture in serum bottles. After establishing the cultures, all

tubes or bottles were incubated statically in the dark in a walk-in chamber

maintained at 35'C. Fig. 4-2 gives a view of incubating serum botfles and culture

tubes.

4.1.3 Medium composition and preparation

The basic medium was prepared using the following constituents per litre

of deionized water : 0.27 g KHrPoo, 0.3s g KrHpoo, o.s3 g NHocl, 0.05 mg

NaSeO., O.1o/o yeast extract, 10 mL each of mineral elixir (see Table 4-1) and

vitamin supplement (see Table 4-2). For experiments under sulfidogenic

conditions, the above medium was supplemented with s mM soo-2 using Narsoo.

When either methanogenic or sulfidogenic inhibitors were used the medium was

supplemented with either 1 - 10 mM of BESA (bromoethanesulphonic acid, Sigma

Chemical Corp.) or 1 - 20 mM molybdate respectively. Several drops of resazurin

(from a stock solutíon of 50 mg/L) was also added as a redox indicator. All the

components were mixed by a bar magnet in a beaker mounted on a magnetic

mixer while the medium was saturated with either 80% N2 and 2To/o CO, or g0%

H, and 20o/o cor. The pH which usually dropped to around 6.1 during this

operation was finally adjusted between 7.0 to 7.1 with solid sodium bicarbonate

before dispensing in culture tubes or serum botfles.
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Fig. 4-2 Incubating serum bottles and culture tubes at 35 "C
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Table 4-1 Mineral elixir used for the anaerobic medium

Compound Amount (g/L)

1.5

3.0

0.5

1.0

0.1

0.1

0.1

0.1

0.01

0.01

0.10

Table 4-2 Vitamin supplement adopted from Wolin et al., 1963

Nitrilotriacetic acid

MgSOo

MnSOo

NaCl

FeSOo

CaC[.2HrO
CoCI,
ZnSOo

CuSOo.2HrO

NarMoOo

Nic12.6H2o

Compound Amount (mg/L)

Biotin

Folic Acid

Pyridoxine hydroch loride

Riboflavin

Thiamine

Nicotinic Acid

Pantothenic Acid

Vitamin 8,,
p - aminobenzoic acid

Thioctic acid

2.0

2.0

10.0

5.0

5.0

5.0

5.0

0.'1

5.0

5.0

All quantities were dissolved in 1 L deionized water.



4-1-4 Maintenance of batch and semi-continous anaerobic cultures

After complete disappearance of 2-CP (although experiments were also

done to test dehalogenation of 4-cp; 2,4-DCp; and 2,4,6-Tcp), the culture tubes

were centrifuged at 4000 rpm for 45 minutes using a Damon/lEc Division

Centrifuge, Model HN - S (Needham Hts., Massachusetts). The tubes were gen¡y

inverted to avoid displacing the bacterial pellet and the clear medium was

withdrawn using a sterile syringe. The culture was subsequenily washed by re-

suspending the bacterial pellet in pre-reduced 0.1 M sodium phosphate buffer (pH

7), vigorously shaken and centrifuged again as above. Following removal of the

buffer, the cultures were refed with a fresh dose of sterile anaerobic medium (10

mL) containing 0.1% yeast extract (as described before). The cultures were then

subsequently spiked with respective chlorophenols to their initial concentrations

and the experiment was repeated. Most of the serum botfles that were used in

this study were operated as single-run batch reactors. However in some

experiments the serum bottles were also maintained on a semi-continuous mode

by refeeding yeast extract medium (from a concentrated stock) to a final volume

of 80 mL before respiking with 2-CP. Anaerobic experíments conducted in this

study under a variety of conditions are summarized in Table 4-3.
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Table 4-3 Summary of Anaerobic Experiments

lnoculum

Source

Inoculum Type of

Síze Enrichment

Head-space

Composition

Enrichment

Condition

Media

Composjtion

BB

LS

DS

DS 10 o/o

1Q o/o

50%
50 o/o

50%
10 o/o

1Q o/o

1Q o/o

10 o/o

25%
50 o/o

un-adapted CO2IN2

adapted CO2/N2

un-adapted

un-adapted

un-adapted

un-adapted

un-adapted

un-adapted

adapted

adapted

adapted

co2lN2

co2lH2

co2lN2

co/N,
co2lN2

co2lN2

M

M

MandS
M

MandS
M

M

M

Y.E

Y.E

Y.E

BESA

Molybdate

Y.E

Y.E

Y.E

No Y.E

HAC

HPT

Ethanol

Y.E

Y.E

Y.E

Y.E

Y.E

DS 10 % adapted

50 % un-adapted
(for 4-CP; 2,4-DCP & 2,4,6-TCP)

co2lH2

c02/N2

co2i N2

co/N,
co2lN2

M

M

M

M

M

DS : Digested sewage sludge; LS : Lagoon sediment; BB : Biomass from bioreactor.

Inoculum size shown are vol/vol. 10% cultures were set-up in balch tubes while remaining in g0 mL
serum bottles. Y.E means 0.1% yeast extract medium. HAC and HPr is acetic and propionic acid.

Adapted implies pre-exposure to 2-Cp.

Head-space composition were 20o/o CO, + B0% oÍ either N, or Hr.

Cultures were established in duplicates or triplicates and incubated statcailly in the dark at 35"C.

s and M indicates cultures amended with or without 5 mM soo= respectively.
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4.1.5 Operation of Acclimation Reactor

Acclimation of anaerobic digester sewage sludge to 2-CP was carried out

in two cylindrical plexiglass batch reactors of volume 2 litres. Fig. 4-3 shows a

typical view of one such reactor. The reactors were provided with a sampling port

which had a special rubber septum for the ease of sample withdrawal, feeding 2-

CP or medium using a syringe. The two systems were initially started by

transferring 1.5 litres of fresh sludge (12.3 g/L as total volatile solids) from primary

anaerobic digesters of the North End Pollution Control Centre, Winnipeg following

strict anaerobic techniques. The head-spaces were flushed with nitrogen before

closing the reactors. Each reactor was provided with a gas outlet system

connected to water lock jars. A sampling tap was provided in the gas outlet line

for determining gas composition. Complete mixing was ensured by mounting each

reactor on magnetic mixers and the two systems were set-up at 35"C in a walk-in

environmentally controlled chamber.

one reactor received about 0.39 mM (approx 50 ppm) 2-cp as the sole

carbon source along with necessary minerals and vitamins (refer Tables 4-1 and

4-2) but without any yeast extract. The second reactor on the other hand received

in addition to 2-CP, mineral salts, vitamins and 0.1o/o of yeast extract. 2-CP and

its metabolites were monitored using HPLC by regularly withdrawing samples from

each reactor. When the concentration of 2-CP was below our detection limit (< O.s

ppm), mixing was stopped and the reactors contents allowed to settle. A portion
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Fig. 4-3 Typical view of the acclimation reactor
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of the supernatant was subsequently withdrawn before feeding 2-CP and fresh

mineral medium. The amount of reactor liquid withdrawn during regular sampling

was also considered at this time thereby maintaining the volume of the reactors

at 1.5 litres and the initial 2-CP concentration at 0.39 mM.

Although gas production was not monitored regularly, methane was

detected in the head-space of both the systems. After four months of operation,

the reactor which received 2-CP as the sole carbon source accumulated phenol

and the z-CP dehalogenation rate decreased. The situation improved by

supplementing the feed with yeast extract. This process was continued for a year

at which time both reactors, operating in the presence of 0.1olo leâst extract were

capable of complete dehalogenation of 0.39 mM (50 mg/L) 2-CP in seven days.

4.1.6 Analysis of Volatile Fatty Acids (VFA)

Samples for VFA were analysed using a Hewlet Packard HP 5890A Gas

Chromatograph (GC). Culture liquid was first withdrawn from tubes or bottles into

1.5 mL eppendorf polypropylene micro test tubes. The tubes were centrifuged for

at least 15 minutes in Micro Centrifuge Model 235C (Fisher Scientific Co.) before

transfering the clear supernatant for further analysis. Using a pippette 1 mL of the

clear supernatant was transferred to another glass vial where it was diluted with

deionized water whenever the expected Total-VFA exceeded the calibration range

of 0 - 100 mg/L to which the GC was calibrated priorto injecting any samples.
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All such samples were finally acidified with concentrated phosphoric acid and 1 ¡rL

was injected into the GC. The system was equipped with a flame ionization

detector (FlD) and HP - FFAP (cross linked) caplillary column of size 10 m x 0.53

mm x 1 .0 pm. The injection, oven and detector temperatures was set at 150'C,

85 "C and170 oC respectively with hydrogen as a carrier gas at a flow rate of 13 -

14 ml/min.

4.1.7 Analysis of head-space methane gas

The head-space of culture tubes and serum bottles were monitored for

methane. 1 mL of the head-space gas was injected into a Gow-Mac gas

chromatograph with series 550 thermal conductivity detector. The GC was

equipped with Porapak Q Column (80/100 mesh) using helium as a carrier gas at

a flow rate of 60 mL/min. The instrument was calibrated using standard methane

gas at different (known) percentage composition.

4.1.8 HPLC analysis

Under anaerobic conditions, chlorophenols (2-Cp;4-Cp; 2,4-DCp and 2, 4,

6-TCP), its metabolites phenol and benzoate were analyzed by reversed phase

high pressure liquid chromatography (HPLC). Samples withdrawn aseptically from

culture tubes or serum bottles were centrifuged as in VFA analysis using a

microcentrifuge to remove solids. The supernatant was injected into a

Millipore-Waters HPLC system. The HPLC used a Millipore-Waters Lambda Max

481 LC Spectrophotometer measuring at a wavelength of 254 nm and PRP-1
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column (Hamilton Co.. Reno, Nevada). The system was operated in an isocratic

mode for 2-ÇP while the remaining chlorophenols were analyzed in a program

gradient mode. The optimal conditions for this study were developed in the lab.

In the isocratic mode, the mobile phase consisted ol 2o/o acetonitríle (1:1)

and 98% sodium triphosphate buffer (pH 12) at a flow rate of 2 ml/min. The

program gradient conditions used in this study for optimal separation of the

remaining chlorophenols and its metabolites are summarized in Table 4-4. The

system was calibrated by using solutions of known concentrations of 2-CP (or 4-

CP 2,4-DCP and 2,4,6-TCP), phenol and benzoate. The metabolites were

identified by comparison with the retention times of the known standards in the

HPLC. No individual peaks corresponding to the retention times of known

standards were observed for background samples (amended with 0.1% yeast

extract but no 2-CP).

Table 4-4. Program gradient mode in HPLC for 4-CP; 2,4-DCP;2,4,6-TCP

Run Time
(minutes)

Flow
(mL/min)

Acetonitrile
%

Buffer
%

Curve

lnitial

9.0

10.0

12.0

2.0

3.0

5.0

2.0

5

50

5

5

95

505
955
955

Gurve indicates the change of profile for both flow-rate and mobile phase composition with time as

per the manufacturers specifications. Refer to APPENDIX A (pages 414 and 415) for details.
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4.4.9 Analysis of Sulphate (SO12)

Sulphate concentration as SOo2- was monitored using a automated

methylthymol blue, according to standard method (APHA, A\ A¡r/A and WEF, 1992)

no. 4500-5042- F. Samples withdrawn from the serum bottles were handled the

same way as described before for VFA analysis except that no acid was added.

All samples were generally diluted fourtimes with deionized water before analysis.

4.2 AEROBIC EXPERIMENTS

The study of factors aflecting aerobic degradation of 2-CP were done in

sequencing batch reactors (SBR's). The following sections describes the

conditions underwhich SBR's were operated along with instrumental and chemical

analysis.

4.2.1 Sequencing batch reactors (SBR's)

The aerobic biodegradability studies of 2-CP were conducted in identical

laboratory scale sequencing batch reactors (SBR's). Each reactor had an

operating volume of 2L and was constructed of 6 mm thick, 100 mm internal

diameter plexiglass tube. The reactors were mounted on magnetic stirrers to

maintain complete mixing in the system and were operated in parallel on a I hour

cycle consisting of 0.25 h f¡ll, 6 h react, 1.5 h settle and 0.25 h decant. Air was

supplied during the react phase through submerged diffusers to maintain a
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dissolved oxygen level greater than 3 ppm in the reactor. At the end of the settling

period, the reactor contents were decanted to a volume of 1 L which diluted the

incoming feed by half. All operations were controlled through a GE Series One

Programable Controller. The temperature varied from 23 + 1 oC during the study

period. A typical schematic of the set-up is shown in Fig. 4-4.

4.2.2 Effect of supplementary substrates and feed composition

The initial part of this study was to investigate whether the potential use of

supplemental substrates like dextrose and phenol enhances the rate oÍ 2-ÇP

removal and to find an optimal substrate concentration for further experiments.

Three parallel reactors were operated of which one received no supplemental

substrates (i.e. 2-CP served as the only carbon source), the second and third

reactors received varying concentrations of dextrose and phenol respectively as

either 20,40,60, 80, or 200 mg soc/L during separate experiments. A view of

the actual set-up ís shown in Fig. 4-5. ln between changes of dextrose or phenol

feed concentration, both the SBR's which received such supplements were allowed

to operate for at least three weeks to ensure stable reactor performance prior to

any experimentation and data collection. The 2-CP removal profiles were

monitored over the next few weeks until consistent patterns were observed.

Besides 30 mg/ L 2-cP (sigma chemical company, st. Louis, Mo) and the

respective supplements like dextrose or phenol the feed to the reactors contained
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Fig. 4-4 Typical schematic of the SBR system used in this study



Fig. 4-5 View of aerobic SBR's degrading 2-CP with

various supplemental substrates
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sufficient amounts of NH4CI (nitrogen source) and phosphorous (in the form of

NaHPOo and NaHrPOo) to maintain a C:N:P ratio of 100:10:3. The feed was

prepared double the required strength to acount for the dilution in system. All

components were dissolved in tap water and the pH was adjusted to a 6.8 - 7.0

range wÍth solid NaHCO..

4"2.3 Start-up of sequencing batch reactors

The reactors were inoculated initially with activated sludge from the North

End Water Pollution Control Centre (NEWPCC), Winnipeg. The NEWPCC

operates a pure oxygen activated sludge plant with a 2.5Il HRT and a 1.5-2.0 d

SRT. The target 2-CP concentration of 30 mg/L was reached by gradually

increasing the influent concentration of 2-CP over a 3 week period. Periodic

checks were made to avoid any unnecessary 2-cP build-up. Biomass

concentration in each reactor was maintained around 2.0 g VSS/L throughout the

study period by periodically wasting sludge. For the reactors receving the

supplements, this maintained the same influent SOC to biomass ratio at each

concentration of supplements (dextrose or phenol) tested.

4.2.4 Batch Aerobic Experiments

Several batch experiments were conducted throughout the study period

using sludge from the SBR's. A system using 500 mL glass cylinders as batch

reactors were generally employed. Sludge from respective units to be tested were
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collected after the settling and decant period of the SBR cycle. By manually

operating the magnetic mixers to ensure complete mixing, 250 mL of sludge was

transferred from the SBR to 500 mL cylinders which were also mounted on

magnetic mixers. The final volume of 500 mL was made up by usinE the

respective feed. The batch reactors were positioned under diffusers for air supply.

4.2.5 Ghemical analysis

2-CP and phenol concentrations were analyzed by reversed phase high

pressure liquid chromatography (HPLC) as explained before. Before analysis the

samples were centrifuged for at least 5 minutes before injecting the clear

supernatant into the HPLC. The system was calibrated by using solutions of

known concentrations of 2-CP and phenol. The performance of the reactors were

also monitored by measuring the soluble organic carbon (SOC). The SOC

measurements indicated the degree of mineralization of 2-CP, phenol and

dextrose.

For the SOC determination, samples of mixed liquor from the reactors were

initially centrifuged as mentioned above. The supernatant was passed through a

cellulose acetate membrane filter cartridge and first few mL's were rejected. The

filtrate was finally acidified with phosphoric acid, purged with pure oxygen for 2

minutes and finally injected in a TOC analyzer (Dohrmann DC 80, Dohrmann Div.,

Santa Clara, California). pH was measured directly in each reactor using a Fisher

Scientific, Acumet 50 pH meter. Temperature measurements were done using a
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standard thermometer with a minimum reading of 1 'C. Mixed liquor solids and

sludge volume index were monitored according to the standard methods (APHA

et al., 1992) following sections 2540 D,2540 E and 2540 F respectively.

4.3 ANOXTG SEQUENTIAL BATGH REACTOR (ASBR)

The experimental set-up consisted of two identical SBR's as described

before. SBR 1 and SBR-2 received 40 mg SOC/L of either dextrose or phenol

respectively as supplemental carbon source besides z-CP, nitrogen and

phosphorous sources like the aerobic SBR's mentioned before. The feed was also

supplemented with 30 - 40 mg NO3-N/L. The nitrate concentration was adjusted

regularly (due to incomplete denitrification and consequently nitrate buildup) to the

above range. NO3- N was analyzed according to the standard methods (APHA et

al., 1992) follwing section 4500-NO3- F:automated cadmium reduction method.

Samples were filtered as per SOC procedure discussed in section 4.2.5.

Both reactors were operated in parallel on a 8 hour cycle consisting of 0.25

h Fill, 6 h React, 1.5 h Settle and 0.25 h Decant. However unlike the complete

aerobic system, the reactors were equipped with a built-in, non-aerated (stirred)

denitrifying period immediately following the Fill period. The anoxic period varied

lrom 2 h in Phase l, 3 h in Phase ll and 4 h in Phase lll. During the aerated

mixed conditions, conditions similar to fully aerobic SBR's as described before

were maintained. All these operations were again controlled through a GE Series



One Programable Controller. The sequence of operation of the ASBR is shown

in Fig. 4-6. The temperature varied lrom 22 t 1 oC during the study period. The

start-up protocol was similar to the aerobic reactors and fresh activated sludge

from North End Pollution Control Centre, Winnipeg was used. The target z-CP

concentration was reached by gradually increasing the influent concentration of 2-

CP up to 15 mg/L over a 2 week period. Biomass in both the reactors was

maintained around 2000 mg VSS/L throughout the study period by wasting sludge

two to three times a week.
0.25 h 1.5 h 0.25 h
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m
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Fig. 4-6 Operational Sequences of ASBR
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Ghapter 5.

RESULTS AND DISCUSSION

5.,I ANAEROBIC DEGRADATION OF 2-CP

The difficulty of anaerobic degradation of monochlorophenols (2-CP, 3-CP

and 4-CP) has opened an active area of research in the recent years and has

produced a large amount of somewhat conflicting information about the

degradability of these compounds. While researchers observed the persistence

and accumulation of 2-CP as a dehalogenation product of higher chlorophenols

(wood et al., 1989; Hale et al., 1990), others have reported its relative

recalcitrance over either 3-CP or 4-CP (Liu and Pacepavicius, 1990; Häggblom et

al., 1990; Lu and rsai, 1992; Lu and rsai, 1993). z-cP was therefore selected as

a model compound for this study with an aim to address several factors which

possibly affect its removal under anaerobic conditions. Factors like different

sources of inocula, electron donors including hydrogen, electron acceptors like

sulphate and the effect of adaptation are thoroughly examined and presented in

the following sections in an effort to understand how the environmental and cultural

conditions affect dehalogenation of 2-cP by mixed anaerobic cultures.

5.1.1 Effect of various inocula (unacclimated sludge)

There is presently a lack of understanding of the significance of microbial

acclimation to the persistence of a chemical in the environment (Liu and
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Pacepavicius, 1990) and generalizations are often made in predicting its overall

removal from the environment due to limited data, (Pfaender and Shimp, 1985).

Wiggins et al. (1987) have shown that extended lag times can cause the chemicals

to be widely disseminated causing significant effects on susceptible species before

it is destroyed.

The ability of inocula to degrade 2-CP varied considerably with the source

and size of the inocula with lag periods varying from g7 days in case of digested

sludge to about 250 days for either sediment or biomass from a lagoon and

anaerobic bioreactor respectively treating bleached kraft mill (BKM) waste. The

cultures had an inoculum size of 10 o/o (vollvol) and were maintained in 0.1% yeast

extract under a 2Oo/o CO, + 8Oo/o N, atmosphere. Digester sludge was chosen

since chlorophenolic wastes from many industrial discharges to publicly owned

treatment plants (POTW are not removed in the conventional processes and

finally end up in the sewage sludge digesters (wild et al., 1993). There is

therefore a definite need to study the fate of compounds like 2-CP in digester

sludge. Sediment from a lagoon and bioreactor biomass treating BKM wastewater

were also chosen for comparison purposes. BKM wastes are known to contain a

multitude of chlorinated compounds and therefore such system present a feasible

repository for organisms that are likely to have been exposed to compounds

similar to 2-CP.

Following the extended lag period of 9T days the cultures with digested
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sludge inoculum showed signs of dehalogenation of 2-CP. The appearance of two

distinct metabolite peaks occurring only in cultures receiving 2-Cp were identified

as phenol and benzoate respectively by comparison with the retention times of

these compounds in the known standards in the HPLC. No similar peaks were

however identified in either background samples (amended with yeast extract but

no 2-CP) or the sterile controls. Methane was detected in the head-space of all

cultures degrading 2-CP.

Dehalogenation of 2-CP recurred in all cultures subjected to repeated

spiking with 2-CP and steady removal was observed after five feeding operations.

The response of unadapted digested sludge to such repeated process of washing

and re-feeding as described before with fresh medium containing O.1o/o yeast

extract and 2-CP is shown in Figure 5-1. Data points are the mean of two

replicate cultures. After seven feedings of medium and 2-CP and an incubation

period of 436 days, the apparent rates of 2-CP dehalogenation (based on amount

of 2-CP removed in a given time) was enhanced from 9 ¡rM/d (* 1 ¡rM/d) to 24

pM/d (t 2 ¡tM/d), suggesting acclimation and growth of the chlorophenol-utilizing

microbial population. Figure 5-2 shows a typical profile oÍ 2-CP removal when

consistent dehalogenation rates were observed. The subsequent production of

phenol is also shown.

Similarly, for inocula taken from either lagoon sediments or the laboratory

bioreactor treating BKM waste, positive signs of dehalogenation were seen only
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Fig. 5-1. Removal ol2-CP in batch cultures of unacclimated digested
sewage sludge 10% (vollvol) in mineral medium containing 0.1o/o
yeast extract under 20o/o CO, + 80% N, atmosphere. Data points are
the mean of two reolicate cultures.
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after 250 days of incubation. Phenol was identified as an intermediate product.

As with the digested sewage sludge inoculum, the transformation rates of 2-CP in

both these cultures were greatly enhanced with successive washing and re-feeding

(Figures 5-3 and 5-4). Methane was identified in the head-space of all cultures

degrading 2-CP. Initially the transformation of 0.38 mM 2-CP took over 70 days

in both cultures (lagoon sediment and biomass from bioreactor). However after

repeated re-feeding, 0.38 mM 2-CP was removed in 33 days by the lagoon

cultures and 65 days by the bioreactor culture. This corresponded to an increased

transformation rate apparently from 6 pM/d (r 0.5 ¡rM/d) to 12 pM/d (* 1 pM/d) for

lagoon sediment and 5.4 ¡rM/d (f 0.7 pM/d) to 7 ¡rM/d (* 0.6 ¡rM/d) for bioreactor

sludge. A summary of the above results using three different inocula sources are

shown in Table 5-1.

Table 5-1 Comparison of acclimation time and degradation potential of 0.39 mM
2-CP by 3 different sources of inoculum.

lnoculum
Source

Time reqd. for initial
degradation

(days)

z-CP removal rate after:
200 days 365 days

(pM/d)

lntermediates
detected

DS 97 24

12

7

6

5

4

Phenol and
benzoate

Phenol

Phenol

257

249

LS

BB

DS: Anaerobic digester sludge, LS: Lagoon sediment, BB: Anaerobic
bioreactor biomass
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Fig. 5-3. Removal oÍ 2-CP in batch cultures of unacclimated
sediment 10% (vol/vol) originating from a lagoon in mineral medium
containing o.1o/o yeast extract under 20% co2+ 80o/o Nr atmosphere'
Data points are the mean of two replicate cultures.
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Fig. 5-4. Removal of 2-CP in unacclimated biomass 10% (vol/vol)
from an anaerobic bioreactor treating bleached kraft paper waste.
The mineral medium contained 0.1o/o yeast extract under 21o/o CO,
+ 80% N, atmosphere. Data points are the mean of two replicate
cultures.
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The above results indicate that anaerobic digester sludge provided the best

inoculum source for 2-CP dehalogenation compared to either the sediment from

a lagoon or bioreactor biomass. The response of the system containing lagoon

sediment is unexpected because the microorganisms in that environment were pre-

exposed to BKM waste which is known to contain several chlorinated compounds.

The biomass from the lab scale anaerobic bioreactor which provided the third

source of inoculum for our batch cultures had the slowest response. This may be

due to poor operating conditions and improper mixing in the bioreactor (indicated

by low gas production and AOX removals). Figure 5-S shows the best 2-Cp

removal profile achieved by the three sources of inocula after more than one year

of incubation. Methane in the head-spaces of cultures dehalogenating 2-Cp

indicated that methanogens were not inhibited at 0.3g mM 2-Cp whích is

supported by the work by Hrudey et. at. (1987a) observed methane production in

semi-continuous cultures degrading up-to 0.79 mM 2_Cp.

Throughout the experimental period, the sterile controls showed negligible

loss of 2'CP abiotically. Although no separate experiments were conducted to

address the problem of biosorption of 2-CP on to biomass, losses due to

adsorption cannot be ruled out. Chlorophenols like many hazardous organic

pollutants are prone to biosorption (Kennedy ef al.,1gg2). However, errors in the

analysis due to adsorption in our cultures were minimized by the use of low

biomass and a lower chlorophenol like 2-CP. The tendency of lower chlorophenols

(CP's) to adsorb less than the higher substituted CP's has been previously
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Fig. 5-5. Comparison of biodegradation potential of 0.385 mM 2-CP
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(LS) receiving bleached kraft míll wastewater and biomass from an
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reported (Bell and Tsezos, 1987; Davis and Huang, 1ggOa). In our experiments,

a comparison of the amounts of 2-CP actually recovered to the target initial

concentrations indicate a loss up to a maximum of 2.0 o/o . A summary of the

major findings is given at the end of this sub-section.

z-cP Dehalogenation in s0% (vol/vol) un-adapted studge. since

experiments with digester sludge indicated the best viable source of 2-Cp

dehalogenators, cultures were simultaneously set up in triplicate with 5}o/o

inoculum (vol/vol) in serum bottles under CO2/N2 atmosphere. Significant decrease

in lag times were noticed compared to 1Oo/o inocula (vol/vol) and the first sign of

2-CP dehalogenation activity (based on detection of phenol) was observed after

only I days of incubation. The cultures were maintained semi-continuously and

after complete disappearance of initÍal 0.39 mM z-CP (average of three cultures)

in 21 days, the bottleswere re-fed with 0.1 % yeast extract medium to maintain

the final volume to 80 mL before spiking with 0.38 mM 2-CP. lt took 14 days for

complete removal of 0.38 mM 2-CP indicating increased dehalogenation activity

in the cultures. The volume of medium added was based on the amounts

withdrawn from these bottles for analysis.

This process was continued for another month during which time the

cultures were able to remove about 0.39 mM 2-CP in 12 days accounting for an

apparent removal rate of 32 pM 2-CPld. These rates are higher than that
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observed prev¡ously by Boyd and Shetton (1984). Lu and Tsai (1993) had

previously indicated the difficulty of 2-CP dehalogenation by unacclimated

microorganisms even after an incubation period lasting 12 days in a batch reactor.

The results of 2-CP dehalogenation by un-adapted digested sewage sludge as

seen from this study is illustrated in Fígure 5-6. Phenol along with trace amounts

of benzoate (refer APPENDIX A, Table A-4 for benzoate data) were identified as

the intermediates of 2-CP dehalogenation. Methane was also detected in these

cultures. A summary of the findings is noted below.

Observation Summary. Dehalogenation of 2-CP to phenol was observed

for all cultures. Detection of benzoate in some cultures indicated the potential

pathway of phenoldegradation. Un-adapted digested sludge (1}%vol/vol) showed

better potential to dehalogenate 0.39 mM 2-CP compared to the other inocula

tested. lagoon sediment or laboratory scale anaerobic bioreactor biomass receiving

BKM waste. Dehalogenation efficiency improved considerably with successive

refeeding of yeast extract medium and 2-CP. Significant reduction in lag times

were noticed with 50% (vol/vol) cultures of un-adapted anaerobic digester sludge

operated semi-continuously compared to 1Oo/o cultures. Methanogenesis was

found to occur in all cultures in presence of 0.39 mM (50 mg/L) oÍ 2-Cp. Abiotic

losses of 2-CP were negligible.
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Fig. 5-6. Dehalogenation of 0.385 mM 2-CP in batch cultures (50o/o

vol/vol) of un-adapted anaerobic digested sewage sludge and 0.1%
yeast extract medium. Besides phenol, trace amounts of benzoate
was also detected in these cultures. Each data point is a mean of
three replicate cultures incubated in serum bottles.
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5.1.2 lnfluence of alternative electron acceptors

Experiments with 50% un-adapted digested sewage sludge indicated that

lag times associated with dehalogenation of 2-CP could be significanfly shortened.

This set-up was chosen to compare dehalogenation potential of 2-Cp in un-

adapted digested sewage sludge (50o/o vol/vol) using sulphate and carbonate as

alternative electron acceptors.

The biodegradation of a number of chlorophenols has been studied

successfully under methanogenic conditions with carbonate serving as the electron

acceptor (Boyd and Shelton, 1984; Dietrich and winter, 19g0; Häggblom et al.,

1993a and 1993b, Hale ef a/., 1990). However, ln presence of sulphate there are

conflicting reports in literature as to its impact on chlorophenol degradation.

Häggblom et al. (1993a); Kohring et al. (1989a) and Madsen and Aamand (1992)

have all observed inhibition of chlorophenol degradation in presence of sulphate

while otherstudies although few demonstrated the transformation of chlorophenols

in the presence of sulphate (Genthner et al., 19gga; Häggblom and young, 1g90;

Kohring et al., 1989b).

This investigation was therefore initiated to address the potential influence

of sulphate as an electron acceptor in dehalogenation reactions since it appears

that degradation of compound such as 2-CP in sulphate amended systems is

poorly understood. Moreover for the studies cited above on chlorophenol
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degradation in the presence of sulphate, the experiments were conducted using

sediments obtained from either freshwater or estuarine sites and no information

is available literature as to the effect of sulphate on 2-CP dehalogenation in

sewage sludge from anaerobic digesters. The effects of either

bromoethanesulphonic acid (BESA) or molybdate as inhibitors of methanogenic

and sulfidogenic microbial populations respectively at different concentrations in

the cultures are also poorly addressed. Results of batch experiments conducted

to address these issues using anaerobic digester sewage sludge (SOo/o vol/vol) are

described in the following sections.

Dehalogenation of 2-GP in cultures amended with orwithout sulphate.

The first batch experiment consisted of four sets of serum botfles (each set in

triplicates) using 50% (vol/vol) of un-adapted anaerobic digester sewage sludge

and 0.1o/o (wUvd) yeast extract medium under 2Oo/o COr+ g0o/o lrl, atmosphere.

No sulphate was added to set number 1 and the total background sulphate (as

SOo'-) from inoculum and mineral medium was found to be around 0.6 mM. Set

number 2 was amended to a total initial sulphate concentration of about S mM.

Medium in set 3 was the same sulfidogenic medium as in Set 2 butwas amended

with 6 mM Fe(ll)Clr. Fe(ll) was used to reduce possible inhibition of sulphide

formed due to sulphate reduction. Set 4 served as sterile controls (autoclaved for

t hour before addition of 2-CP) and were comprised of a combination of sulphate

amended and un-amended cultures.
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The results of batch experiment# 1 are shown in Figure 5-7. 2-CP removal

in cultures un-amended with sulphate followed the trend as observed before and

it took 19 days for complete removal of 0.38 mM (49.3 mg/L) 2-CP. No difference

was noted in 2-CP removal in presence of sulphate and about 48.4 mglL (0.38

mM) 2-CP was removed in the same time along with sulphate reduction. Sulphate

was reduced from an initial concentration of 5.1 mM (491 mg/L) Soo'' to 2.7 mM

(256 mg/L) indicating that sulphate reductíon was not inhibitory to 2-CP removal.

Sulphate concentrations monitored even after complete removal of 2-Cp (in

19 days) indicated that the process of sulphate reduction continued although at a

very slower rate. Surprisingly, the presence of Fe(ll) slowed the removal of 2-Cp

and it took 25 days for complete removal of s0.3 mg/L (0.39 mM) 2-Cp suggesting

that the dehalogenators were perhaps sensitive to Fe(ll) Clr. The amount of

sulphate removed in presence of Fe(ll) was marginally greater (about 4%) than the

sulfidogenic cultures without Fe(ll). z-CP degradation or sulphate reduction were

not observed for the sterile controls indicating that metabolism in the active

cultures (Sets 1, 2 and 3) were indeed biologically mediated.

Phenol was detected as a product of reductive dehalogenation of 2-Cp in

all the cultures except sterile controls along with trace amounts of benzoate

indicated that phenol degraded via the benzoate pathway. Percentage of methane

in the head-space of all cultures were monitored as a control measurement. As
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Fig. 5-7. Degradation of 0.39 mM 2-cP in batch cultures containing
fresh anaerobic digester sludge 50o/o (vollvol) in (A) absence of
adde_d sulnfgtg, (B) amended with 5 mM SO¿,-, and (C) amended
with 5 mM SOo¿- and 6 mM Fe(ll). Sterile controls (D) are the means
of sulphate aniended and un-amended cultures. Background SOo2-
from inocula and mineral medium measured about 0.6 mM.
Histograms (X) and (Y) shows SO¿2- removal in presence or
absence of Fe(ll)clr. No soo'- reduction was observed in sterile
controls. A head-spãce of 2To/o COe + B0% N, was maintained.
Data points are means of three repli&te culture5.

Days of Incubation
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shown in Figure 5-8, methanogenesis was not greatly affected by sulphate

reduction. Kohring et al. (1989a) had previously reported that sulphate did not

inhibit methanogenesis in cultures degrading 2,4-DCP at 44"C. The presence of

Fe(ll) also appeared to inhibit methanogenesis slightly but this was probably due

to a greater competition for substrates by methanogenic and sulfidogenic

communities in the system as more sulphate reduction was observed in the

presence of Fe(ll). No methane was detected in the sterile controls.

The batch experiment # 2 was conducted to re-examine batch # 1 results.

To further investigate the inhibitory etfect of Fe(ll)Cl, on 2-CP dehalogenation,

cultures were set up using 6 mM Fe(ll)Cl, in presence or absence of added

sulphate. Moreover, background cultures were also setup in duplicates without the

addition of 2-CP and in presence or absence of added sulphate using the same

O.1o/o yeast extract medium. Figure 5-9 summarizes the batch # 2 results.

As observed before, Fe(ll) in presence or absence of added sulphate

slowed 2'CP degradation compared to the cultures maintained under the same

conditions without the Fe(ll) addition. Similar to our previous observation, 2-Cp

was removed at the same rate in presence or absence of sulphate. No significant

difference in sulphate reducing activity in the background samples (amended with

O.1o/o yeast extract but not 2-CP) was noticed.
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mM soo¿- and 6 mM Fe(ll) during Bat'ch 1 experiments. Methane
was absent in the sterile controls. Data points are means of three
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Fig. 5-9. Batch 2 experiments showing removal of 0.39 mM 2-cp in
fresh anaerobic digester sludge 50% \voltvol) (A) without added
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sooz- occurred in the sterire contrors (data not shown).
uara potnts are means of three replicate cultures.



The percentage change of methane in the head-space is shown in Figure

5-10. Formation of methane from z-CP was difficult to quantify due to relatively

higher concentrations of background substrates compared to 0.39 mM 2-CP. As

seen before methane composition was lower in the head-space of cultures with

Fe(ll) compared to methanogenic and sulfidogenic cultures without Fe(ll). Phenol

was produced in all cultures which was subsequenfly degraded.

ln summary, this experiments demonstrates that 2-CP dehalogenation is

feasible under sulphate-reducing conditions with methanogenesis in un-adapted

batch cultures derived from digested sewage sludge. Addition of Fe(ll) was seen

to slow the rate oÍ 2-CP dehalogenation and marginally increase the total sulphate

reduction. 2-CP occurred at the same rate in cultures with or without sulphate.

Methane was detected in the head-space of all 2-CP dehalogenating cultures.

Effect of BESA and Molybdate. Dehalogenation of 2-CP has been

primarily observed in mixed anaerobic cultures although it is only recenfly that a

pure culture has been isolated which dehalogenates 2-CP to phenol (Cole et al.,

1994). Since 2-CP dehalogenation was observed under sulphate amended and un-

amended conditions, it was important to see the effect of BESA and molybdate on

2-CP dehalogenation and activities associated with it by inhibiting various

metabolic groups present in the mixed culture derived from anaerobic digester

sludge. In addition, knowing which groups of organisms are responsible for
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sulphate, (B) amended with s mM sooz- (c)¡o âcoeo sulphate + 6
mM Fe(ll), and (D) amended with 5 mñ,t soo2- + 6 mM re(tt¡ during
Batch 2 experiments. Methane was not äetected in the sterile
controls. Data points are means of three replicate cultures.

91519
Days of Incubation

100



mediating the transformations may be useful for devising efficient strategies for

biodegradation of compounds like 2-Cp.

Cultures in serum bottles (50 o/o vol/vol) were set up as before with and

without 10 mM bromoethanesulphonic acid (BESA) under methanogenic

conditions. BESA is an analog to co-enzyme M (2-mercaptoethanesulphonic acid)

which mediates the last step in methane formation (Santoro and Konisky, 19g7;

Ellerman et al., 1987). BESA inhibits the reduction of methyl-coenzyme M to

methane. Similarly under sulfidogenic conditions triplicate cultures with an initial

sulphate concentration of 5 mM received either 0 mM or 20 mM molybdate (using

NarMoOo). Molybdate is known to inhibit the microorganisms associated with

sulfidogenesis by cessation of sulphate transport (Newport and Nedwell, l ggg) and

is also reported to be responsible for destruction of cellular ATp balance of

Desulfovibrio sp. (Taylor and Oremland, 1979). A f¡fth set of cultures were also

set-up to see the effect of molybdate (20 mM) on dechlorination of 2-Cp in

absence of added sulphate.

10 mM BESA slowed down 2-CP removal considerably compared to

methanogenic cultures without BESA and the results are shown in Figure 5-11. In

presence of BESA phenol produced as a product of 2-CP dehalogenation

accumulated in the cultures. There are mixed reports ín literature as to the effect

of BESA on reductive dehalogenation of chlorinated compounds such as
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Fig. 5-11. Dehalogenation of 0.385 mM 2-CP in anaerobic digester
sludge 50o/o (vol/vol) in presence or absence of 10 mM
bromoethanesulphonic acid (BESA) under 20o/o CO2 + 80% N2

atmosphere. Data points are means of three replicate cultures.
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chlorophenols. Genthner et al., (1989a) observed that while 1omM BESA

prevented degradation of 3-CP and 4-CP, it delayed the degradation of 2- and 3,

chlorobenzoate respectively. They explained that the effect was likely due to

inhibition of methanogenesis (no data was presented) or the inhibition of reductive

dechlorination by BESA. ln their studies with chlorinated aliphatics, Freedman and

Gosset (1989) had observed that 0.5 mM BESA immediatety stopped rcE

(trichloroethylene) degradation and methane production while repeated BESA

addition was required before PCE (tetrachloroethylene) degradation ceased.

BESA strongly affected methanogenesis but not dechlorination of 2,4,6-TCp in

anaerobically digested sewage sludge with hydrogen and fructose as electron

donors (Perkins et al., 1gg4). In the presence of acetate however, BESA

completely inhibited methanogenesis and substantially slowed down

dehalogenation although the results were not compared with cultures where BESA

was absent. Zhang and Wiegel (1990) had also demonstrated the dechlorination

oÍ2,4-DCP in presence of 1 mM BESA. Cole et al. (1994) recenfly showed that

a pure culture dehalogenated 2-CP to phenol irrespective of the presence or

absence of 1 mM BESA. Phenol as a product accumulated in all cultures and no

data on methane formation was reported.

In summary, results from several previous studies with BESA indirecfly

indicated that methanogens perhaps play a key role in the reductive

dehalogenation reactions involving mixed bacterial cultures. On the other hand
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other studies including this one have shown reductive dehalogenation to occur

even though methanogenesis was either strongly affected or completely stopped.

The results of Hrudey et al. (1986a), Themel et al. (1993), Themel (1g94) and Cole

et al. (1994) strongly support the argument that methanogens are not involved in

the dehalogenation of toxic organic chemicals like 2-CP. These investigators have

been able to demonstrate the dehalogenation of 2-Cp to phenol in non-

methanogenic systems by pure and mixed cultures respectively.

Figure 5-11 indicates that BESA inhibited phenol degradation. The tailing

of the 2-CP removal curve especially beyond day 24 and the gradual accumulation

of phenol can be clearly seen. lt is therefore possible that the accumulation of

phenol as a dehalogenation product slowed the remov al o,Í 2-cp considerably.

This is supported by results of Hrudey et al. (1986a) who had indicated that

adequate phenol conversion was necessary to maintain a maximum rate for the

dechlorination of 2-CP. Themel (1994) had also observed significant reduction in

2-CP dechlorination due to phenol accumulation while the addition of phenol

slowed the rate of 4-CP dechlorination in active cultures (Wiegel et al., lgg9).

20 mM molybdate on the other hand completely inhibited sulphate reduction

and 2-CP degradation. This inhibitory effect on 2-CP removal was also observed

for the set of cultures which received no additional sulphate and the results are

summarized in Figure 5-12. The simultaneous inhibition of sulphate reduction and
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Fig. 5-12. Effect of 20 mM molybdate on degradation of 0.385 mM
2-cP and sulphate reduction in batch cultures containing anaerobic
digester sludge 50% (vol/vot). soo2- reduction in (x) ãbsence of
molybdate (Y) presence of molybdate. z-cp removal in cultures
ammended with 5 mM soot' in (A) absence of molybdate (B)
presence of molybdate. (c) z-cp removal in cultures without added
sulphate but ín presence of molybdate. cultures unamended with
sulphate contained typically a background sulphate concentration of
about 0.6 mM. Data points are means of three replicate cultures.
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2-CP removal by molybdate tends to indicate that the organism/organisms

responsible for 2'CP degradation may be closely related to sulphate reducing

bacteria. However such a conclusion would then contradict previous observations

where it was shown that irrespective of sulphate reduction and presence of

sulphate, 2-CP dehalogenation proceeded at the same rate (refer Figs. 5-7 and S-

9) with very negligible difference in methanogenesis (refer Figs. S-g and S-10).

Sulfidogenic cultures enriched from both saline and freshwater sediments and

capable of 2-CP dehalogenation were inhibited by 20 mM molybdate (Häggblom

and Young, 1990). Those authors were able to show that dechlorination reactions

were indeed mediated by sulphate reducers since stoichiometric loss of sulphate

with respect to 2-CP occurred.

Most of the information on the inhibitory action of molybdate has been

linked to sulfidogenesis and the knowledge on the specificity of such compounds

(molybdate) for other organisms is limited. Molybdate has been however shown

to be bacteriostatic to methane - producing bacteria (puhakka et al., 19g0). The

researchers reported that molybdate (20 mM) inhibited methanogenesis of both

synthetic wastewaters and neutral spent sulphite liquor. Acetate accumulated in

glucose plus molybdate media and molybdate was found to have a direct inhibitory

effect on enriched acetoclastic methane-producing bacteria.

Although the exact reason for molybdate inhibition of z-Cp degradation

could not be determined so far in this study, there is a strong indication that
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molybdate is also capable of inhibiting organisms such as those responsibleÍor 2-

CP dehalogenation. These conclusions are based on our observed results and

previous experiments in batch studies on chlorophenol dehalogenation by mixed

microbial cultures since it is not possible to specify accurately the class of

organisms (methanogens, sulfìdogens, other obligate orfacultative anaerobes etc.)

responsible for 2-CP degradation.

Figure 5-13 and Figure 5-14 illustrates the effects of BESA and molybdate

on 2-CP removal and methanogenesis respectively in cultures amended with or

without 5 mM sulphate. The summary of the data on 2-CP removal is also shown

below in Table 5-2.

Table 5-2 comparison of 2-cP dehalogenation in unadapted anaerobicdigester
sludge 50% (vol/vol) under various enrichment conditions.

tme 10r

total removal after 14 days
of 0.39 mM 2-CP.

detected

Un-amended with SOo

Amended with SOo

BESA

Molybdate (+ SO¿)

Molybdate (- SOo)

18 days

18 days

38 days

NR

NR

29.9

28.2

64.8

94.9

95.5

phenol and
benzoate

phenol and
benzoate

phenol and
benzoate

ND

ND

NR : 2-cP removal was negligible; ND : No intermediates were detected
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Fig. 5-13. comparison of 2-cp removar in anaerobic digester sludge
in presence or absence of either 10 mM BESA or 20 mM molybdate
cultures un-amended with sulphate (M), amended with s mM
sulphate (s). Background soo'- was measured around 0.6 mM. All
cultures were established in triplicates under 20o/o COr+ g0% N2
atmosphere.
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Fig. 5-14. Etfect 10 mM BESA or 20 mM Molybdate on
methanogenesis in batch cultures (5oo/o vol/vol) in 0.'l % yeast extract
medium containing 0.385 mM 2-Cp. (M) O mM BESA and
unammended with sulphate (s) 0 mM Molybdate and ammended
with 5 mM sulphate (B) 10 mM BESA and unammended with
sulphate (s-Moly) 20 mM Motybdate and s mM sutphate (M-Moty)
20 mM Molybdate but un-ammended with sulphate. Backgrouná
sulphate in unammended cultures was around 0.6 mM.
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As evident from Fig. 5-14, methane production was identical with or without

5 mM sulphate and was not atfected much by sulphate reduction. No

methanogenesis was observed in the study on chlorophenol degradation under

sulphate -reducing condition (Häggblom and Young, 1990). Addition of 10 mM of

BESA affected methanogenesis considerably in this study but did not inhibit

methane production totally. Presence of molybdate also had a very slight effect

on methanogenesis in this study which therefore contradicts the only reported case

of complete inhibition of methanogenesis by molybdate (puhakka et al., 19g0).

The effect of BESA and molybdate on 2-CP degradation were further

examined with second-generation enrichments maintained on 0.1% yeast extract

medium without addition of sulphate and 0.39 mM 2-CP. Six such cultures were

operated semi-continuously in the usual manner. After two such feedings of yeast

extract medium and 2-CP, duplicate bottles were injected with (i) standard O.1o/o

yeast extract medium, either (ii) yeast extract medium containing 10 mM BESA,

or (iii) yeast extract medium containing 20 mM molybdate. All botfles were

subsequently spiked with 2-CP to an initial target concentration of 0.3g mM.

The response of the three sets of culture are shown in Figure S-1S. As

evident from the figure, the culture set receiving no inhibitors (i.e either BESA or

molybdate) removed the initiat 0.39 mM (49.7 mg/L) 2-cp in 11 days. 10 mM

BESA slowed the removalrate of 2-CP and an average 2-Cp concentration of 0.37

mM (47.8 mg/L) was reduced to 0.03 mM (3.7 mg/L) in about 26 days time. 2-cp
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Fig. 5-15. Etfect of BESA or Molybdate on degradation of 2-CP in
cultures that were pre-exposed to 0.39 mM 2-CP. Before addition of
respective inhibitors (BESA or Molybdate), six sets of cultures were
maintained on 0.39 mM 2-CP and 0.1% yeast extract medium under
2oo/o CO.2 + 8Oo/o N, atmosphere. On day 39, duplicate bottles were
refed wifh medium-containing 10 mM BESA or 2Q mM Molybdate
respectively followed by 0.39 mM 2-CP. The remaining bottles
received medium without any inhibitors. The data points after 35
days represents average of two replicate cultures. No additional
sulphate was added to the cultures and background sulphate
measured on day 0 averaged around 0.65 mM.
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removal in cultures which received 20 mM molybdate on the other hand was

completely inhibited and a total 2-CP loss of approximate 6% were observed over

a 4O day incubation period.

Phenol was identified as a dehalogenation product in all cultures except

those containing molybdate. All these cultures before they were exposed to the

respective inhibitors had removed about49.s mg/L (0.39 mM) 2-cp in 13 days.

At the start of the experiment (while the cultures were set-up without the addition

of sulphate and maintained on 2-cp and 0.1% yeast extract medium), the

background sulphate concentration from inoculum and mineral medium was found

to be around 0.6 mM (60 mg/L) SOo'-. Based on our previous observation of

sulphate removal in background samples (no sulphate added), this concentration

was usually reduced to about 0.3 to 0.4 mM in around 20 days. lt may be possible

based on this observation that the dehalogenating organism/organisms was/were

sulphate reducers which utilized 2-CP instead of sulphate as the terminal etectron

acceptor and used sulphate in the absence of 2_Cp.

The results of this also indicated that the 2-CP degradation was affected by

both the inhibitors (BESA and molybdate). However molybdate at 20 mM

significantly inhibited 2-CP degradation by a mixed anaerobic culture in this study

compared to BESA amended cultures which had a strong impact on phenol

degradation and to some extent on methanogenesis. To what extent molybdate
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affected the overall activities of various metabolic groups present in the system

(besides methanogens and sulfidogens) consequently affecting 2-Cp degradation

could not be determined nor was the reason for phenol accumulation.

In conclusion, the results of this experiment indicate that molybdate had a

much stronger inhibitory eflect on 2-CP dehalogenation compared to BESA.

Molybdate at20 mM completely inhibited dechlorinatlon of 2-Cp in the presence

or absence of sulphate, as well as sulphate reduction. BESA partially inhibited

methanogenesis and slowed 2-CP dechlorination with accumulation of phenol. A

similar response of molybdate and BESA was observed for cultures previously

exposed to 2-CP in absence of sulphate.

Effect of various concentrations of BESA on 2-Gp dehalogenation.

There is limited information in the literature on the effect of inhibitors like BESA

and molybdate at different concentrations. Only Genthner et al. (19g9a) had

previously shown the effect of two different BESA concentration on degradation of

chlorophenols and chlorobenzoates in aquatic sediments. The authors (Genthner

et al., 1989a) observed that in contrast to 1 mM BESA, the presence of 10 mM

BESA prevented the degradation of 3-chlorophenol and 4-chlorophenol and

delayed the degradation of 2-chlorobenzoate and 3-chlorobenzoate. The inhibitory

effect was believed to be due to inhibition of methanogenesis or reductive

dechlorination. To investigate the effect of different concentrations of BESA on 2-

CP dehalogenation, cultures were set up in triplicates with either 0 mM. 1 mM. S
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mM or 10 mM of BESA. The background sulphate from inoculum and O.1o/oyeast

extract medium was around 0.6 mM. The cultures were analyzed for 2-Çp,

Phenol, VFA (mainly acetate and propionate) and methane in the head-space.

The removal of 2-cp in presence of 0 mM, 1 mM, s mM and 10 mM BESA

is shown in Figure 5-16. Presence of even 1 mM BESA slowed the removal of

0.39 mM 2-CP from 17 days to 23 days which is in contrast to what was reported

earlier for aquatic sediments enrichments (Genthner et al., lggga). 5 mM BESA

further delayed 2-cP removal and 0.39 mM 2-cp was removed in 32 days. 2-cp

removal in presence of 10 mM BESA followed the trend observed in previous

experiments of this study with a distinct tailing pattern indicatíng inhibition towards

the end and 0.38 mM 2-cP was only reduced to 0.03 mM in about 39 days.

Phenol produced from 2-CP dehalogenation was subsequenfly removed in

all cultures except those with 5 mM and 1O mM BESA and is shown in Figure S-

17. This accumulation of phenol in BESA amended cultures were also seen in

previous batch experiments of this study (refer section 5.1.3). As seen from the

figure, the tendency of phenol accumulation increased with the increase in BESA

concentration in the cultures and the corresponding decrease in 2-Cp removal as

also observed before in this study. In summary, presence of even 1 mM BESA

slowed the dechlorination of 2-CP suggesting some inhibition of the culture

dehalogenating 2-CP.
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Fig. 5-16. Removal of 0.385 mM 2-CP in presence of 0 mM, 1 mM,
5 mM and 10 mM bromoethanesulphonic acid (BESA) under 2OVo
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anaerobic digester sludge and 0.1% yeast extract medium.
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Effect of BESA on methanogenesis and VFA. The effect of BESA on

methanogenesis is shown in Figure 5-18. Methane in the head-space of all

cultures were monitored over the entire incubation period. As expected, the

percentage of methane in the head-space decreased with the increase in

concentrations of BESA in the cultures although complete inhibition of

methanogenesis did not occur. Some authors had observed however complete

inhibition of methanogenesis in presence of BESA at concentrations of even 0.S

mM (Freedman and Gosset, 1989) and 5 mM (Perkins et al., 19g4) respectively.

On the other hand, Zinder et al. (1984) had demonstrated that the complete

inhibÍtion of methanogenesis by BESA occurred at 50 mM. The same authors had

also observed partial inhibition by even 1 mM BESA..

Volatile fatty acids were monitored and the total volatile fatty acids (TVFA)

production with time in these cultures are shown in Figure S-1g. Acetate as the

major fermentative product accumulated primarily in the cultures with BESA

although a maximum propionate concentration was observed around day 1,1. The

results are shown in Figure 5-20 and 5-21 respectively. The accumulation of

volatile fatty acids especially acetate is expected since BESA inhibits the reduction

of methyl-coenzyme M (which mediates the last step in methane formation) to

methane (Perkins et al., 1994). Acetate accumulation in cultures without BESA

was negligible. Studies by Sparling (1995) on the specificity of BESA on the

growth of several organisms indicated that except for the methanogens other

species of bacteria were not affected by the presence of up to 20 mM BESA.
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Fig. 5-20. Acetate formation in batch cultures (soo/o vol/vol of
an¿erobic digester sludge in 0.1% yeast extract medium) degrading
0.385 mM 2-cP in presence of OmM, 1 mM, s mM and 10 mM
BESA.
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The accumulation of acetate with increasing BESA concentration also

explains the tendency of these cultures to accumulate phenol. The fermentation

of phenol to acetate becomes thermodynamically unfavourable (aG" - +5.6

kJ/reaction) in acetate accumulated cultures (Knoll and \Mnter, 1gg7) which

consequently affected 2-CP removal. There was very little indication of propionate

accumulation although a peak concentration was noticed around day 11 (for

cultures with 10 mM BESA) but was subsequently transformed to acetate since a

sharp rise in acetate concentration was observed after day 11. ln summary, the

accumulation of acetate, TVFA and decrease in the percentage of methane in the

head-space was observed with the increase in concentration of BESA .

Effect of various concentrations of molybdate on 2-Cp dehalogenation.

Cultures amended with initial sulphate concentrations around S.2 mM (500 mg/L)

soo-'were also set-up in tripricates with either 0 mM, 1 mM and 10 mM

molybdate. The removal of 2-CP in these cultures in presence of 0 mM, 1 mM

and 10 mM molybdate isshown in Figure 5-22. In presenceof 1 mM molybdate,

2'CP degradation in the cultures slowed down considerably and O.3g mM (50.2

mg/L) 2-CP was removed in 27 days compared to 17 days when no molybdate

was present. Presence of 10 mM molybdate on the other hand completely

inhibited 2-CP removal. A comparison of sulphate reduction in these cultures

(Figure 5-23) indicated that very little sulphate removal took place in 1 mM

molybdate cultures beyond 15 days, after some 2go/o removal has been
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accomplished. The removal of 2-CP during the period when practically no

sulphate reduction occurred (beyond day 1s, cultures amended with 1 mM

molybdate showed only 3% reduction in sulphate) indicated that 2-Cp degradation

in this system was not coupled to sulphate reduction. Unlike 1 mM molybdate, the

cultures amended with 10 mM molybdate completely inhibited sulphate reduction.

Effect of molybdate on VFA and methanogenesis. The effect of

different molybdate concentration on TVFA is shown in Figure S-24. The graph

also shows the corresponding percentage of TVFA as propionate. lt is interesting

to note that ín presence of 10 mM molybdate, most of the VFA's were in the form

of propionate indicating that molybdate at 10 mM concentration perhaps inhibits

syntrophic bacteria responsible for propionate metabolism. Hilton and Archer

(19e8) had also reported a rapid increase in propionate concentration when

molybdate was added to an anaerobic bioreactor treating molasses wastewater.

A comparison of methane formation in presence of different molybdate

concentration is outlined in Figure 5-25. In presence of 10 mM molybdate the

concentration of methane in the head-space is slightly lower than 0 mM molybdate

cultures and is like due to incomplete conversion of propionate to acetate which

is finally converted to methane.

The results of this experiment with ditferent concentrations of molybdate

indicated that although sulfidogens may not be involved direcly in the

dehalogenation of 2-CP, electron sink through processes such as sulfidogenesis
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is never{he-less important in etfecting z-CP removal in anaerobic mixed bacterial

cultures. The accumulation of propionate in cultures amended with 10 mM

molybdate with simultaneous inhibition of 2-CP removal suggests the role of

syntrophic bacteria in influencing dehalogenation of 2-Cp. The classic example

of degradation of xenobiotic compounds by syntrophic association is the

dehalogenation of 3-cB (Deweerd et al., 1gg0; Mohn and Kennedy, 1gg2a). An

overall summary of this subsection dealing with the dechlorination of 2-Cp in

presence or absence of sulphate along with the effect on dechlorination,

methanogenesis and VFA production by the respective inhibitors (BESA and

molybdate) at various concentration is given below.

Observation summary. 2-CP dehalogenation was observed in cultures

simultaneously with sulphate reduction and methanogenesis. presence of BESA

a known inhibitor of methane producers partially inhibited methanogenesis and

slowed 2'CP dehalogenation rate with phenol and acetate accumulation. This

accumulation increased with the increase in concentration of BESA in the cultures.

Molybdate on the other hand completely inhibited both sulphate reduction and 2-

CP dehalogenation at concentrations > 10 mM. Complete dehalogenation of 2-Cp

continued even when sulphate reduction was inhibited after sometime by I mM

molybdate indicating that sulphate reducing bactería were not direcfly involved in

the dehalogenation of 2-CP in this study. Inhibition oÍ 2-Cp dehalogenation along

with accumulation of propionate at high levels of molybdate in the cultures strongly

suggests the role of syntrophic association in the dehalogenation reaction.
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5.1.3 Effect of prior acclimation to Z-Cp

This study with un-acclimated inocula from three ditferent sources clearly

showed that the anaerobic digester sludge tested exhibited a better potential than

either the lagoon sludge or the biomass from the anaerobic bioreactor treating

BKM waste (refer section 5.1 .1). Experiments with digester sludge adapted to 2-

CP over a one year period resulted in immediate and more rapid biotransformation

rates of 2'CP' The long adaptation times as observed for unadapted samples

(1oo/o vol/vol) are assumed to result from the time required for the tow number of

dehalogenating organisms to increase in population before they can exhibit a

detectable rate of dehalogenation. Literature suggests the wide variability in

dechlorinating performance for different inocula.

Experiments were conducted subsequently to investigate degradatio n of 2-

CP with various dilutions of adapted sludge in the mineral medium containing 0.1o/o

yeast extract to correlate biomass concentration with dehalogenation rates. Fígure

5-26 shows 2-CP removal profiles in 1oo/o, 25o/o and S0% (vol/vol) cultures

respectively which correspond to an approximate 2-Cp removal rates of 29 ¡rM/d,

35 pM/d and 55 pM/d respectively. These rates were calculated based on the time

required for complete removal of 0.38 mM 2-CP and were consistent over

subsequent feeding of yeast extract medium and 2-Cp. tncreasing biomass

concentration by 2.5 (i.e 1Oo/o to 25o/o vollvol) and 5 folds (1)o/o to 50% vol/vol),

increased dehalogenation rate of 2-CP only 1 .2 and2 folds respectively indicating

a non linear relationship between biomass concentration and dehalogenation rates.
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Fig. 5-26. Degradation profile of 0.3gs mM 2-cp in minerat medium
containing 0.1% yeast extract inoculated with various concentrations
of adapted digested sewage sludge under 20% COz + gO% Nz
atmosphere. Data points are the mean of two replicate cultures.
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Phenol initially accumulated and degraded at a slower rate. Traces of

benzoate were also observed sporadically. Detection of benzoate in cultures as

an intermediate of phenol degradation indicated that the phenol degraded through

the benzoate pathway. The difference in degradation rates for 2-Cp and phenol

in our cultures has two implications. lt is possible that two very different organisms

in the cultures are responsibte for the removal of 2-Cp and phenol respectively or

that both the reactions (removal of 2-CP and phenol) were catalyzed by one

organism. Experíments with anaerobic cultures (derived from digested sewage

sludge) grown on phenoldemonstrated that they could not dehalogenate 0.3g mM

2-CP (Fig. 5-27) and support the conclusion that organisms responsible for phenol

degradation are different from 2-CP dehalogenators. This hypothesis is supported

by the results of wiegel et al. (1990) who found that phenol enrichments did not

dehalogenate 4-CP. Pure cultures of bacteria dehalogenating 2-Cp have been

shown to accumulate phenot without further degradation (cole et al., 1gg4).

Based on this experiment and titerature it appears that two different organisms

were responsible for 2-Cp and phenol degradation.

Observation summary. Anaerobic digested sewage sludge adapted to 2-

CP converted it to phenol without any visible lag period which was observed for

un-adapted sludge. Degradation of 2-CP with various dilutions of adapted sludge

indicated that dehalogenation activity did not increase linearly with biomass

concentrations' Digested sewage sludge adapted to phenol under various

conditions did not dehalogenate 2-CP indicating that organísms responsible ,for 2-

cP and phenol degradation in this míxed culture were different.
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5.1.4 Effect of various electron donors on anaerobic dehalogenation of Z-Cp

in acclimated digested sludge

l-lydrogen. Very few studies have examined the use of hydrogen as an

electron donor in dehalogenation of chlorinated phenols. The ability of both

unadapted and adapted sewage sludge to degrade about 0.39 mM 2-cp was

investigated in a mineral medium containing 0.1o/o yeast extract under goo/o H, +

20o/o CO2 atmosphere. The lag period for unadapted sludge before any visible

dehalogenation activity (detection of phenol) was noticed lasted g7 days. After

several re-feeding of yeast extract medium and 2-CP, a significant increase in

dehalogenation activity was noticed (Figure 5-28) and the cultures after 400 days

of incubation could maintain a degradation capacity of 16 ¡rM/d which was still less

than 24 ¡rM/d observed under CO2/N2 atmosphere.

Using sludge adapted to 2-CP under CO2/N2 atmosphere on the other hand,

dehalogenation of z-CP started without a lag in presence of hydrogen. Similar to

what was observed for cultures with adapted sludge under CO2/N2, some phenol

accumulation was noticed which was degraded subsequenfly. Figure 5-2g shows

the response of this adapted sludge to 2-cp in presence of g0% Hr. Figure 5-30

compares the typical profiles of 2-CP removals in adapted sludge under CO2/N2

and COr/H, atmosphere. These profiles are based on consistent 2-Cp removal

after successíve feeding of yeast extract medium and 2-cp. The results indicate

that cultures maintained under similar sources of carbon and energy show different
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capacity of dehalogenation under two different head-space conditions. Cultures

incubated under 20o/o CO2+ B0o/o N, appeared to exhibit a higher dehalogenation

capacity compared to 2oo/o CO.- + BOo/o Hz.

zhang and wiegel (1990) and wiegel et at. (1990) have shown that

dechlorination of 4-CP, the transformation of phenol to benzoate, and the

degradation of benzoate were totally inhibited by the presence of even 10%

hydrogen in the head-space. complete mineralization of 4-cp on the other hand

was observed under CO2/N2 atmosphere. Hydrogen at elevated concentrations is

also reported to be inhibitory for the dechlorination of 3-chlorobenzoate by strain

DCB-1. Accumulation of benzoate occurred in cultures degrading phenol under

80o/o H, + 20o/o CO, whereas benzoate was a transient metabolite of phenol

degradation under 80% N2 + 2Oo/o CO, (Kobayashi et al., 1gg9; Knoll and \Mnter,

1987). ln contrast to the above results, hydrogen neither inhibited nor stimulated

dehalogenation of 2,4,6-Tcp (perkins et al., 1gg4). Madsen and Aamand (19g1)

were able to show a general stimulation of pentachlorophenol (pCp)

dehalogenation activity in presence of hydrogen. PCp dehalogenated direc¡y to

3,5-DCP under 30o/o CO2 + 7Oo/o H, while under BOo/o CO2 + 70% Nr, buíld_up of

intermediate 3,4,5-TCp was noticed.

Hydrogen can affect the syntrophic consortia and hydrogen-producing

fermentative bacteria. In this experiment, with mixed cultures dehalogenating 2-

CP, there is a strong possibility that the presence of 80 % hydrogen in the head-
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space influenced the overall metabolic balance in our cultures thereby affecting the

organisms present in the consortium. lt was already presented in this study the

potential involvement of syntrophic population in influencing 2-Cp dehalogenation.

As seen before, propionate accumulated in presence of molybdate with

simultaneous inhibition of 2-CP. Although VFA was not monitored when this

experiment was conducted, there seems to be a common link between these two

results directly implicating the role of syntrophic population in the mixed culture.

Organic electron donors. Since reductive dehalogenation in the system

was not stimulated by hydrogen as an electron donor, various organic electron

sources were tested. Duplicate cultures (100/o vol/vol inocula) were set up

separately in basic mineral medium with 10 mM acetate, propionate, ethanol or

0.1o/o yeast extract using adapted sewage sludge under 2oo/o co, + g0o/o Nz.

These organic electron donors were chosen because to study the effect on

dehalogenation of 2-CP by stimulating the various metabolic groups present in the

consortía. Acetate, propionate and ethanol were selected since they were non-

fermentative substrates which often acts as electron donors for various forms of

anaerobic respiration including sulphate reduction, and therefore pose as potential

electron donors for organisms which use 2-CP as the terminal electron acceptor.

Yeast extract was chosen since previous studies have shown its effectiveness in

enhancing dehalogenation of other chlorophenols (Hendriksen and Ahring, 19g3;

Madsen and Aamand, 1g92).
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Another set of duplicate cultures was set up which received only the basic

mineral medium (devoid of any of the organic supplements mentioned above) and

0.38 mM 2-CP. After complete removal of 2-CP, all the culture tubes were

centrifuged, the old medium was withdrawn and the bacterial pellet washed with

phosphate buffer (pH 7) and re-suspended again in mineral medium containing the

respective electron source and a fresh spike o'f 2-CP. After three such successive

re-amendments, the overall dehalogenation rates stabilized for all cultures

receiving carbon supplements. A typical profile for cultures amended with and

without organic electron sources is shown in Figure S-31.

As seen from Figure 5-31, yeast extract or its fermentative products

apparently provided the electron source for dehalogenation as well as other growth

factors and cultures supplemented with 0.1% yeast extract usually took 1 2 to 13

days for complete removal of 0.38 mM 2-CP. No significant difference in

degradation of 2-CP were noticed among cultures amended with acetate,

propionate or ethanol. In all cases 0.38 mM 2-cP could be degraded in about 15

days. Along with yeast extract, these organic supplements were also effective as

electron donors in the dehalogenation of 2-CP. Previous researchers have noticed

a similar trend in behaviour with other chlorophenols. Presence of either 0.9 g/L

of glucose or 0.1 g/L of yeast extract improved the performance of an UASB

reactor treating pentachlorophenol (Hendriksen et al., 1gg2; Hendriksen and

Ahring, 1993). The addition of p-cresol or propionate enhanced the rate of 4-Cp

degradation in methanogenic batch cultures (Häggblom et a:.,1993a). The híghest
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Fig. 5-31. Effect of various organic electron donors on the
degradation of 0.385 mM 2-CP by adapted sewage studge (10%
vol/vol) in basic mineral medium containing 10 mM of acetate,
propionate, ethanol or 0.1 % yeast extract under 2Oo/o CO2 + 80% Nz
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replicate cultures.

140



dechlorination rates were observed for TCP's in cultures that received complex

carbon sources such as yeast extract, peptone or cas-amino acids (Madsen and

Aamand, 1992).

In this study, the slower rate of 2-CP removal in the cultures which received

2'CP only, suggest that there is a requirement for additional compounds by the

consortium. Also, 10 mM electron donor is better than the traces of electron donor

produced from 2-CP dehalogenation to act as further source of electron donor for

continued 2-CP degradation. Similar observations have been made in other

studies with either original or primary enrichments (Genthn er et al.,19g9a; Bryant

et al., 1991). This indicates that the presence of organic electron donors

stimulated dehalogenation of 2-CP. ln this study yeast extract 0.1% (w/v)

appeared to be marginally superior compared to 10 mM of acetate, propionate or

ethanol in sustaining an active 2-CP degrading population. yeast extract being a

complex organic substrate also provides essential growth factors besides serving

as an electron donor. Alternatively other microorganisms in the consortium could

have produced necessary co-factors or vitamins which are of vital importance to

the microorganisms responsible for 2-cp dehalogenation.

Studies have shown that many highly enriched cultures using defined

electron sources can only be grown ín the presence of highly complex carbon

source (Dietrich and \Mnter, 1990; Madsen and Aamand, 1g91). Results from this

study reveal that there is a general stimulation of a microbial consortium capable
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of degrading the aromatic structure in presence of these organic compounds

although the reasons for this stimulation are unclear. An important significance of

this work is in the development of appropriate bioremediation technologies for

enhanced removal of toxic compounds like chlorophenols in either polluted waters

and soils by addition of such readily metabolized carbon sources. The

methodology adopted in this study allowed for direct measurement of

biodegradation potential of the acclimated system.

Observation summary. The nature of head-space composition in batch

cultures showed that dechlorination activity was higher under CO2/N2 atmosphere

compared to COr/Hr. Presence of hydrogen slowed 2-CP removalin both adapted

and un-adapted cultures. The presence of O.1o/o yeast extract (w/v) was more

effective as an electron source compared to other organic electron donors such

as acetate, propionate and ethanol. 2-CP dehalogenation rate decreased

considerably in the absence of any organic electron donors.

5.1.5 Degradation of 2,4,6-Tcp ;2,4-DCp and 4-Gp !n curtures adapted to 2-Gp"

To examine the potential of cultures adapted to 2-Cp to degrade other

chlorophenols, active 2-CP dehalogenating cultures were exposed to about 30

mg/L of 2,4,6-Tcp,2,4-DCp and  -cp respectively. The cultures were set_up in

dupficates (1oo/o vol/vol in 0.1% yeast extract medium) under CO2/N2 head-space.

The second objective was to see whether the susceptibility to attack was a
function of the C/ position on the phenolic ring. Figure 5-32 and Figure 5-33
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Fig. 5-33. Dehalogenation of 1g0 ¡rM (30 mg/L) 2,4-Dcp by batch
cultures of anaerobic digester sludge pre-exposed to 2-cp ín 0.1%
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points are the mean of two replicate tultures. L
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shows a typical dehalogenation profile of about 1so ¡rM (30 mg/L) of 2,4,6_TCp

and 180 ¡rM (30 mg/L) of 2,4-DCp respectively.

About 133 ¡rM of 4-CP persisted in the cultures dosed with 2,4,6-TCp while

134 ¡tM of 4-CP accumulated in the 2,4-DCP dosed system indicating some of the

4-cP was further degraded although phenol as its dehalogenation product was

never detected. curtures exposed to about 230 pM (30 mg/L) of 4-cp did not

dehalogenate as phenolwas never detected and there was a litile change in initíal

4-CP concentration over an incubation period lasting for about a month. Some of

the preliminary work done with these compounds in un-adapted digested sewage

sludge (50o/o vol/vol) had also indicated that 4-CP was significan¡y recalcitrant to

biodegradation by anaerobic organisms present in sewage sludge from NEWpCC,

winnipeg (data is shown in Table A-17 o'f APPENDIX A for reference purpose).

Dietrich and winter (1990) had earlier reported that their enrichment culture

(exposed to 2-CP) could only dechlorinate at o¡fho- position as a result 2,4-Dcp
feed cultures accumulated 4-cP while 2,6-DcP was completely removed viaz-Cp.
Accumulation of 4-cP as a dehalogenation product of TCp,s and DCp,s has been

also indicated by Boyd and sherton (1gg4), Hrudey et ar. (1gs7b) Armenante et

al. (1992), Madsen and Aamand (1992) and perkins et ar. (1994).

Results from this study and previous reports indicated above strongly

suggest the capability of both adapted and un-adapted organisms to degrade

higher chlorophenols like 2,4-DcP or 2,4,6-TCp although the dechtorination

145



process appear to be limited to only otfho chlorine position. Boyd and Shelton

(1984) on the contrary showed that biomass acclimated to 2-cp could transform

4-CP at the same rate arthough it faired to degrade 3-cp suggesting such a

generalization of ortho- dechlorination pattern is difficult to establish. The authors
noted that the sludge acclimated to 3-cP degraded 4-cp but not 2-cpwhile 4-cp
adapted sludge degraded both 2 and 3-cP indicating an existence of an non-
specific enzyme system. The authors concluded that the specific acclimation

pattern perhaps selected two unique microbial population. However, the
enrichment of a different class of dehalogenating organisms in their culture when

compared to this work is strongly possible which might explain the variability of the
results.

The variability in response to different chlorophenols as a function of síze

and source of inocula is also suggested. Hrudey et al. (1ggza) had summarized

reports by other researchers which indicated that monochlorophenols like 3- and
4-cP were only mineralized by undiluted sewage sludge and not by diluted sludge
(1oo/o vol/vol) compared to 2-cP. However such findings may not be generalized

as seen from this study since 4-cP could not be dehalogenated in either un-
adapted (50o/o vor/vor) or 2-cp adapted (1oo/o vor/vor) sewage srudge from

NEWPCC within the observed period of 30 days.

Mikesell and Boyd (1986) investigated the feasibility of pentachtorophenol

degradation with 2-cP,3-cP and 4-cP acclimated sludges individually or together.
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Results indicate that the 2-cP system removed chlorine primarily at the ortho
position and at a faster rate than the remaining two systems and eventually

accumufated 3,4,5-TCp and 3,s-Dcp in the ratio of 2:1. core et ar., (1gg4)

recently isolated an organism (2CP-1) closely related to the myxobacteria that

dehalogenates 2-CP to phenol. Parallel cultures were exposed to 100 ¡rM of 2-Cp,
3-cP and 4-cp, 2,3,4-monobromo and monofrurophenors; 2,s-DCp, 2_

chlorophenoxyacetic acid and 2,4-dichtorophenoxyacetic acid. Except 2-Cp which

was removed completely in 5 days, none of the other compounds were degraded

in 34 days.

Dehalogenation of severat other chlorophenols (3-cp; 4_cp; 2,3_DCp;2_4

DCP; 2,6-DcP and pcp) by 2cp-1was atso tested by core et at. (1994). onty
2,6-DcP was dechlorinated to 2,CP and phenol whífe 2,s-Dcp was dechlorinated

by resting cells but did not support growth. cole et al. (1gg4) thereby concluded

that chlorophenol dechlorination was not a fortuitous or cometabolic reaction but

instead is a reaction that has evolved for the use of ortho-chlorophenols or close

natural analogs. Results from this study indicated a much higher substrate

specificity which may be due to the use of mixed cultures rather than pure cultures

afthough dechlorination only occurred at the ortho-position. Figure s-34 compares

the removar profire of 2,4,6-TCp and 2,4-Dcp. 4-cp was not degraded. rn actuar

practice, two-stage continuous flow bioreactors could be designed to operate on

a sequential anaerobic - aerobic mode such that anaerobic effluents containing 4-

CP could be further subjected to aerobic degradation. Subsequen¡y, batch
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experiments were conducted to demonstrate the feasibility of post aerobic

degradation of 4-CP by mixed aerobic cultures adapted to 2-Cp. The data and

graphs are shown as Fig. A-1, Fig. A-2 and rable A-16 in Appendix A.

observation Summary. Biomass adapted to 2-CP showed dechlorination

of higher chlorophenors at ortho- position onry. 2,4,6-Tcp was sequentia¡y

dehalogenated via 2,4-DcP to 4-cP which persisted in the culture. 2,4-DCp fed

cultures also accumulated 4-CP whereas  -CPfed cultures did not under go any

further dehalogenation either in 2-CP adapted or fresh anaerobic digested sludge.

4-CP as an anaerobic by-product could be removed by post-aerobic treatment

suggesting sequential anaerobic-aerobic phases for complete removals of 2,4,6-

ïCP and 2,4-DCp.

5.2 AEROBIC DEGRADATION OF 2.CP

A major concern in the engineering and design of a biological facility for the

destruction of toxic compounds such as chlorophenols is the impact of secondary

substrates on the overall performance of the process. Contaminated soils and

groundwater subjected to either in-situ or pump-and-treat methods of treatment

contain various sources of carbon compounds in addition to target organics. The

presence of such easily degradable carbon sources may either enhance, decrease

or have no effect on biodegradation of target contaminants like chlorophenols.
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Although microbial degradation of chlorophenols under aerobíc conditions

is well documented, information on the use of a mixed microbial culture like

activated sludge degrading chlorinated phenols with ditferent types and

concentrations of supplementary substrates in a continuous system is lacking. A

majority of the work done so far especially with chlorophenols have either used a

batch system or pure cultures in their experiments and these have been studied

in detail along with the identification of key enzymes and metabolic pathways

(steiert and crawford, 1gg5; Reineke and Knackmuss, lggg; Häggblom, 1gg0).

ln this section, activated sludge SBR system is presented as a model

system for the degradation of 2-CP in presence or absence of either dextrose or

phenol as two very different supplemental substrates. An important aspect of this

study was to investigate how the nature of such supplemental substrates may

affect the specific biodegradation rates of 2-CP and to what extent does dextrose

and phenol enhance or suppress 2-CP biodegradation. Dextrose was chosen

because it has been successfully used in the past for enhancing the removal of

other toxic compounds (schmidt et al., 1gg7; Hess et al., 1 9g0; Hess et al., 1 gg3).

Phenolwas selected based on its similarity to 2-CP carbon skeleton. Sequencing

batch reactors (SBR's) were selected due to theír ease of operation. Although

their non-steady state regime leads to initially high concentration of the target

pollutant (the nature of batch process), they have been demonstrated as applicable

to degradation of toxicwastes (Hezbrun, 1gg5; weber, 1gg6; schmidt et al., 1gg7;

Hess et al., 1990; Hess et al., 1gg3).
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5-2.x Effect of presence, nature and concentration of supplementary

substrates on aerobic degradation of 2-cp in sBR's.

The experiments were conducted using variabte concentration of either

dextrose or phenol as supplemental substrates in order to maxim ize 2-cp
degradation rates in a sequencing batch reactor (sBR). while operation of
conventional activated sludge processes by control of SRT is an accepted practice,

the use of MLVSS as a control parameter (MLVSS was kept at the same

concentration) in this study experiments maintained the SBR,s receiving

supplements under a similar condition. Use of mixed liquor solids as a control
parameter in the treatment of low concentratíon of toxic compounds like 2-Cp has

been suggested in the past (lrvin e, 1977).

The degradation profile of 2-CP in SBR-1 when 2-cp served as the only

carbon source is shown in Figure 5-35. The profile is based on six track studies
(2-cP monitored with time) over the acclimated steady state period when

consistent 2-CP removat was noticed. tn comparison the 2-Cp removal in SBR-2

and sBR-3 receiving dextrose and phenol respectively at concentrations of 20 to
200 mg as soluble organic carbon (soc) per litre are shown in Figures s_36 (A-E).

The results shown are based on at least four sets of experiments conducted during

steady-state operation in each reactorforindividualconcentrations of supplemental

substrates' A typical single test run of Soc profile at dextrose concentration of
40 mg soc/L is shown in Figure 5-37 while Figure s-38 shows corresponding

removal of phenol in SBR_3.
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Throughout the experimentat period, simultaneous utilization of
supprementar substrates (dextrose in sBR-2 and phenor in sBR-3) and 2_cp
occurred' After complete removal of 2-CP, samples collected from all reactors

were analyzed for soc to see whether any by-products of 2-cp degradation
accumulated in the system (data not shown). Effluent soc values at this time

were recorded to be in the range of 10 - 13 mg soc/L which corresponded to the
background concentrations for tap water. soc levels were however measured at
regular time intervals during the 2-CP degradation studies in SBR-2 to monitor the
dextrose removal in the system. To investigate the abiotic loss of 2-cp through

stripping or other means, batch tests were conducted with biomass taken from all

the three reactors (sBR-1 to 3). The respectíve biomass were autoclaved

separately and aerated for six hours. The total loss was tess than s% ofthe initial

2-CP concentration.

comparing Figure 5-35 with Figure 5-36, it is evident that the stimulation of
2-CP removal occurred in presence of supplemental substrates tike dextrose (in

sBR-2) or phenol (in sBR-3) were present at a concentration of 20mg soc/L or
greater in all experiments. The specific2-cP biodegradation rates (based on time
required for comprete removar of 30 mg/L of 2-cp) increased srighry from 4.0 mg

2-cPlgvss.h in absence of any supprement (sBR-1) to 5.2 mg 2_cprgvss.h in
presence of 20 mgSOC/L of dextrose.
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The presence of the same concentration of supplement (i.e. 20 mgsoc/L)

as phenol doubled the removal rate to 8.2 mg 2-cplgvss.h indicating that phenol

was more effective as a supptement to the mixed microbial population compared

to dextrose. The specific rates further íncreased to 7.g and 11.5 mg 2-cplgVSS.h

in presence of 40 mg soc/L of dextrose (in sBR-2) and phenor (in sBR_3)

respectively.

when the supplement concentration was increased to 60 mg soc/L, it

decreased the specific removal rate to 5.g mg 2-cplgVSS.h in sBR-2 but further

increased the biodegradation rate in sBR-3 to 14.9 mg 2-cplgvss.h for phenol

supplement' When concentration of dextrose or phenol was raised to g0 mg

soc/L the rate of 2-cp removar in sBR-2 decreased srighfly to s.B mg 2_

cP/gVSS.h whire the rate in sBR-3 remained the same at 14.Bmg 2_cp/gvss.h.

At a supplement concentration of 200 mg soc/L the 2-cp specific removal

rate in SBR-2 reduced further to 4.5 mg 2-CPlgvSS.h while there was a sharp fall

in rate in SBR-3 to 7.6 mg 2-CPlgvSS.h. The effect of various concentrations of

supplemental substrates on 2-CP specific biodegradation rates are shown in
Fígure 5-39' Table 5-3 summarizes the values of specific removal rates along with

steady-state VSS levels for various concentrations of supplemental substrates

tested in SBR-1 ,2 and 3.
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TABLE 5-3 summary of specific 2'cP removal rates and VSS levels for various
concentrations of dextrose or phenor in sBR-1, 2 and 3

Dextrose or
Phenol Conc.
(ms SOC/L)

Average Specific 2-Cp Removal Average VSS
(mg 2-CplgVSS.h) lmglt_¡

With Dextrose With phenol Dextrose 
- 

Éhenol

4.0

8.2

0

20

40

60

80

200

4.O

5.2

7.9

5.9

5.3

4.5

11.5

14.9

14.8

7.6

2030

1 995

1970

1 995

1 980

2015

2030

1 955

1 990

2010

2015

1 990
SBR-1

SBR-2

SBR.3

: 30 m9/1 2-Cp onty
: 20 - 200 mgSOC/L of dextrose + 30 mg/L 2-Cp
: 20 -200 mgSOC/L of phenot + 30 mg/L 2_Cp

The results índicated that the enhancement of 2-Cp removal by a mixed

microbial population was dependent on the presence, nature and concentration of
supplemental substrates. Enhancement was noticed for dextrose concentration

up to 40 mg soc/L and phenor up to 60 mg soc/L. Further increase of
supplements especially beyond 80 mg soc/L was found to reduce specific 2-cp
removals' Although the specific rates for 2-CP varied with the concentrations of
supplements (dextrose or phenol) tested, the specific rates at any given

concentration of a supprement were arways higher than when no supprements

were present' Phenol as a supptementat substrate was more effective in
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enhancing the degradation rate of 2-cP compared to the same concentration of
dextrose (as soluble carbon).

To further investigate the mechanism of such enhancement, fresh activated

sludge was adapted in separate systems to 40 mgsoc/L of dextrose and phenol

as the sole susbstrate. Batch experiments were conducted during which these

sludges were exposed to 30 mg/L of 2-cP only to see whether microorganisms

grown on dextrose or phenol could degrade 2-cp. The results are shown in

Figure 5-40' lt was seen that organisms pre-grown on phenot have the capability

of 2-cP degradation compared to dextrose grown srudge where z-cp was not

degraded after four hours of aeration.

These results are consistent with the reports in the literature on potential

metabolism of chrorophenors by biomass adapted to phenor (Tabak et ar., 1g64;

shimp and pfaender, 1gg7; saez and Rittmann, 1gg1). whire studying the

cometaboric transformation of 4-cp with a curture grown on phenor, saez and
Rittmann (1991) indicated that the enzyme responsible for converting phenol to
catechol (phenol hydroxylase - a monooxygenase enzyme) was non-specific and

was therefore effective in 4-cP removat. This hypothesis is supported by previous

work by spain and Gibson, 1988 who explained that the low substrate specificity

of oxygenases makes it possible to attack substrates with similar chemical

structures.
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Based on the results of this study and previous reports cited before, it is

clear that the mechanisms responsible for 2-CP removal in the present system are

quite different when phenol was present as a supplemental substrate compared

to dextrose. An experiment was conducted to see if the deletion of dextrose or

phenol from one cycle of operation of the SBR's receiving the respective

supplemental substrates would cause a reduction in 2-cp removat. setfled sludge

from each reactor was transferred to two sets of parallel batch reactors. For the

dextrose sludge, one received the usual feed containing 2-cp and dextrose while

the other received 2-CP only. A similar arrangement was used for the phenol

system which also received a similar feed combination (i.e. 2-Cp and phenol in

one while 2-CP only in the other). The feed for both systems contained the

necessary nitrogen and phosphorous elements as described before.

Figure 5-41 shows the average results of three such experiments. ln the

presence of or absence of dextrose, the 2-CP removal profiles are almost identical

which indicates that the role of dextrose was not direcily retated to the growth-rate

of 2-CP mineralizing organisms. In contrast to the dextrose system, absence of

phenol slowed down 2-cP degradation rate. As seen from our previous studies,

organisms responsible for phenol degradation participate in 2-Cp degradation due

to non-specific enzyme system. Due to a rapid transformation of phenol these

systems become more active to influence 2-CP removal also. The dextrose

amended reactor exhibited larger floc sizes visually compared to the phenol
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system or the reactor which received no supplement although no direct

measurement of floc sizes were done.

These observations strengthen the hypothesis put forward by Silverstein

(1990) and Schmidt et al. (1992) on 2,4-dinitrophenot (DNp) degradation in

presence of dextrose. The authors suggested that the role of dextrose was related

to its effect on increased flocculation rather than increased growth rate of 2,4-DNp

mineralízing bacteria during any one cycle of the SBR operation and that the

resulting complex biomass was able to harbour an increased number of active 2-

DNP degrading population. Schmidt et al. (1992) also compared the poputation

dynamics on their system amended with or without dextrose and concluded that

dextrose stimulated a higher diversified microbial community resulting in a greater

microbial interactions which were absent in their un-amended reactor.

The increase in removal rate of 2-CP in this study with the increase in

concentration of respective supplementat substrates (dextrose or phenol) may atso

be due to greater specific growth rate of the bíomass at the higher feed strengths.

Studies have shown that biomass grown at higher growth rates exhibits higher

specific removal rates than the biomass grown at lowergrowth rates (powell, 1g67;

Sokol, 1987). The decrease in specific 2-CP removal observed when dextrose

concentration was increased from 40 to g0 mg soc/L and beyond may be rikery

due to the decreasing community of 2-CP degraders since each time the
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concentration of the supplemental substrate was increased, the proportion of

carbon and energy derived from 2-CP was decreased. However detailed study of

population dynamics of the system was not in the scope of this study. The fact

that equivalent increase in phenol actually increased the 2-Cp removal rates to a

greater extent suggests overlap in the communities degrading these two

compounds due to their structural similarity and non-specific enzymes effecting

conversion to respective catechols. This is supported by the results of our batch

studies where activated sludge pre-grown on phenol actively degraded 2-cp.

The findings of this study have implications in the design of bioreactors for

índ ustrial wastes or on-site biorem ediation of contam inated g roundwater contain in g

2-CP. Use of a simple treatment technology like SBR and addition of readily

metabolized supplements like dextrose or phenol can be applied for enhancing the

removal of target toxic compounds such as 2_Cp.

Observation summary. Specific aerobic biodegradation rates for 2-Cp in

SBR's were influenced by the presence and nature of supplemental substrates like

dextrose or phenol. lncreasing the supplement concentration increased the 2-Cp

removal rates only to a certain limit beyond which the rates declined. phenolwas

found to be more effective than dextrose at all concentrations tested and its

presence was found necessary in acclimated steady-state operation for

enhancement. \Men dextrose was randomly omitted from the feed it did not alter
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the 2-CP removal pattern' Biomass grown only on dextrose did not biodegrade

2-cP whíle biomass adapted to phenol only readily removed 2-cp indicating

different mechanisms involved in 2-cP removal when these compounds are

present as supplemental substrates. Abiotic removal of 2-Cp was negtigible.

5'2'2 Effect of batch un-aerated periods on the subsequent aerobic

degradation of z-cp by biomass originaily adapted under comprete

aerobic conditions.

It was seen from the studies of 2-CP degradation in the presence of
dextrose and phenol (discussed in the previous section) that complete removal of
the compound was possible within the 6 h aeration period wíth biomass

concentration around 2 gVSS/L.

The existing aerobic SBR's were operated in batch cycles with various
periods of un-aerated but mixed conditions to see íts effect on subsequent aerobic
degradation of 2-cP. Because a maxímum specific removal for 2-cp was
observed under aerobic conditions at 40 mgsoc/L of dextrose as a supplemental

substrate, an equivalent concentration (as SoC) of phenol was used in this study.

Previous studies in this lab have indicated that aerobic volumetric removal rates

for 2'cP increased following an un-aerated period (oleszkiewicz et al., 1gg1).

The first objective of this study was to see whether a co-relation between

the duration of un-aerated periods and the subsequent aerobic removal rates could
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be established and secondly if there was a possible explanation for this

phenomenon' The study had to be done primarily with the dextrose system since

the phenol sludge was accidently washed out by a timer failure during the time

these experiments were conducted. Appendix B, Table 8-26 summarizes some of

the results obtained with phenol.

Aerobic volumetric removal rates of 2-CP increased with the increase in un-

aerated periods from 0 h, t h, 2 h and B h respectively. 30 mg/L of 2_cp was

completely removed in 120 minutes under fully aerobic conditions (i.e. 0 h un-

aerated period) thus accounting fora removal rate of 15 mg/L. h. w¡th t h un-

aerated period 29.9 mg/L 2-cP (average based on four experiments) could be

removed in 100 minutes i.e. at a removal rate of 17.9 mg/L.h. wth 2 hour un_

aerated period 29.4 mglL 2-CP was removed in the same time although 2-Cp

removal appeared to be accelerated. Increasing the un-aerated period to 3 hour

resulted in a removalof 29.0 mg/L of 2-CP in 80 minutes increasing the volumetric

rates to 21-8 mg/l.h. An increase in un-aerated period to 4 hour did not increase

the volumetric 2-CP removal rate any further. During all un-aerated periods tested,

negligible removal of 2-CP was observed. For the phenol system (studies with 1

h un-aerated period only) neither2-CP nor phenolwas removed, while in presence

of dextrose, very little SoC was removed (maximum 4 mg/L) during the un-aerated

periods.
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In order to compare the removal of 2-CP with the four un-aerated periods

tested (1,2 3, and 4 hour) and compare it with the completely aerobic conditions

(i'e' 6 hour aerobic with no un-aerated period), linear regression anatyses were

done to correlate 2-CP removal (%) with time (minutes). The correlation factor É

varied from 0'96 to 0'99 indicating a fairly good relationship between % removal

and time' The results of the plot are summarized in Figu re 5-42. The predicted

versus actual removal data for different conditions are also shown in Figure s-43.

The results clearly indicate that 3 hour un-aerated period was optimal for

subsequent aerobic degradation of 2_Cp.

It is well known that when bacteria which are normally present in activated

sludge plants are temporarily deprived of one or more key elements such as

nitrogen, sulphur, phosphorus, or oxygen they acquire a unique survival

mechanism of storage of carbon in the form of pory-p-hydroxy_butyrate (pHB)

and/orglycogen. Many chlorophenoldegrading populations like the pseudo monas

and Alcaligenes species are capable of PHB accumulatíon under símilar stress

conditions (summarized by Anderson and Dawes, 1gg0). In this case, oxygen is

important for 2-CP removat since metabolism of such compounds requires the

participation of oxygenases, enzymes that incorporates oxygen in the ring (steirtert

and cravvford, 1985). To investigate whether the phenomenon of enhanced 2-Cp

removal as observed in this system is linked to pHB further experiments were

done.
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Using the biomass from the SBR, direct batch experiments were conducted

under 3 h un-aerated period using the following feed composition in presence of

2-cP: (1) standard feed with dextrose, nitrogen and phosphorous (2) nitrogen

source in the feed was replaced with 25 mg/L of NO3-N but still contained dextrose

and phosphorous and finally (3) a nitrogen free feed but with dextrose and

phosphorous. The removal profiles were analyzedby regression analysis and the

predicted data is shown in Figure 5-44 (based on two sets of experiments). As a

comparison, the data showing 2-CP removal under fully aerobic conditions is also

shown.

As evident from the Figure 5-44, no difference in 2-Cp removal pattern in

the three systems described above was observed. In presence of No.-N one

would have expected not to see an enhancement if such a phenomenon is

attributable to PHB accumulation. As observed before, no major change in SOC

was also observed during the 3 h un-aerated period that would otheruvise indicate

an uptake of carbon' Negligible SOC and NO3-N were removed during this

period. Although the exact mechanism influencing 2-Cp removal after an un-

aerated stress period to the mixed culture is not clear, lt is nevertheless of interest

to note that such a phenomenon can be applied to improve the efficiency of a

treatment system besides significant energy savings by switching of the air supply.
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observation summary. Biomass adapted ín aerobic sBR,s to 2_cp in

presence of dextrose as supplemental substrate exhibited a higher aerobic

volumetric removal rates when preceded by an un-aerated period. The aerobic

rates increased with increase of un-aerated period although un-aerated removals

of both target compound 2-cp and supplement (dextrose) was negligible. An

optimal un-aerated period of 3 h was found to etfect maximum volumetric 2-Cp

removal rate' Batch experiments conducted with various feed compositíon did not

support a role for PHB in influencing the enhancement etfect observed in this

study.

5'2'3 Effect of different temperatures on aerobic degradation of 2-cp in
SBR's.

Temperature in wastewater can vary widely over seasons. In Canada for
example, spring thaw wastewater temperatures can fall below 1o "C while

temperatures of 15'2ooc are usually encountered during summer time. These

fluctuations influence the performance of aerobic processes that are vital for
degradation of many hazardous organic chemicals like chlorophenols released to

the water environment. Therefore, to predict the fate of compound like 2-cp, it is
necessary to include the influence of temperature on aerobic biodegradation.

There is a paucity of information on the effect of low temperature on aerobic

degradation of chlorophenols in bioreactors. The effects of temperature on

biological processes in general were reviewed by viraraghavan et al. (1g93). The
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microbial breakdown of lower chlorophenols as a function of temperature was
investigated in water, soir, and sediment by Baker et ar. (1gg0) using batch
cultures' As expected, biodegradation was higher at 20.C or 4 oC than at o .C.

on the contrary, Tyler and Finn (1974) found that the growth of pseudomonads

on2'A-dichlorophenolfellsharply above 2Soc,indicating that highertemperatures

may also limit microbial decomposition of chlorophenols. The primary objective of
this study was to investigate the feasibility of the sBR process to treat a toxic
compound rike2-cp atdifrerenttemperatures (24, 15, 10,5"c ) in the presence
of two different supprementar substrates (dextrose ancr phenor).

The two systems had been previously operating at 24 oc for over a year.
Figure 5-45 and Figure 5-46 shows the removal profile of 2-Cp at different
temperatures in the presence of 40 mgsoc/L of dextrose and phenol respectively.
2'cP biodegradation rates decreased with decrease in temperature although
complete removal of 30 mg/L 2'cP was observed in both systems within the 6 h
HRT period up to 10 oc' A further decrease in temperature to 5 .c severely
affected the system receiving 2-cP in the presence of dextrose, and bíomass
washout was observed' 2-cP accumulated over cycles due to incomplete
degradation' Any attempt to wash the biomass of residual 2-cp subsequenly
failed with periodic wash-out of the viable 2-cp degrading populatíon. However,
2'cP could still be removed in the phenol system even at 5 oc as shown in Figure
5-46.
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Figure 5-47 summarizes the specific2-CP biodegradation rates in presence

of dextrose or phenol respectively at different temperatures. Since a profile for 2-

CP removal in presence of dextrose at 5 "C coutd not be obtained, the specific

removal rate shown in the figure is an approximate value based on total 2-cp
removed in the dextrose system in a day (i.e. 3 cycles of operation). The amount

of 2-CP removed was calculated from the total 2-CP fed to the reactor to the 2-Cp

amount recovered in the effluent at the end of the day. Although some

inconsistency was observed in the removal (possibly due to sporadic washout of

the viable biomass) and a short period for data collection this result is never the

less shown in Figure S-47 for comparison purposes.

The removal rates of 2'CP decreased with the decrease in temperature in

presence of both the supplements. At24 oC, the specific removal rate of 2-Cp in

presence of phenol was sígnificantly higher at 11.5 mg 2-Cplgvss.h compared to

7'8 mg 2-CPI9VSS.h which was also seen before in this study under aerobic

conditions' when the temperature was reduced to 15 oC, the specific removal rate

for 2'cP decreased to 5.2 mg 2-cPtgvss.h in presence of dextrose. However,

in the presence of phenol the specific 2-CP removar rate decreased significanly

to 5'8 mg 2-CPtgVSS.h. Judging by the phenol removal data (refer Table B-31

and Fig' B-5 in Appendix B), this decrease in 2-CP removal rate is probably due

to the reduction in rate of phenol removal from the system at 1s .c.
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When temperature was further reduced to 10 "C during phase-lll, a further

decrease in 2-CP removal rates were noticed in both the reactors. The specific

removal rate observed in presence of dextrose was 4.3 mg 2_cp/gVSS.h

compared to 3'8 mg 2-CPlgVSS.h in presence of phenol indicating that the

removal of 2-CP in presence of dextrose at this temperature was marginally

superior' At 5 "c 2'cP accumulated in the dextrose system at concentrations as

high as 52'4 mglL due to incomplete 2-cP within the 6 h aeration period. Based

on 2-CP fed to the dextrose system and 2-CP recovered from effluent an

approxímate specific removal of 1.5 mg2-cp/gvss.h was determined.

2-cP was however completely removed even 5 oC in presence of phenol

and the specific rate was found to be 3.4 mg 2-CPlgvSS.h. lt is interesting to note

from Figure 5-46 that the 2-CP removal profile in presence of phenol at

temperatures < 15 "c shows similar rates of removal once the 2-cp concentrations

had reached around 1ô mg/L. The rates were actually hígher beyond the points

when the supplement phenol was completely removed suggesting a greater

participation of the microbial population for 2-cp removal. This is based on our

prevíous experiments where the capability of 2-Cp was shown to be also mediated

by phenol utilizing organisms. The specific rates of 2-cp in presence of phenol

shown in Figure 5-47 are therefore an apparent rate calculated based on time

required for totar removar of target z-cp concentrations.
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The quality of effluent and biomass characteristics also affected by the

temperature in this study. At 24oc effluent suspended solids in both the system

were less than I mg/L with the sludge volume index (SVl) in the range of 45 - 5s

mL/g and 50 - 65 mL/g in the dextrose and phenol amended reactors respectively

indicating very good settleability. At 15 oc, effluent ss due to biomass washout

increased to 25 - 30 mg/L in the dextrose reactor and 10 - 15 mg/L in the
presence of phenol. During this phase, the SVI values (4s - 60 mL/g) showed litle
change for the dextrose system while ít increased to g0 -100 ml/g in presence of
phenol' The effluent quality deteriorated further especially for the dextrose system

at 10'c with ss increasing to 40 - 6s mg/L compared to 10 -24 mgrLin phenol

system' The sludge settleability was further affected with SVI íncreasing to 60 -
80 mL/g (dextrose reactor) and 125 - 140 ml/g (phenot reactor). As discussed

before, reducing the temperature further to 5 "c severely affected the dextrose

reactor' A severe biomass washout occurred and 2-Cp accumulatecl and the

system had to be shut down. However, a very minor changes in effluent quality

and SVI were observed for the phenol system.

The trend of increasing svl with decrease in operating temperature

observed in this study contradicts the findings of Benefield and Randafl (1ggo).

Based on the sVl data of conventionat activated sludge systems operated wíthin

the range of 4 - 32 oc, the authors concluded that the setfleability of mixed liquor
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was not adversely affected by lowering the temperature. Since the work reported

by Benefield and Randall (1980) was restricted to conventional activated sludge

systems, it is difficult therefore to extrapolate their results to other systems

especially those treating hazardous wastes such as this. A greater effect of

temperature on sludge settleability was observed in the presence of dextrose as

compared to phenol throughout this study.

After complete disappearance of 2-CP, the contents of each reactor was

analyzed for SoC to see whether any metabolic bi-products accumulated in the

system' The SoC values in both reactors at all temperatures were found in the

range oÍ 11.2 to 13.1 mg/L (except for dextrose system at S "C which varied from

28'7 to 35.3 mg/L and reflected the 2-cP residue). The background SoC from tap

water which was used for preparing the synthetic feed varies from 10 to 12 mglL

indicating complete degradation of 2-CP in this system. The effects of temperature

on specific z-cP removal rate, effluent suspended solids and sludge volume index

(SVl) in both systems are summarized in Table S_4.

Temperature effects upon biological reactions are generally adequately

described by the Arrhenius equation. The effects of temperature can be

extrapolated from one environment to another through the Arrhenius energy (Eo)

of the reaction- EA can be determined by plotting the logarithm of the
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transformation rate (specific removal in this case) against the reciprocal

temperature, measured in Kelvin, and then determining the slope of the linear

portion of the curve. Results can then be extrapolated over the temperature

range defined by the linearity of the Arrhenius plot.

TABLE 5-4 Summary of experimental results at different temperatures

emperatures
Parameters Reactor

24 "C 15 "C 10 0c 50C

Specific Removal Rate
(mg 2-CPlgVSS.h)

Effluent SS
(ms/L)

SVI
(mL/s)

SBR-1
SBR-2

SBR.1
SBR-2

SBR.1
SBR-2

7.8
11.5

<8
<8

45-55
50-65

5.2
5.8

25-30
10-15

45-60
80-1 00

4.3
3.8

40-65
10-24

60-80
125-140

1.5
3.4

70-100
15-25

70-85
120-150

n presence

Figure 5-48 and 5-49 shows the Arrhenius plots for specific 2-Cp removals in

presence of dextrose and phenol respectively between 5 0c and 24"c. The

figures represents best fit lines based on points that were averaged from steady-

state runs at different temperatures. The data was found to be linear only over the

10 oc '24oc range for both systems. lt has been also reported that many

SBR-2 :Z-CP degradation in presence of phenot
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biological reactions have been known to fit the above plot over a small

temperature range only (Grady and Lim, 1980; oleszkiewicz and Berquist, lggg).

Temperature can exert an effect upon biorogicar systems in two ways : by

influencing the rate of enzymatically catalyzed reactions and by affecting the rate

of diffusion of the substrate to the ceil (Grady and Lim, 19go).

Temperature can also affect composition and interactions of microbial

community in microbiological processes (Kohring et al., 19gga). The effects of

population become even more pronounced when more than one organism is

involved in the activity (Kohring et al., 1989a). lt was noticed in this study that the

removal of phenol (which also stimulates 2-CP removat) is severely impaired at

lower temperature such as 5 oc. Microbial interactions and enzymatic activities of

different responsible organisms vary at different rates with the lowering of

temperature which probably explains the variability of correlation between the

effect of temperature and specific 2-cp removal rates.

Observation Summary. Low temperature was found to reduce the rates of 2-

CP removal in SBR's in presence of both dextrose or phenol. Below 10'C
however, significant washout of biomass occurred in the dextrose system which

resulted in íncomplete 2-cP removal in the system within the design aeratíon

period although complete 2-cP removal was observed in presence of phenol.
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Temperature co-relation factors based on Arrhenius plots indicates non-linearity

over the entire 24'C - 5 oC range tested in this study.

5.2.4 Effect of sRT on aerobic degradation of 2-Gp in sBR's.

Studies with ditferent concentrations of supplemental substrates revealed

that optimal removals of 2-CP took place at a dextrose concentratíon of 40 mg

SOC/L and a phenol concentration of 60 mg SOC/L. To study the etfect of SRT

on 2-CP removal in presence of dextrose and phenol, the concentration of the

supplemental substrates (dextrose or phenol) were fixed at 40 mg SOC/L. The

role of SRT in operation of biologicalwastewater facility has been summarized by

Lawrence and McCarty (1970). A minimum SRT (@,iJ, was defined as that below

which microorganisms responsible for degradation of given organic compound are

totally washed from the curtivation system (Lawrence and Mccarty, 1970).

The reactors were started using the biomass acclimated to 2-Cp in

presence of either dextrose or phenol (at 40 mgSOC/L) which resulted in rapid and

stable performance of the systems. Four reactors (two for 2-Cp in presence of

dextrose and two for 2-CP with phenol) were used simultaneously to operate at

SRT of 4,8, 12, 16 and 20 days respectively for each supplemental substrate (i.e.

dextrose or phenol).
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The desired SRT was maintained by wasting a specified portion of the SBR

contents every day at the end of react cycle. The wasting procedure suggested

by Marais and Ekama (1976) was followed throughout the experiment. Biomass

was wasted once a day for sRT's > 16 d, twice daily for sRT of g and 12 d and

four times daily for SRT of 4 d. The reactors were allowed up to 3 SRT,s before

any steady state data were collected.

MLVSS increased with increase in SRT and the effect of SRT on volumetric

and specific 2-CP removal in presence of dextrose and phenol are summarized in

Figures 5-50 and 5-51 respectively. The value of specific 2-cp removal increased

with decreasing SRT which may indicate enrichment of the mixed microbial culture

with 2-CP degraders and gradual washout of other slow growers from the system.

on the other hand volumetric removal efficiency increased with the increase of

SRT - concomitant with the increase in steady state biomass concentration in the

SBR's.

Chudoba et al. (1989) had also observed an increase in maximum specific

2,4-DcP removal rates with the decreasing SRT in a conventional activated sludge

system' The authors explained that this was due to the gradual washout of

predators which resulted in the proportional increase of chlorophenol degradíng

organisms' A compare of the values of specífic 2-Cp removal rates achieved in
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Fig. 5-51. Volumetric and specific removal rates of 2-cp in aerobic
sBR's receiving 4Omgsoc/L phenol as supplemental substrate at
various SRT's.
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presence of either dextrose or phenol at five different SRT's is summarized in

Figure 5-52- As observed before, 2-CP removals at each SRT were higher in the

presence of phenol compared to those ín the presence of dextrose. A summary

of the removal rates and steady-state biomass concentration at each SRT,' are

shown in Tables 5-S and 5-6 respectively.

In order to estimate the value of yield coefficient y for the systems

degrading 2-CP in presence of dextrose or phenol, linear regression analysis were

done from the plots of the inverse SRT and specific substrate utilization rate

(based on SoC) and are shown in Figure 5-53 respectively. The values of y for

the systems degrading 30 mg/L 2-CP in presence of dextrose or phenol as the

supplemental substrates were calculated to be 1.2T and 0.76 mgVSS/mgsoc

removed. d respectively.

observation summary. Specific removal rates oÍ 2-Cp increased with

decrease in SRT in presence of both dextrose and phenol due to enrichment of

responsible organisms in SBR's. However, these rates were higher in presence

of phenol compared to dextrose at each SRT. Volumetric removal rates on the

other hand increased with increase in SRT and concomitant increase in steady

state biomass concentration. Y values for dextrose and phenol system were

determined.
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ïable 5-5 Operational data for the dextrose reactor

Sludge Retention Time (SRT)

12d 16d 20d

Avg. lnfluent 2-CP (mg/L) 29.8 30.1 2g.5 29.6 30.5
Avg. Effluent 2-Cp (mg/L) 0.0 O.O 0.0 0.0 0.0

Parameters

Avg. MLVSS (mg/L)

Avg. Vol. Removal

(mg/L.h)

Avg. Spec. Removal

(ms/gVSS.h)

4d 8d

750 1030 1410

8.9 11.3 12.6

1765 1955

14.8 15.3

11.9 10.9 9.0 8.4 7 . 8

Table 5-6 Operational data for the phenol reactor

Sludge Retention Time (SRT)
Parameters

30.2

0.0

490

7.5

15.4

31.6

0.0

680

9.5

14.0

12d

30.5

0.0

1 165

13.1

11.2

31.0

0.0

1485

15.5

10.4

30.5

0.0

1810

5.3

10.1

8d

Avg. lnfluent 2-Cp (mg/L)

Avg. Effluent 2-Cp (mg/L)

Avg. MLVSS (mg/L)

Avg. Vol. Removal

(mg/L.h)

Avg. Spec. Removal

(mg/gVSS.h)
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5.3 FEASIBILITY OF ANOXIC z.CP REMOVAL IN AI{oxIc . AEROBIC SBR's

There is limited information in the literature on anoxic removal of

chlorophenols. This section discusses the study undertaken to investigate the

degradation potential of 15 mg/L of 2-CP by a mixed bacterial culture adapted in

anoxic-aerobic sequential batch reactors. Besides 2-CP, the reactors received

either dextrose or phenol at a concentration of 40 mg SOC/L throughout the entire

study period. The anoxic periods varied from 2 h in Phase l, 3 h in phase ll and

4 h in Phase lll. Both reactors were inoculated with fresh activated sludge from

the North End Pollution control centre, winnipeg and the target 2-cp

concentration of 15 mg/L was reached by gradually increasing the influent

concentration of 2-CP over a 3 week period. Similar to the operation of the fully

aerobic SBR's discussed in section 5.2.1, the biomass concentration in both

reactors was maintained around 2 gVSS/L by periodically wasting sludge from the

bioreactors. This way the MLVSS was maintained fairly constant during steady

state operations.

The performance of SBR's to remove z-CP, SOC and NO3-N under anoxic

conditions throughout the study period is shown in Figures S-54 (in the presence

of dextrose and phenol respectively). During Phase-l which lasted for 65 days,

both reactors were operated under 2 hours anoxic + 4 hours aerobic period. After
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53 days of operation, anoxic 2-CP removalin SBR-1 (dextrose system) varied from

19 - 21%, No3-N removal 16 - l gyo and overall soc from 60 - 63%. For the

system with phenol, the corresponding values of anoxic z-cp, No3-N and phenol

removals were: 45 ' 48o/o, 26 ' 32o/o, and 41 - 47o/o respectively. The resid ual 2-

CP concentrations at the end of each anoxic period were completely removed

upon transition to aerobic phase in both the systems and the removal occurred at

a higher rate. Track studies were conducted at the end of each phase during

which 2-CP concentrations were monitored with time during the anoxic and aerobic

period for both the systems. A typical profile for the two systems during phase 
I

is shown in Figure 5-55(A). 2-CP removal during the anoxic period was greater

when phenolwas present as the supplementalsubstrate as compared to dextrose.

To investigate the effect of anoxic HRT on 2-CP degradation, the anoxic

period was increased on day 66 from 2 hours to 3 hours during phase ll thereby

reducing the aerobic portion of the reaction cycle (6 hours in total) to 4 hours. A

significant increase in 2-CP degradation was noticed and after 20 days of

operation, it generally ranged 'from 45o/o - 5To/o in presence of dextrose and 57 -

60% in presence of phenol. More NO3-N was also reduced which ranged from 26

- 31o/o in presence of dextrose while g2 - 42 % in presence of phenol. soc
removals in the dextrose system increased to 67 - TOo/o while phenol removal

increased to 55o/o -600/o.
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A typical 2-CP removal profile during this phase is shown in Fig. S-S5(B).

During Phase-lll, the anoxic period was further increased to 4 hours reducing the

corresponding aerobic period to 2 h. Anoxic 2-CP removals increased to 54 - Sgo/o

and 66 - 680/o in presence of dextrose and phenol respectively. This overall

increase was however not as high as observed when conditions were changed for

the phase-ll operations. 2-CP removals in both the systems during phase-lll is

illustrated in Fig. 5-55(c). The Nor-N reduction were 36 - 40o/o and 43 - s0% in

presence of dextrose and phenol respectively. A summary of anoxic removals

during the three phases are summarized in Table 5-7.

The results of this study indicate that 2-CP removal can be mediated

through denitrifying mechanisms in the SBR. Higher rates observed in the

presence of phenol suggest that enzymes required for anoxic phenol removal are

non-specifíc due a structural similarity with 2-CP. The effect of an anoxic phase

prior to the aerobic period seems to enhance the 2-Cp removal rates (during

aerobic phase) compared to fully aerobic SBR's. Previous studies Oleszkiewicz

et al. (1991) have reported a similar phenomenon where denitrifying SBR's

operated sequentially on a anoxic -aerobic mode exhibited higher aerobic

volumetric rates for chlorophenol removal compared to completely aerobic

reactors.
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Table 5-7 summary of anoxic removals of 2-cp, soc, phenol and NO3- N

Parameters Reactor Phase I Phase ll Phase lll

2-CP

soc
Phenol

N03-N

SBR-1

SBR-2

SBR-1

SBR.2

SBR-1

SBR-2

19 - 21o/o

45 - 48%

60 - 63%

41 - 47o/o

16 - 19o/o

26 - 32o/o

45 - 50%

57 - 600/o

67 - 70o/o

55 - 60%

26 - 31o/o

32 - 42o/o

54 - 58o/o

66 - 68%

71 - 760/o

63 - 68%

36 - 40o/o

43 - 50o/o

SBR-1 : Reactor received 15 mg/L z-CP, 40 mg SOC/L dextrose and about 40 mg NO3-N/L

sBR-2 : Reactor received 15 mg/L z-cp,40 mg soc/L phenoland about 40 mg N93_N/L

Based on the track studies (2-CP concentration monitored with time during

a cycle) done at the end of each phase, the specific removal rate for 2-Cp during

the anoxic period was shown in Fig. 5-56. The values of average (based on three

runs) specific removal rates and biomass concentrations are also summarized in

Table 5-8. The results indicate that increasing the anoxic period of the react

phase of the cycle did not necessarily ¡ncrease the specific or volumetric rates of

2-CP removals. For the dextrose system, the rates actually increased during

phase ll (3 h anox¡c + 3 h aerobic) and then decreased again once the anoxic

period during the start of phase ll was íncreased to 4 hours.
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Fig. 5-56. Specific 2-CP removal rates of SBR's operated in
presence of 40 mgsoc/L of either dextrose or phenol under different
anoxic retention times during the three phases.
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For the phenol system on the other hand, the rates declined as the anoxic

period HRT was increased from 2 h to 3 h and finally to 4 h. The results also

indicate that phenol could once again serve as a superior supplement compared

to dextrose possibly due to structural similarity and a non-specific enzyme system

that participates in 2-CP removal during both anoxic and aerobic phases of a

cycle.

Table 5-8 Summary of anoxic removal rates and biomass concentrations in
reactors receiving either dextrose or phenol as supplements.

Parameters Reactor Phase I Phase ll Phase lll

Anoxic HRT (hours)

Volume Removal Rate
(mg 2-CPlL.h)

Specific Removal Rate
(mg 2-CPlgVSS.h)

Avg. Biomass Conc.
(mg VSS/L)

SBR-1

and

SBR-2

SBR-1

SBR-2

SBR-1

SBR-2

SBR-1

SBR-2

1.6

3.4

0.8

1.8

1980

1950

2.4

3.0

1 990

1 960

2.1

2.6

1.1

1.3

1 980

1970

432

1.2

1.5

ùE '.-l : Keacror recerv¡ng Z-cp and 40 mg soetrõflextro!
SBR-2 : Reactor receiving 2-Cp and aO mg SOC/L of phenol
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observation Summary. Biodegradation of2-CP underdenitrifying conditions

was demonstrated in sequencing batch reactors. Anoxic removal of 2-Cp was

higher in the presence of phenol as compared to dextrose which agrees with the

results obtained with fully aerobic SBR's in this study. 2-Cp residuals from anoxic

period was quickly removed during the aerobic period that followed. The increase

of anoxic HRT increased the amounts oÍ Z-CP removed in presence of both

dextrose and phenol but did necessarily increase the specific2-Cp biodegradation

rates.
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6.1

Chapter 6.

RESEARCH OVERVIEW

Conclusions

The following conclusions are based on the results obtained from this study

on 2-cP biodegradation under different redox conditions.

1' Sewage sludge from the anaerobic digester tested exhibited a better

potential for reductive dehalogenation of 0.39 mM 2-Cpalong with shorter

lag times compared to either biomassfrom a laboratory anaerobic bioreactor

treating bleached kraft mill (BKM) waste or BKM lagoon sediment. phenol

was identified as the principal product which degraded via the benzoate

pathway. Methane was identified in the head-space of all cultures.

2' Reductive dehalogenation of 2-CP occurred at the same rate in the

presence or absence of 5 mM sulphate (soor-) along with sulphate

reduction and methanogenesis. presence of Fe(ll)cl, slowed the

dehalogenation but a greater amount of sulphate was reduced in cultures

amended with Fe(il).

3' The presence of BESA slowed 2-CP dehalogenation and parfly inhibited

methanogenesis even at 10 mM concentration. Phenol as a product of

dehalogenation accumulated along with acetate as the major vFA.
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4. Molybdate inhibited 2-CP dehalogenation and sulphate reduction at

concentrations ) 10 mM while propionate accumulated in the cultures. With

1 mM Molybdate, sulphate reduction practically stopped after 15 days

although 2'CP removal continued indicating that sulphate reducing bacteria

were not involved in dehalogenation of 2-CP. Results also indicate a major

involvement of syntrophic bacteria in influencing 2-CP dehalogenation by

mixed bacterial cultures in this study.

5. Anaerobic digested sewage sludge adapted to 2-CP could dehalogenate

0.39 mM 2-CP without any visible lag period. Degradation of 2-Cp with

various dilutions of adapted sludge indicated that the dehalogenation rate

(¡rM/d) did not increase linearly with biomass concentration.

6. Hydrogen as a potential electron donor slowed 2-CP dehalogenation rate

by adapted batch cultures. A study of the effects of several organíc electron

donors on dechlorination activity showed that 0.1% yeast extract was more

effective in providing the electron source for dehalogenation of 2-Cp by the

methanogenic consortium. Presence of other electron donors like acetate,

propionate and ethanolat 10 mM also stimulated 2-CP dehalogenation. The

dehalogenation rate was the slowest when neither of such organic electron

donors were present in the medium.
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7. Sludge adapted to 2-CP dechlorinated 2,4,6-TCP and 2,4-DCP to 4-CP as

end product. 4-CP was not removed indicating that organism/organisms

were capable of dechlorinating compounds at the ortho- position. 4-CP

was however removed readily by aerobic metabolism indicating the

requirement for sequential anaerobic - aerobic environments for complete

mineralization of such compounds.

B. Aerobic degradation of 2-CP by adapted mixed microbial culture derived

from activated sludge grown in SBR's was influenced by the presence,

nature and concentration of supplemental substrates such as dextrose or

phenol. Phenol was found to be more effective in the enhancement of

specific 2-CP degradation rate when compared to the same concentration

of dextrose. An optimalsubstrate concentration of 40 mgSOC/Lfordextrose

and 60 mgSOC/L for phenol resulted in maximum specific rate of 2-CP

removal of 7.9 and 14.9 mg 2-CPlgVSS.h respectively. Un-adapted

activated sludge degraded z-CP when grown on phenol but not on dextrose.

g. Biomass adapted aerobically to 2-CP in presence of dextrose exhibited a

higher aerobic volumetric rates when preceded by batch anoxic periods.

Maximum aerobic rates for 2-CP removal occurred under 3 h anoxic

conditions. Negligible SOC or 2-CP was removed during the anoxic phase

of the cycle. Addition of nitrate in the feed did not induce any denitrification.

PHB was not found to be the factor influencing such bacterial

enhancement of z-CP degradation.
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10. Feasibility of complete degradation of 30 mg/L 2-cp was seen at

temperatures as low as s'c particularly when phenol was present as a

supplemental substrate. Rates of speciflc 2-CP removal decreased as the

temperature was decreased successively from 24oc to 1soc, looc and

finally to 5 oc. specific 2-cp removals were not linear according to the

Arrhenius equation over the entire S oC and 24oC range.

Specific rates of 2-CP removal increased in SBR's operating in presence of

either dextrose or phenol when sRT was decreased from 20 d, 16 d, 12 d,

I d and finally to 4 d indicating enrichment of mixed microbial culture with

2-cP degraders. Biomass yield (y) was calculated to be 1.27 and 0.76 mg

vss/mg soc removed per day for the system with dextrose and phenol

respectively.

The feasibility of 2-cp removal under denitrifying conditions was

demonstrated in sBR's operated on continuous anoxic-aerobic mode. A

maximum 2-cP removal under anoxic conditions of s4-59% and 66-6g%

was observed in presence of dextrose and phenol respectively at an anoxic

HRT of 4 h. Denitrification was confirmed through NO.' reductíon in both

the systems. Phenol was more etfective than dextrose in enhancing the

removal of 2-cP. The residual 2-Cp after the anoxic period was rapidly

removed during the subsequent aerobic period. The volumetric rates for 2-

CP removal under aerobic conditions following the anoxic period were

higher than the 2-CP removal rate in fully aerobic SBR's.

11.

12
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6.2 Engineering significance and recommendations for future work

In this study, most of the work with anaerobic dehalogenation of

chlorophenols was conducted in batch serum bottles or aluminium seal type

culture tubes. The culture tubes resembled an anaerobic sequencing batch reactor

since the spent medium was withdrawn at regular intervals without disturbing the

biomass pellet - a technique that was used successfully for repeatability of the

experiments conducted. The results from several batch studies provided

information for conceptual basic design of continuous-flow anaerobic reactors for

treatment of chlorophenolic wastes. A major finding of this study was the

capability of a mixed culture to dehalogenate under sulphate reducing conditions.

Since these studies were conducted in single run batch serum botfle reactors, the

response of the system to acclimation and its subsequent impact on 2-Cp

dehalogenation remains to be seen. The study on dehalogenation of

polychlorinated phenols like 2,4,6-TCP and 2,4-DCP indicated a potential for

sequential anaerobic-aerobic treatment systems for complete removal of these

toxic compounds. Pollution control engineers and scientists currenily employ

sequential environments primarily to facilitate biological nutrient removal.

The anaerobic experiments in this study were conducted with mixed

cultures. In order to have a better understanding of the organism/organisms

responsible for2-CP dehalogenation it is recommended that an isolation procedure
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be carried out. Other investigators have attempted to categorize bacteria that

accomplish reductive dechlorination. lt is most important to distinguish whether

they are strict anaerobes, or whether they are facultative anaerobes. Cole et al.

(1994) recently isolated a pure culture capable of 2-CP dehalogenation.

lnterestingly, the organism named 2CP-l turned out to be a facultative anaerobe

that readily grew under aerobic conditions. lf that is the case a single sludge

system could be developed for treatment of chlorophenolic wastes unlike the two-

stage system suggested in this study. Naturally the question arises: can this

microbe survive in mixed culture, mixed feed conditions? Much work remains to

be done before sequential environments are employed to their fullest potential.

Aerobc experiments were conducted entirely in a continuous mode in SBR,s

with some batch experiments in presence or absence of dextrose or phenol.

Although phenol was highly effective as a supplemental substrate for aerobic

removal of 2-CP, results from this study and previous studies show that its

persistence or addítion under anaerobic conditions can hinder the removal of

removal efficiency of target organic compound such as 2-CP. The SBR system

adopted in this study can serve as potential above - ground treatment systems for

bioremediation of contaminated water or as selectors in pOTW receiving a

industrial wastes containing chlorinated compounds.
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Chlorophenol degradation under anoxic conditions has not been as

extensively investigated as its removal in aerobic processes. The importance of

anoxic conditions becomes an issue while dealing with environmental problems

related to groundwater pollution because soil-water systems are often anoxic. This

study looked into the effect of anoxic HRT and nature of supplements (dextrose

or phenol) on 2-CP degradation in anoxic-aerobic SBR's. The sequential anoxic-

aerobic mode indicated a greater efficiency of 2-CP removal. Although the exact

reason to cause such an enhancement needs to be investigated further and the

results verified forwith other biological treatment systems, the suggested mode of

operation can help to economize the overall energy usages and sizes of biological

reactors in the treatment plant.
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0.296 0.019
0.195 0.132
o.M7 0.112 0.021
0.008 0.097

0.381 0.000

0.305 0.017
0.201 0.129
0.062 0.116 0.028
0.010 0.106

0.3
0.3
o.2
O.0r

0.0
0.a
0.&
0.1!

0.1:

0.0{

0.&
0-o1

0.00
o.o2
0.13
0.11

æ20
386 4
389 7
3S)2 10
394 12

398 16
4o-ä-j--
404 3
,fO6 5
¿109 g
412 11

414 13

417 .t6

0.388 0.000
0.336 0.029
0.189 0.075
0,112 0.149
o.o78 0.215
0.034 0.112 0.034
0.004 0.08{i

0.3s11 0.000
0.s¡7 0.oæ.
0.191 0.088
0.118 0.155
0.084 0.219
0.045 0.121 0.o2,
0.009 0.103

0.0¡¡
0.08
0.15
o.2.
o.12

VASH &

/ASH &

u.irtñ, u.(xx.l

0.339 0.018
0.197 0.ß4
0.128 0.088
0.101 0.N7 0.027
0.041 0.128
0.006 0.10€

u.\rtb (r.qx,

0.3Í!1 0.012
0.188 0.(X8
0.114 0.102
0.092 0.215 0.018
0.03í¡ 0.201
0.000 0.156

0.3t
0.34

0.1s

o.12
0.10

o.(X
o.m

0.02
0.04
o.f0
o.21
o.t6
0.13
0.00

0.01
0.04
0.10
o,21

0.13

0.tr
Atl

423 3
42€6
4æ9
432 12

434 14

¿l{¡6 16

0.379 0.000
0.341 0.017
0.198 0.æ9
0.126 0.097
0.102 0.218 o.oo4
0.05f 0.119
0.004 0.098

0.384 0.000
0.3{t2 0.012
0.201 0.0¡t5
0.132 0,10it
0.113 0.204 0.00s
0.065 0.131

0.m8 0.112

0.38
0.35
0.20
0.13
0.11

0.06

0.o1.
conc€ntrations or z-cp, p¡e¡ol a¡ã Benããõõm

AI



-I_AE LE A -L
oata show¡ng z-cP removal in unadapted sediment of an aerated lagoon treating bleached kraft waste.(10 % vol/Vot cultures undêr 20 % CO2 + BO % N2 atmosph€r€)

o
15
¡16

58

66

80
99
113
118

144
rgit

0

15

46

58

66

80

99
113
118

144
193

0.3a 0.00
0.38 0.00
0.37 0.(x)
0.37 0.00
0.36 0.00
0.35 0.00
0.35 0.00
0.35 0.00
0.35 0.00
0.35 0.00
0.34 0.00

0.38 0.00
0.37 0.00
0.37 0.oo
0.36 0.00
0.36 0.@
0.35 0.01
0.34 0.v2
0.3¡¡ 0.02
o.32 0.03
0.31 0.03
0.30 0.03
o.2a 0.03
o.2a 0.04

0.37 0.02
0.35 0.v2
0.3Ít 0.03
0.31 0.03
0.29 o.frt
0.26 0.04
o.24 0.04
0.21 . 0.05
o.12 0.05
0.11 0.05
0.06 0.06

0.00
0.fft
0.(x
0.05
0.0€
0.06
o.o7

230
237
244
252
257
262
267
272
276
279
285
288

0

10

18

25

32
¿10

45

50
c5
60

64

67
72
75

7
'14

17

21

26

30
36
40
¿ts

50

¡5

WASH &

WASH &

WASH &

WASH &

296
3oit
306
310
315
319

325
32f)
334
gls)

344
350
35fi
361

367
372
378
384

0
6

12

16

21

27
33

0.34
o.27
0.25
o.17
0.10
0.01

¿too

¿lO:¡

¿m8 20
414 28
423 3Í¡

concanbat¡ons

7

13
0.34 o.trt
0.26 o.oÍt
o.24 0.05
0.09 0.06
0.01 0.08

afe ¡n mM

0.37 0.00
0.37 0.00
0.s7 0.00
0.36 0.c[)
0.35 0.00
0.35 0.00
0.35 0.00
0.35 0.00
0.34 0.00
0.34 0.00

0.38 0.00
0.38 0.00
0.37 0.00
0.38 0.00
0.37 0.00
0.36 0.00
0.35 0.00
0.36 0.00
0.35 0.00
0.3ti 0.00
0.35 0.00

0.38 0.00
0.37 0.00
0.37 0.00
0.37 0.ü)
0.37 0.00
0.35 0.01
0.3s 0.0i¡
0.32 o.qt
0.31 o.oÍt
0.31 0.03
0.30 0.03
0.29 0.0{t
0.28 0.04

0.38 0.00
0.38 0.00
0.37 0.00
0.36 0.00
0.36 0.00
0.35 0.01
0.34 0.02
0.3i1 0.02
0.32 0.0¡r
0.32 0.03
0.29 0.æ
0.28 0.03
o.28 0.03

0.37 0.01

0.3{t o.fi¡
0.38 o.qt
0.31 0.0{t
0.æ o.trt
o.27 0.04
o.24 0.o5
o.m 0.(x
0.12 o.ff;
0.10 0.05

o.37 0.02
0.36 0.02
0.3Ít o.frr
o.32 0.03
0.30 0.04
0.25 0.04
o.24 0.04
0.21 0.05
0.12 0.06
0.11 0.06

0.34 0.0{t
o,27 0.04
o.24 0.05
0.18 0.06
0.10 0.06
0.01 0.o7

0.38 0.00
0.35 0.0{t
o.28 0.04
0.25 0.05
0.17 0.06
0.09 0.07
0.01 0.o7

0.3¡t 0.02
0.26 o.(xr
o.24 0.05
0.0s1 0.06
o.o1 0.07

0.34 0.04
0.26 0.04
o.24 0.06
0.10 0.07
0.01 0.08

A2-



TABLE A _3
':"- DFtÊ show¡ng 2'cP removal ¡n unadapted biomass from an anaerobic bioreactorr6aüng bleached kraftwaste.(10 % vol¡vof cu¡turss under 20 96 CO2 + B0 % N2 âùnosÞhere)

0
13

3{;

45
60

75
95
f10
118

144
19ít

214
218
æ
232
244
250
257
262
æ7
272
279
290
æ7

0
13

3¡t

45

60
75
95

110

118

144
r93

12

16

24
30
42
¿€

ù5
60

65

70
T7

88
95

o.37 0.00
0.37 0.oo
o.37 0.00
0.37 0.00
0.3€ 0.00
0.35 0.00
0.34 0.(x)
0.34 0.d)
0.34 0.00
0.3K¡ 0.æ
0.3{r 0.00 WASH &

o.37 0.@
0.37 o.ff)
0.36 0.00
0.36 0.00
0.3Í¡ 0.00
0.3fi 0.01
0,34 0.01
0.38 0.01

o.32 0.01
0.31 0.01
0.29 0.o2
o.28 0.ù2
o.27 0.03

312
316
3æ,

3Kn
338

344
35i1

358
364
370
374

I
12

18

26
34

40

47
54

60
Ð
70

7

14

24
32
,m
¿15

50
¡t¡
58
60

65

o.37 0.00
0.36 0.ol
0.34 0.o2
0.3Ír 0.02
0.32 0.0Ít
0.30 0.03
0.26 0.03
o.æ. 0.04
0.16 0.0Ít
0.12 0.04
o.o{t 0.03

WASH &

WASH &

æ7
394
&T
4't2
4æ
425
¡l{}O

¡tÍl{t

¿$8

440
445

0.3{;

0.34
0.31

o.27
o,21

0.16
o.12
0.o8
0.04
0.0Í¡

0.01

0.01

0.01

0.02
0.0Ít

0.0{t

0.Gl
0.03

0.03
0.0¡t

0.trt

0.360 0.000
0.354 0.000
0.358 0.000
0.3ttl 0.000
0,3¿tÍl 0.000
0.338 0.000
0.334 0.000
0.3€6 0.000
0.337 0.000
0.330 0.000
0.325 0.000

0.388 0.0fl)
0.384 0.000
0.378 0.000
0.382 0.æo
0.372 0.000
0.36s 0.000
0.3{i4 0.000
o.u2 0,000
0.348 o.mo
0.338 0.000
0.3ÍÌ0 0.000

0.378 0.000
0.372 0.000
0.370 0.000
0.365 0.000
0.360 0.000
0.3ai4 0.005
0.3¡lt 0.00s
0.334 0.008
0.321 0.010
0.312 0.015
0.298 0.019
0.286 0.025
0.281 0.û2f)

0.367 0.000
0.3ri1 0.0(x)
0.359 0.000
0.3sr 0.000
0.349 0.000
0.34ì 0.006
0.9t7 0.007
0,323 0.010
0.319 0.012
0.308 0.00{r
o.2u 0.015
0.271 0.019
0.265 0.t2,

0.368 0.000
0.3s5 0.00s
0.341 0.015
0.334 0.018
0.3iÍt1 0.024
0.305 0.028
0.254 0.trt1
0.216 0.0í¡7
0,154 0.035
0.112 0.038
0.081 0.v24

0.373 0.000
0.35{¡ 0.0f2
0.338 0.015
0.325 0.ù2,
0.311 0.029
0.286 o.q¡Ít
0.270 0.0-28

o.21 0.ß5
0.165 0.030
0.123 0.0¡ì2
0.094 0.0'27

0.365 0.00t
0.34{t 0.008
0.302 0.012
0.261 0.016
o.nz 0.028
0.158 0.025
0.115 0.æ1
0.068 0.032
o.û21 0.030
0.û24 0,0Ít2
0.018 0.æ5

0.352 0.006
0.340 0.012
0.315 0.016
0.275 0.026
0.216 0.æo
0.169 0.034
0.131 0.û28
0.0{15 0.03.t
0.052 0.028
0.0{}1 0.û26

i\3



TABLE A- +
ri!r- ' Dehalogenation of Z'cP by unadapted anaerobic digester sludge (50 vo vollvol)under co2lN2 head-space%
Total Day D"y

0

4

6

8

10

t4
l6
18

2t
22

0

4

6

8

10

t4
16

l8
20

22

50.21

48.87

45.64

43.19
'3613

22.14

12.52

4.28

0.00

0.00

29

33

35

37

39

40

43

46

4{1

50

52

54

0.00

0.00

0.42

2.65

5.37

7.79

11.58

13.94

5.57

0.00

6

l0
t2
t4
t6

23.55

48.88

48.02

45.2?

43.31

32.86

?Ã.tt
9.28

2.47

0.00

0.00

13.49

5.21

0.00

0.00

3

6

I
l0
t2
t4

r0.12

13.11

8.r6
2.24

0.00

3.85

1.22

0.00

0.00

0.00

2.9I
5.18

7.88

t2.x
14.15

6.62

0.00

60

62

&
ú
68

10

x.62
20.44

10.2r

4.12

0.00

0,00

{
6

I
t0
t2
t4

3.67

9.49

r3.10
7.83

3.05

0.00

4.56

Cultures were fed with}.lVo y.Extract medium + 2_Cp

26..8r

12.87

4.03

0.00

0.00

49.80

48.10

46.28

44.32

35.48

20.60

ro.u
2.r9
0.00

0.00

40.20

24.60

15.20

9.10

0.00

0.00

12.4'.1

t3.52
9.31

3.76

0.00

2.62

4.61

8.80

t2.61

14.42

5.42

0.00

0.00

0.00

0.00

3.12

4.95

8.87

12.94

t4.87

7.65

0.00

6.61

39.17

u.85
17.97

5.33

0.00

0.00

mgilL mM mM mM

4.18

1o.73

14.75

9.42

4.29

0.00

3.15

4.95

2.6

25.42

15.41

4.76

0.00

0.00

42.t4

23.88

16.04

8.41

0.00

0.00

0.386

0.376

0.35ó

0.339

0.273

0.1ó3

0.083

0.023

0.000

0.000

9.88

r1.74

7.49

2.58

0.00

2.L7

r.47

4.23

6.93

11.20

14.08

6.71

0.00

4.37

38.75

22.62

10.86

3.57

0.00

0.00

0.000

0.000

0.001

0.031

0.055

0.087

0.131

0.r52

0.070

0.000

4.68

12.60

15.43

10.50

6.88

0.00

2.89

0.000

0.0ü)

0.000

0.000

0.000

0.000

0.000

0.024

0.01I

0.000 Refeed

6.6

2.3

0.r97

0.108

0.036

0.000

0.000

42.85
'2ß.t9

16,86

7.28

0.00

0.00

0.000

0.115

0.136

0.089

0.030

0.000

4.97

7.42

t3.37
15,ó5

7.81

0.00

5:7Á

0.297

0.r76
0.08ó

0.034

0.000

0.000

0.000

0.000

0.029

0.000

0.000 Refeed

0.044

0.1 ló
0.153

0.098

0.050

0.000

8.15

3.49

0.325

0.194

0.125

0.064

0.000

0.000

0.000

0.000

0.000

0.045

0.000

0.000 Refeed

0.049

0.082

0.132

0.15?

0.071

0.000

0.000

0.000

0.054

0.023

0.000

0.000



0 0 0.360 0.000 0.386 o.ooo 0.373 O.0oo15 15 0.359 0.000 0.380 o.ooo 0.370 o.0oo47 47 0.347 O.OOO 0.373 o.ooo 0.360 o.ooo82 a2 0.349 o.ooo 0.s74 o.ooo o.æ2 o.ooo97 97 0.317 0.015 6.g¡t5 0.019 0.trt1 0.014139 139 O.Ztg O.O¡t4 0.0A1 o.Otg 0.040 0.065 0.296 O.O42167 167 0.282 0.060 0.278 0.051 o.27O 0.056198 198 0.252 0.067 0.236 0.058 0.244 0.063 wAsH &

21O 7 0.375 0.012 0.361 0.018 0.368 0.015215 12 0.324 0.018 0.334 O.0?2. 0.329 0.020222 19 0.3O¿t O.UZ 0.æ4 O.O6f 0.299 O.OS4236 33 0.272 0.089 0.25S 0.096 0.265 0.093241 3a 0.æ6 0.123 0.214 0.129 o.ã 0.126248 45 0.194 0.157 0..,82 0.165 0.188 0.161255 52 0.147 o.r48 o.frls 0.139 o.rs4 0.044 0.1¿rÍ¡ 0.1s1
.- j-- o.tt+ 0.138 o.ile 0.147 0..116 0.1¿rir wAsH &

272 7 0.371 O.oos 0.379 0.010 0.375 o.oo928O 15 0.297 0.019 0.290 0.024 o.æ4 0.022286 21 0.268 0.081 0.261 0.089 0.265 0.085294 æ 0.254 O.Og8 0.244 0.106 0.249 0.102300 35 0.236 0.112 o.m 0.119 0.23iÌ 0.116307 42 0.190 0.149 0.183 0.152 0.187 O.fst314 49 0.151 O.tSg 0.021 0.1¿16 0.160 O.0Ag 0.1¿19 0.152

320 0
327 7 0.362 0.018 0.3&f 0.016 0.358 0.017334 .14 0.284 0.047 0.273 0.051 o.27g 0.049340 20 0.253 0.109 0.241 0.114 0.247 0.112346 26 o.27 otza 0.219 0.120 o.æ3 0.124350 30 0.168 0.097 0.068 0.158 0.089 0.057 0.163 0.093356 36 0.112 0.070 0.108 0.065 0.110 0.068

TAIòI-E A-S
"l^h . )ata showing Z-Cp removal in unadapted d¡gssted sewage sludge

(10 % vol¡vol cultures und€r Z0 % CO2 + B0 % H2 atmospher€)

362 42 0.010 0.054 o.oo9 0.060 _ o.olo 0.057 WASH &

389 t9 o.æ 0.119 0.235 0.1¿. 0.232 0.121392 2. 0.184 0.147 0.190 O.f 50 0.187 0.149394 24 0.13i¡ 0.112 0.1¿lO 0.128 0.197 0.175396 26 0.107 0.154 0.112 0.160 0.110 0.157398 ZA 0.056 O.tO8 O.ßÍf O.O6t O.i¡tÍt O.OZ1 O.OS9 0.141402 32 o.ot5 0.126 0.oog 0.134

¿106 S 0.316 O.Og7 OSæ. 0.041 o.s19 O.Og9412 t.t 0.254 0.078 0.361 0.08a, 0.308 0.082417 16 o.r8[] 0.125 0.190 0.130 0.187 0.128421 20 0.087 0.149 0.095 0.154 0.ff)1 0.152423 24 0.008 q130 0.016 0.010 0.141 o.0ro o.oo9 0.136 WASH &

432 7 o.æ7 0.æ6 0.312 0.0íÌt 0.310 0.0294it6 13 0.242 0.119 0.250 0.123 0.246 0.121442 19 0.101 O.13Kt 0.109 0.123 0.105 0.128¡t46 21 o.ütt o.1æ. 0.102 0.oel 0.128 0.087 0.051 0.125
o.*e ot20

s'o 10 o.z,z o.o42 0.291 o.osr, ;:;åä ;:ä386 16 0.266 0.064 0.270 0.065 0.268 0.0Â5

All concentrations of 2-CP ÞÈÄiÃäiãffi
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TABLE A_ 6
2-CP dehalogenation in 0.1 % yeast elitract medium
using adapted sludge under 2Oo/" COZ + g}o/" Hz

Total-Days Day
Sample#1

z-CP Phenol
Sample#2

z-CP Phenol
AVERAGE

z-CP Phenol

0
3
c
8

10

12
15
18

21

24

0

3
c
I

11

12
15
18

21

24

0.388
0.36s
0.316
0.289

0.2s8

o.223
0.183
0.087
0.018
0.000

0.000
0.045
0.057
0.06s

0.084

0.130
0.145
0.1 79

0.'t52
0.093

0.372
0.3s9
0.308
0.274

0.247

0.212
0.1 75
0.071

0.011
0.000

0.000
0.041

0.052
0.071

0.089

0.123
0.150
o.172
0.160
0.1 1s

0.380
0.362
o.312
0.282

0.253

0.218
0.179
0.079
0.01s
0.000

0.000
0.04€t

0.055
0.068

0.087

o.127
0.148
0.176
0.156
0.104

WASHING

AND
25
28
31

35
38
41

45
47

0
3
Þ

10

13
16

20
22

0.380
0.370
0.320
0.272
0.226
0.188
0.025
0.000

0.000
0.032
0.060
0.091

0.140
0.150
0.133
0.118

0.373
0.362
0.314
0.258
0.200
0.174
0.016
0.000

0.000
0.040
0.055
0.103
0.151
0.160
0.120
0.108

o.377
0.366
0.317
0.265
o.213
0.181

0.021
0.000

NA
0.036
0.0s8
0.097
0.146
0.155
0.127
0.113

REFEEDING

WASHING
48
51

53
co
59
61

63
66
68
70
72
74

0
3
c
I

11

13

15
18

20
22
24
26

0.380
0.3s8
0.321

0.281

0.261
0.208
0.185
0.091

0.042
0.000

NA
NA

0.000
0.037
0.048
0.o77
0.106
0.138
0.174
0.181

0.1s2
0.118
o.042
0.000

0.384
0.368
0.315
0.288
0.26s
0.217
0.1 79
0.082
0.032
0.000

NA
NA

0.000
0.030
0.051
0.068
0.11s
0.129
0.166
0.173
0.14
0.109
0.029
0.000

0.382
0.363
0.318
0.285
0.263
o.213
0.182
0.087
0.037
0.000

NA
NA

NA
0.034
0.050
0.073
0.111
0.134
0.170
o.177
0.148
0.114
0.036
0.000

AND

REFEEDING

A6



_r-Able 
A_7

Z-cP dehalogenation with various concenlrations of adapted digested sewage sludge in0.l roveast exrract medium

6

7

9

r1

l3
15

r7
t9

0

3

5

6

1

I
11

'13
15

t7
t9

0.380 0.000
0.268 0.050
0.76',t 0.087

0.072 0.125 0.02s
0.000 0.108
0.000 0.000

u
26

27

29

3l
33

35

JI

0

4

6

9

++¡¡ ool*i*Of¡Õ$f df 2-Cp, phenol and Benzoare shown are in mM.

0.387 0.000

0:26? 0.043

0.163 0.079

0.0,68 0.118 0.017
0.000 0.tr2
0.000 0.000

0.000

0.063

0.n4
0.096

0.000

0.179 0.070

0.071 0.116
0.000 0.090 0.038
0.000 0.000

0.3tì3 0.000

0.30ó 0.107
0.196 0.165

0.150 0.t76
0.088 0.211
0.041 0.23S 0.072
0.000 0.218

0.r5ó
0.118 0.015

0.000

I

Phenol

0.233 0.129

0.771 0.147
0.096 0.214
o.o52 0.224

0.000 0.200 0.048

0.r42
0.049

0.000

0.379 0.000
0.300 o.llt
0.188 0.170
0.140 0.180
0.081 0.2t6
0.035 0.243 0.048
0.000 0.207

0.140

0.102 0.024
0.000

0.221 0.133

0.165 0.153
0.086 0.204
0.041 0.2t6
0.000 0.190 0.063

0.130

0.032

0.000



TRøle A -7 6.. cor,rtd)

2-cP dehalogenation with various concentrations of adapted digested sewage srudge in0.1 %yea$ elitract medium .....contd

Þ
cÐ

0

3

5

6

7

I
11

13

15

17

19

0

3

5

6

7

I
11

13

15

17

19

z-CP Phenol Benz

0.385 0.000
0.326 0.032
0.230 0.091

0.169 0.108
0.130 0.112
0.095 0.132
0.055 0.159 0.046
0.000 0.132 0.022

0.118

0.065

0.000

l0 Vo

24

26

27

æ
31

33

35
37

39

0
4

6

7

9

11

13

15

17

t9

0.380 0.000
0.320 0.028
0.234 0.096
0.175 0.114
0.134 0.119
0.087 0.134
0.059 0.162 0.037
0.000 0.140 0.021

0.120

0.070

0.000

0.290 0.042
0.172 0.123
0.109 0j42
0.090 0.150
0.041 0.128 0.053
0.000 0.098

0.045
0.000

All concentrations of 2-cp, phenol and Benzoate snown afe ¡n mM.

0.29s 0.037
0.170 0j27
0.111 0.140
0.081 0.147
0.032 0.133 0.044
0.000 0.086

0.030
0.000

0.384 0.381 0.383
0.265 0.303 0.323
0.165 0.192 0.232
0.070 0.145 0.172
0.000 0.085 0.132
0.000 0.038 0.091
0.000 0.000 0.057
0.000 0.000 0.000

REFEED Y.E' MEDIUM AND 2-CP

0.184 0.n7 0.293
0.076 0.168 0.171
0.000 0.091 0.110
0.000 0.047 0.086
0.000 0.000 0.037
0.000 0.0@ 0.000



lAràLE A-g
"-Åt!í /.:, i z-cp degradailon In mineral medlum conta¡n¡ng 0.1% yeast Extract

Total.Days Day Sampre*r1

z-CP phenol Z-Cp phenol Z_Cp pnenol

0
3
5
I

11

13
15

0
3
Ð

I
11

13

t5

(mg/L) (mg/L)
45.12 0.00 | +s.sa 0.oo38.15 s.06 | +o.zz 6.1018.92 14.80 I er.gg 15.8011.02 12.80 | r+.ra 13.706.85 10.30 | o.os 1 1.60o.oo B.so I o.oo z.zoNANAITnNA

0.352 0.000
0.30s 0.0s9
0.157 0.163
0.098 0.141
0.0s3 0.116
0.000 0.084 WASH
NA NA ÂNrn

0

4
6
I

11

13

15

17
19

ltt
20
22
24
27
29
31

33
35

41.22 6.30
20.15 13.32
13.41 15.47
5.79 16.88
0.00 10.20

NA

47.72 0.00
38.68 5]7
17.51 14.90
11.64 16.42
6.26 17.91

0.00 8.8s
NA 2.80
NA 0.00
NA NA

0.s76 o.ooo REm
0.311 0.064
0j47 0.150
0.097 0.170
0.047 0.185
0.000 0.101
NA 0.038
NA O.OOO WASH
NA NA ÂNrn

0

3
o

7
I

11

13

15

17
19

iJ6

39
41

4¡
45
47
49
51

53
cc

47.39 0.00
4o.ss 2.g2
20.02 10.91
15.12 13.49
11.56 14.39
5.3s 18.28
0.00 12.10
NA 5.22
NA 0.00
NA NA

48.82 0.00
42.89 3.37
22.82 12.36
16.80 14.58
10.94 16.02
6.10 19.71
0.00 12.6s
NA 6.18
NA 0.00
NA NA

0.374 o.ooo - nEffi
0.325 0.030
0.167 0.124
0.124 0.149
0.088 0.162
0.045 0.202
0.000 0.132
NA 0.061
NA 0.000
NA NA

h9



ThròLE A-g
I i | , 2-Cp degradation In mineral medlum containing 10 mM Acetate

(mgil)
44.56 0.00
38.79 2.88
30.84 6.41

27.02 12.32
20.62 16.16
6.s8 16.6s
0.00 12.7s

(mgil)
45.34 0.00
41.12 3.s9
28.79 8.s7
26.12 14.58
18.83 16.94
5.46 16.3s
0.00 11.80

49.25 0.00
42.85 3.66
33.79 6.95
30.17 13.65
21.95 16.7'l
7.13 18.s5
0.00 10.16
NA 5.12
NA 0.00

Æj4 0.00
43.17 2.89
30.64 7.9
28.68 14.38
19.24 17.42
7.87 19.39
0.00 12.44
NA 4.89
NA 0.00

49.27 0.00
44.15 2.12
35.53 5.33
30.4 8.74
25.42 14.19
18.18 16.71

8.24 17.87
0.00 11.49
NA s.60
NA 0.00

48.14 0.00
42.37 1.86
33.28 4.8s
28.92 7.37
23.19 14.50
17.09 17.05
7.11 18.38
0.00 12.62
NA 6.00
NA 0.00

Total.Days

0

3
ð

7
9

11

13

15

17
19

0

4
o
8

11
't3

15

17
19

Day

0
3
Ð

I
11
'13

15

Sampre*t
z-CP Phenol 2-CP Phcnnl t-r:o rl¡.^^^l

0
3
c
8

11

13
15

16

20
22
24
27
29
31

33
\tC

36
39
41

4Cì

45
47
49
51

53
cõ

0.350
0.311

0.232
0.207
0.1s4
0.o47
0.000
0.379
0.335
0.251
o229
0.160
0.058
0.000

NA
NA

0.000
0.034
0.080
0.143
0.176
0.176
0.131

WASH
AND

0.000
0.03s
0.077
0.149
0.182
0.202
0.120
0.053
0.000

WASH

AND
0.379
0.337
0.268
0.231
0.189
0.137
0.060
0.000

NA
NA

0.000
0.02'l
0.054
0.086
0.153
0.180
0.193
0.128
0.062
0.000

A lo



T{',tÐte A- 10
, -'¡r Èr¡ ' 2-cp degradation In mineral medlum containing 10 mM propionate

Total.Days Day Sampre*t

Z_Cp phenot

0
3
o

8

11

13
15

0
3
o

I
11

13
15

(mg/L)

45.25 0.00
34.81 1.15
28.35 7.18
25.18 14.09
20.69 18.32
4.35 9.32
0.00 7.65

(ms/L)
44.12 0.00
36.77 1.42
31.22 6.32
23.08 15.19
21.18 18.08
5.12 11.24
0.00 6.10

0.348 0.000
0.279 0.014
0.232 0.072
0.188 0.1s6
0.163 0.194
0.087 0.109 WASH
0.000 o o73 aÀrn

0
4
6
8

11

13

15

17
19

16

20
22
24
27
29
31

33
35

32.19 6.88
24.35 13.73
18.& 16.19
7.11 .t8.94

0.00 12.68
NA 6.15

0.00

47.31 0.00
37.82 2.80
29.55 8.10
21.47 1s.52
16.69 18.47
6.54 20.27
0.00 13.34
NA 6.68
NA 0.00

0.379
0.306
0.240
0.1 78
0.137
0.053
0.000

NA
NA

0.368
0.291

0.2s0
0.215
0.175
0.123
0.057
0.000

NA
NA

0.000
0.029
0.080
0.156
0.184
0.209
0.138
0.068
0.000
0.000
0.022
0.0s2
0.103
0.127
0.156
0.180
0.104
0.0&3
0.000

WASH
AND

REFEED
0

3
c
7
9

11

13

15

17
19

36
39
41

€
45
47
49
51

53
cc

0.00

4.24

38.29 1.88
33.38 4.68
28.77 8.62
23.14 11.34
16.64 14.20
7.19 16.13
0.00 10.60

0.00

47.59 0.00
36.¿14 2.24
30.87 5.17
26.s0 10.80
21.75 12.55
15.02 15.16
7.40 17.80
0.00 8.9s
NA 1.97
NA 0.00

Á{t



TATòLE A- II
i":s¡s g';, ' 2-cP degradation in mineral med¡um conta¡ning 1o mM Ethanol

(mg¡l-)

4.87 0.00
37.88 3.28
26.17 5.93
20.04 10.96
11 .75 15.16
4.06 12.91
0.00 12.12

(mg/L)

4s.73 0.00
40.79 2.91
28.46 6.37
22.14 9.28
10.14 12.32
3.48 10.49
0.00 7.86

46.85 0.00
36.22 4.02
23.41 6.16
18.0s 13.8s
10.18 16.52
4.26 20.55
0.00 12.12
NA 6.s8
NA 0.00

48.92 0.00
41.13 3.54
25.67 6.82
20.24 12.æ
8.73 16.17
3.89 19.37
0.00 13.86
NA 7.11
NA 0.00

47.76 0.00
38.14 3.85
24.s2 6.20
19.68 10.91
14.87 13.32
10.20 16.06
3.82 18.20
0.00 11.37
NA 4.90
NA 0.00

48.95 0.00
40.s0 4.57
26.19 7.14
20.43 11.72
15.7'1 14.58
10.85 17.25
4.79 18.87
0.00 10.s0
NA 3.47
NA 0.00

WASH
AND

Total-Days Day

0

3
c
I

11

13
15

0
4
o

8

11

13

15

17
19

0

3
c
7

I
11

13

15

17
19

0
3
ö

I
11

13
15

16

20
22
24
27
29
31

33
35
36
39
41

43
45
47
49
51

&3
cc

0.353
0.306
0.213
0,164
0.085
0.029
0.000
0.373
0.301

0.191
0.149
o.074
0.032
0.000

NA
NA

0.000
0.033
0.065
0.108
0.146
0.124
0.1 06
0.000
0.040
0.069
0.141

0.174
0.212
0.138
0.073
0.000
0.000
0.033
0.052
0.088
0.109
0.130
0.'144
0.085
0.033
0.000

REFEED

WASH
AND

0.376
0.306
0.'197

0.1s6
0.1'19

0.082
0.034
0.000

NA
NA

Av-



TAI'¿t-r A+12
l*rÞ;¿- i:,i,¡ ' 2-cP degradaflon In basic mineral medlum (without supplements)

48.70
4Í1.¿13

34.82
25.70

I c.cþ
16.71

5.14

2.31

0.00

0.00
1.22

3.20
7.43

10.25

13.44
14.38

12.41

9.87

0.372
0.345
o.279
0.191

0.133
0.102
0.036
0.016
0.000

0.000
0.013
0.038
0.o74
0.112
0.132
o.144
0.128
0.111

WASHING

AND

Total-Days Day z-cp phenol z-cp phenot 2-Çp phenol

0
6
I

12

16

20
22
24
26

0
6

I
12

16

20
22
24
26

46.90
45.23

36.88
23.39
18.63

9.51

4.11

1.80

0.00

0.00
1.13

3.95
6.39

10.81

11.28
12.69

11.66

10.90
28
33
36
40
43
46
48
51

53
54

0
õ
8

12

15

18

20
23
25
26

0.00

0.75
3.38
5.73
s.21

10.53

11.28
9.40

7.99
6.58

48.96
46.26
38.68
26.47

21.20

15.42

11.82
8.10

1.80

0.00

0.00
1.22
3.57
5.45

8.37
9.96

10.81

7.61

6.96

6.11

48.44

45.36
37.78
25.57
20.17
14.65

10.28
6.4Ít
1.16

0.00

0.379
0.357
0.298
0.203
0.161

0.117
0.086
0.0s7
o.012
0.000

0.000
0.011
0.037
0.060
0.094
0.109
0.118
0.091

0.080
0.068

REFEEDING

WASHING

AND
oit
58
60
63
64
66
68
70
72
74
77
80
81

0
3
c
I
9

11

13

15

17

19

22
25
26

0.00
1.32

2.26
5.92
NA

6.96
8.55

10.53

11.09

NA

9.59
8.27
5.73

0.00
0.94
2.63
5.17
NA

6.39

7.90
11.09

11.37

NA

8.46
6.96

4.89

47.29
40.86
33.41

28.78
NA

25.4
21.O7

16.96
11.44

NA

6.17
1.16

0.00

46.s2
41.63
32.64

27.76
NA

24.42

20.ß
16.19
'10.54

NA

5.40
1.67

0.00

0.36s
0.321
0.257
0.220

NA

0.194
0.162
0.129
0.086

NA

0.045
0.011

0.000

0.000
0.012
0.026
0.059

NA
0.o71
0.088
0.115
0.1 19

NA
0.096
0.081

0.057

REFEEDING

A13



Gradient elution is dependent on time controlled changes of two or rnore solvents. Each solvent contributesvaryrng percentages of the total mobile ph*e throughóut the separdion. The Craoiùt Table construðt"o-bvthe operêûor determines these percen!.ages. Flow rae äo tnetimã each set of condition! is in effect are used togenerae a cnromatogram of welldefined peaks in a minimum anþunt of time.

The gradient prograrn enables the operator to control the rde of change of the indivídual solvents in eachsegment' Each segment is described through the use of concave, convex, and linear composition proiiles.

Beyond gradient separations, programs can be devised to prepare a system (equilibËion, sotvent changeovers,cfeanup following buffer use, regulated flow rate increase för column warmui, étc.¡ uiing tne tour reservoirs in thewaters 6@E. operaing 9s asystem controller, thewders 6@E can control entire methoäs inctuding detectorand auto-¡njector sampling parameters.

To prepare a Gradíent Table:

Press PRoGRAM TABLES. The waters ffiE *l permanently store up to 1s tables (numbered 1-1s). A GradientTable can contain up to 15 lines automdícally ordeied uv t¡mJi Èàðh tíme entered in the tabte must be unioue.

PSOGFÁH 6RAOI€}IÍ TASL€,: I

ÍlM€ FLow ctA cò8 crc qro CIJRV€

rNltrAL [[! ræ o o o

CLTAR CL!¡R
LIT¡€ IÀaLE sAvE H€LP

FIGURE }3O PROGRAM GRADTENTTABt,€

TABLE 3.16
GRADIENT PROGRAM SCREEN PARAMETERS

REOUIRED ENTRIES

TIME FLOW

t curve

RANGE

0.00-655.34
0-20 ml/min
0-45 mllmin
0-1 00

1

2-5
o
7-10
'tl

Programs 't -1 5

COMMENTS

ïm€
Flow (100 utheads)
Flow (225 ulheads)
"/4, "/oB, 7"C, "/oD: must total 1 OO

Go to end condition immed¡atefv
Convex
Linear
Concave
Maintain start condiüons und end of segment (used to cfeate step
gradienE)

Enter number of the program you wish to edit or creare

ç+
I

ì

Table Number

A14



The function keys displayed while in this mode of operation are:

CLEAR LINE

CLEAR TABLE

SAVE

HELP

FINAL CONOIÍIONS

SOLVENT

COMPOSITION
OR FLOW RATE

PROFILE

INITIAL CONDITIONS

cfears the line on whích the cursor rests. Does not delete the line
permanent mernory.

clears the entire table cunently displayed on the screen. Initial
conditions line returns to default staúus. Does not delete the table
from permanent memory.

sa¿es the table cunenily displayed on the screen. To store a modified
table for use or to delete a table (press the appropriate cLEAR key and
then SAVE.)

Provides a Help message.

s1ÂRf ENDSEGMENÎ SEGM€NT
TIME

FIGURE }31 WATERS 6{'OE GRADIENT CURVE SHAPES

In__the example below the curve number refers to the shapes shown in Figure 3;31. Each curve illustrates a .)
different proportional rate of change overthe time specified on each line of th]e Gradíent Table forthe solvent L.
composition or the flow rde. In the example, rnobile phase flows as soon as the pump is started with r9o% f*Solvent ! I 2 ml/min. The solvent composition 

^changes to Boyo Solvent A and eoy. bovent B in a steaãy, 
1gradual fashion over the next three minutes using Curve-e. The ttow rde remains unchanged. The next segmãñi 

' \
could usethesamecurveorchooseonethatcnäges composition moi"ão¡ó"lv il-åfoiros radicalty fz-il)æ I

the outset before establishing an isocratic plaeaù. -'----r \ '' ' '' -' 
./

Generally whenwer you want resolution a specific conditions within an analysís, couple the last curve with
an opposite shape in, the next timed segment. Whenever you wish to expedit-e the solvent changeover (no
resolution is taking place), use a steep curve.

1. Develop the Gradient Tabte:
o Make a photocopy of the Analysís Plan and File Sheet found in Appendix D to develop and permanen¡y

preservg your methods.

GRAD¡ENT TABLE
TfME' FLow'oh\ ohT ohc oho cuRVE

INMAL ?.o 100 0 0 0 t
3.00 2.00 80 20 0 0 6

FIGURE 3.32 GRADIENT TABI.E

A(r



TA ßLE A- I7
Dehalogenation of 2,4,6-TCp with cultures adapted to 2_Cp
under 20% COZ + g}yo N2 atmosphere in 0.1% y.Extract medium

Total-Days Day

00
44
66
10 10
14 14

18 18

20 20
22 22
24 24
26 26
30 30il----
354
387
41 10
45 14

49 18
53 æ.
55 24
57 26

SAMPLE # 1

2,4,6-TCP 2,4-DCP 4-Cp phenol

(mg/L)

cr

30.12 0.00 o.oo o.oo
27.38 1.51 o.oo o.o0
23.54 3.88 0.50 0.00
æ.25 5.49 1.01 0.oo
17.16 7.12 4.47 o.oo
13.55 8.86 5.56 o.oo
10.92 11.72 8.21 0.oo
5.41 8.11 11.94 o.oo
1.O2 5.82 13.75 o.oo
0.q) 1.97 15.85 o.oo
0.00 . 0.00 16.79 0.oo

SAMPLE # 2
2,4,6TCP 2,4-DCP 4-Cp phenol

(ms/L)

¡1e.03 0.(X) 0.00 0.oo
25.30 2.50 0.61 0.(X)
n.20 6.80 1.?2 o.oo
17.60 8.40 4.28 0.oo
15.03 10.30 6.13 o.oo
7.U 12.45 10.62 o.oo
0.00 6.71 14.19 o.oo
0.00 2.æ 15.40 o.oo
0.00 0.00 15.95 0.00

623
656
69 10
73 14

75 t6
77 18
79æ
81 22
83 24
85 26
87 28

28.78 0.00 0.o0 o.oo
26.32 0.75 0.æ o.oo
21.08 3.69 0.96 o.oo
19.1f 6.28 1.33 o.0o
16.03 7.85 4.89 o.oo
14.25 LO4 6.01 0.00
11.76 12.26 8.75 o.oo
6.35 9.34 11.64 o.oo
2.81 5.47 13.83 o.oo
0.00 2.35 15.46 o.oo
o.oo 0.oo 16.34 o.oo

zö.nõ 0.q) 0.00 0.00
25.21 1,88 o.o0 0.oo
21,37 5.65 2.3s 0.00
18.80 6.87 4.87 o.oo
15.22 8.92 8.38 0.00
11.76 10.21 10.61 0.00
7,16 11.37 13.85 o.oo
3.75 9.36 15.S5 0,00
0.00 5.63 14.83 o.oo
0.00 2.86 14.80 o.o0
0.00 0.71 14.62 o.o0
0.oo 0.00 14.73 o.o0

30.14 0.00 0"o0 o:oõ
27.12 1.74 0.70 0.oo
22.49 6.33 1.45 o.fi)
19.05 7.85 4.83 o.oo
16.55 10.97 6.67 o.oo
10.28 13.1 | 11.19 o.o0
2.50 7.49 15.17 o.oo
0.00 3.34 15.87 o.oo
0.o0 0.00 16.26 0 ()()

AVERAGE
2,4,6-TCP 2,4-DCP

29.45
26.85

æ..31

19.68

16.60
13.90

11.34

5.88
1.92

o.00

2e.54 0.oo 0.00 0.00
26.16 2.18 0.55 0.@
22.88 5.97 3.3f o.oo
19.13 7.14 5.18 o.oo
16.02 10.61 7.93 o.oo
12.31 11.28 11.28 o.oo
10.74 12.36 13.79 o.oo
4.10 7.76 14.84 o.oo
0.oo 4.97 15.28 0.oo
o.00 2.28 15.76 o.oo
0.00 0.50 16.14 o.o0
0.00 0.o0 16.20 o.o0

0.00
1.13

3.79

5.89
7.49
8.95

11.99

4.73
5.65
2.16
ooo

4-CP

0.00
0.00

o.73

1.17

4.68
5.79

8.48

11.79

13.79

15.66
tA q7

Phonol

0.00
0.00

0.ff)
0.00
0.00
0.00

o.00

0.oo
o.oo

0.00

æ.59
26.21

21.35
18.33

15.79

9.06
r.25
o.00
n tvr

2.12
6.57
8.13

10.64

12.80
7.10

2.82

29.10
25.69

22.13

18.97

15.62

12.U
8.95
3.93

0.00

0.00
0.00

0.00

o.66

1.34
4.56

6.40

10.91

14.68

15.64

0.(X)

0.00

0.oo
0.00

o.o0
0.oo
o.00
0.00

2.03

5.81

7.O1

9.77

10.75

11.87
8.56

5.30

2.57
0.61

0.00

WASHING

0.28

2.83

5.03
8.16

10.95

13.82

15.35

16.06

16.75

17.02

17.14

0.00

0,00

0.00
0.00

0.00

0.00
0.00

0.00

0.00
0.00

0.00

WASHING



TAtsLE Æ-l+
Dehalogenation of 2,4-DCp with cultures adapted to 2-cp
under 20% coz i 8oo/o N2 atmosphere in 0.1% y.Extract medium

Total-Days Day

0

4
I
12

14

16

18Þ
-tt

SAMPLE # 1

2,4-DCP 4-CP phenol
(ms/L)

0

6

I
12

14

16

18
20
24

27
30
34
38

29.75 0.00 0.oo
21.11 6.88 0.00
15.46 11.62 0.00
8.63 14.89 0.oo
4.75 16.68 0.00
1.O2 17.'t4 0.00
0.00 17.20 o.oo

o
4

7

10

14

18

39
42

45
48
51

53

55

30.4s 0.00 0.oo
20.56 6.07 o.0o
9.48 12.35 0.00
3.50 15.6s 0.00
0.00 16.29 0.00
0.00 16.35 0.00

SAMPLE # 2
2,4-ÐCP 4-CP phenol

(mg/L)

o
3

6

9

12

14

16

28.69 0.00 0.00
22.41 4.69 o.O0
16.78 10.06 0.00
10.06 14.46 0.00
6.64 16.17 0.00
2.35 16.89 0.00
0.00 17.24 0.00

29.27 0.00 0.00
23.24 4.17 0.00
11.77 11.35 0.00
5.42 14.68 0.00
1.28 1s.37 0.00
0.00 16.14 0.00
p.00 . 16.25 0.00

29.86 0.00 0.00
21.42 5.78 0.00
10.18 12.78 0.00
2.87 16.16 o.o0
0.00 16.75 0.00
0.00 16.60 0.oo

AVERAGE
2,4-DCP 4-CP

(ms/L)

29.22

21.76
16.12

9.35
5.70

1.69
0.00

30.15 0.00 0.oo
24.76 4.37 0.00
12.64 10.81 0.00
6.76 13.85 0.00
2.18 15.19 0.00
0.00 16.50 0.00
0.00 16.42 0.00

0.00

5.79
10.84

14.68

16.43

17.02
17.22

Phenol

0.00

0.00
0.00

0.00
0.00
0.00
ooo

30.16
20.99

9.83

3.19

0.00
0.00

0.00
5.93

12.57

15.91

16.s2
16.48

29.71

24.OO

12.21

6.09

1.73

0.00

0.00

0.00
0.00

0.00
0.00
0.00
ooo

WASHING
ANT'ì

0.00
4.27

1 1.08

14.27

15.28
16.32

16.34

REFEEDING

0.00
0.00

0.00
0.00

0.00
0.00

0.00

WASHING
ANN

REFEEDING



TA B LE A_ Iç-
2-CP adapted cultures exposed to 4-Cp
under ZVA CO2 + 80% N2 atmosphere in0j% y.Extract medlum

Total-Days Day
AVERAGE

4-CP Phenol

0

4
7

10

14

18

2.
24
26

0
4

7
10

14

18

2.
24
26

30.09

29.90
29.03

28.77
27.æ
27.OO

26.94

25.75

26,1 3

0.00
0.00

0.00

0.00

0,00

0.00
0.00
O.OO WASHING
O.OO AND

28
ât

u
38

42

44

46

48
50

52
54
Ðo

0

3

o

10
.A

16

18

20
22
24

26
28

æ.19
NA

28.29
27.83

27.70

NA

27.41

NA

26.14

NA

26.03
25.84

0.00

0.00
0.00

0.00

0.00

0.00

0.00

0.00
0.00
0,00

0.00
0.00

SAMPLE # 1

4-CP Phenol

30.51 0.00
30.20 0.00
28.89 0.00
28.72 0.00
27.60 0.00
26.65 0.00
26.32 0.00
26.01 0.00
26.24 0.00

æ.67 0.00
æ.60 0.00
æ.16 0.00
28.82 0.00

28.15 0.00

27.35 0.00
27.s5 0.00

25.49 0,00
26.02 0.00

æ.72 0.00

NA 0.00
27.76 0.00
27.25 0.00
27.33 0.00
NA 0,00

27.15 0.00
NA 0.00

25.42 0.00
NA 0.00

25.92 0,00
25.æ 0.00

NA 0.00

28.82 0.00

28.41 0,00

28.06 0.00

NA 0.00

27.66 0.00
NA 0.00

26.85 0.00
NA 0.00

26.14 0.00
26.39 0,00

At8
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4-CP removal profile in cultures
adapted to 2-CP wíth dext or phenol
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F'tfl L -z Speclnc 4€P removal ln cultures
edapted to A€P with Dert or phenol
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TAI}LE A - 4L
' Degradatlon of ¡l-Cp by 2-Cp adapted cultures

Adapted to 2€p and r
Elapsed [þritroee Phenol

Sample No. Time 4-CP 4.Cp

I
2

3

4
,5

6
7

I
10

t1
12

13

74

t5

0
20

40

50

60

70

80

100

110

tn
140

150

160

170P

30.35

28.72

25.1 5

22.97

2t.39
18.64

17.06

15.31

13.14

11.97

at7
4.32

1.95

o.00

Adapted to 2€P and :.
Doxlrose Phenol

4-CP 4-CP

æ.12
24.41

19.88

17.72

14.37

11.28

6.64

3.47

0.00

C r\e'y¿,bì c:

Avg. Vgs (mg/U

29.88

27.32

24.86

21.39

19.88

17.24

1ô.17

14.91

11.56

10.06

7.78

5.14

2.ql
0.00

Ê.rìI

31.35

26.61

21.73

18.57

15.44

12.16

8.10
4.54

0.00

2030

[þxlrosê Phenol
4-CP 4-CP

30.12

28.02

25.01

2-18
20.&
17.94

16.62

15.1 1

12.35

11.02

7.98

4.73

2.14

o.00

1965

fi.74
25.51

20.81

18.1 5

14.91

11.72

7.37

4.01

0.00

0.00

o.o0
0.00

o.q)

Dextroso Syst Phen Sys

4-CP 4-CP

% Remaining

100.00

93.03

83.02

73.64

68.51

59.56

55.16

50.17

41.00

36.57

26.48

15.70

7.10

o.00

100.0o

82.9f)

67.68

59.03

48.49

38.13

23.98

13.03

o.00
0.00

0.00

0.oo

0.00

o.00



-rAràLE 
A-\7

Un-adapted digested sludge (S0"/o votivot) exposed to g0 mg/L 2,4,6_TCp; 2,4-DCp and 4_Cp
(Preliminary experlmerlt to check HpLC program gradient)

0
6

10

14

18

TCP-1 27.65
20.20
15.03

6.48

0.00

0.00

3.50
6.80

2,90

0.00

0.00
0.00

0.60

0.s0

0.00

0,00

0.00
0,00

0.00

0.00

0.00

0.85

4.27

14.10

12.ù2
0
6

'10

14

18

TCP-2 29.35
18,æ
11.59

4.37

0.00

0.00
0.60

c.cð
15.67

13.87

0.00

5.20
7.81

3.12

0.00

0,00

0.00
0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00
0
6
10

14

18

NA

NA

NA

NA
NA

11

10,48

3.20
0.00

0.00

6.07
15.6¿1

14.æ

13.11

0.00
0.00

0.00
0.00

0.00

0.00
0.00

0.00
0.00

0.

0

6
10

14

18

DCP.2 æ.67
9.21

2.87

0.00
0.00

0.00

6.88

14.37

15,28

14.æ

0.00

0.00
0.00

0.00

0.00

0.00

0.00
0.00

0.00

0.00

NA

NA

NA

NA

NA
0
o

10

14

18

25
30

NA

NA

NA
NA

NA

NA

NA

28.35

26.48

26.16
24.42

24.45

2..37
2,89

0.00

0.00

0.00
0.00
0.00

0.00

0.00

4CP-1 NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA
NA

NA

NA

NA

NA

0
o

10

14

18

25

30

30.35

28.69

27.33
27.45

25.68

26.37

24.91

0.00
0.00

0.00

0.00

0.00

0.00

All concentrations in mg/L of respective compounds

l\2L



8E*r(t)

8E#r(4

BA'CH EX'EFTMEN' # r: cffiÞariffi cr 2€p dcgrada*x undcf mothrnognb and aurîdogæb Mditiof,û
Môüldro€ôrÈ C!dù¡.û Crût volvot ¡Eùâl hdc. @Z + NA hcå¿lpæo
No Addcd Sr.dÞhãtr (Bækgqrìd SOa - OS mMt

âCp (r,C4J
Ory Mf t¿ Mo

o 1f.7A {a8€ 5t.07
8 4t.94 12?E ¡5,t¿

t0 3o.3¿ 3toe 35.69
12 f eæ lz62 &a.
f5 fos¿ 8,87 r¿æ
t7 ¿6 3ot 44
f9 o@ ooo tæ
2r o0o o@ ooo

pHEt{OL (n{/rJ
Mf H2 M¡ Mt

o00 0.00 o.æ HD
o0o ott oBt NO
t€5 ¿.81 5.€O HO

'to2. il.6a &t6 t¡o
r3,(tt 1112 1261 c.63
raf3 r4€8 f458 ¿r5
5æ 3.78 {.32 ¡¡o
o00 0@ ooo f¡o

PHEHOLs3 st s2 s3 st

¿€.67 06 o.@ o@ HO{49t t.0€ ùf7 09{ NO36,84 â@ 6.47 5æ HO?oæ rt.59 r2'7S t¿€ fio9.ê¿ taæ ra37 ,a.(f, tæ
34 !¡tsl¡ t4&¡ rtg, NOo@ 4it 4g¿ s7J Nooæ a@ oæ ûæ NOo€f, ooo oæ o,ð NOoq) o.ø oæ ooo NO400 0'6 o'@ oæ HO

PHENOL
Fr Fz

û00 0.00
o00 0.@
ZTtt 4l I
8.5¿ 7.Al

r¿t, fi.84
1579 r6.at
r¿8 ftæ
z3c aE,
lz? {.3¿
r.6Ét 1.8¿

oæ o@

PHEIIOL

S I S2

o@ 0.00
oæ ûæ
NA NA

oø ooo
NA ¡il

o@ ûoo
I{A flA

o@ 0.@
NA NÂ

o@ o00
HA 

'.IAoæ ooo

q24 tø
4t0 0.¿15

31Or 17:1
f8,69 tool
106€ Í326
t07 t4l2
aæ 4,97

o@ o@

SO¡{ñg/L)
s3 Sr 92 53

HO 490æ 46A8€ 4e5.65
t{D æa36 {æ.6A {¿Ê.36
ND NA NA NA
ND ¡a¡(zt 34SBO O6A25
i.76 ø¿. 3ro.æ 3le@

ND æ.56 æ.75 ¿78,æ
ND æ54t 256.3A 2a5.04
ND 25088 4,æ æots

'ID 
NA NA NA

NO flA NA ÑA
flD 4.71 2.ß 2t5.æ

-/-ArìlÈ À ¡a'.¡'v'sL tT _ lö

% ocP
M

| 00'00
8Z5C

61.U
37'96
zl.4
aa¿
o@
o00

AV€RAGE

24P Phæ so4

q4t o@ 4qr95
43.C1 Oæ 4AO.lz
36'73 tæ NA
2075 t2æ ó5AOO
fo2a 16.04 3fa3€
332 t5.06 285.t9
O0o 409 2Stæ
oæ o@ æ.7î
o@ o0o NAo0o ooo r{A
o00 0.00 ¿.*

8@(h94J
u¿ M3

AVEFAGE

2€P Phfid

ND NO
NO ND

NO HD
NO NO
3.87 (25
r.83 z.rB
NO NO

NO NO

:lJll9.n¡c 3ftrræ Oo" votivot hæt¡¡l qdcr COA + flA rþ.dlpæcIrgrt lrú6d Slphdo Cæ. = S mM (BækO.d SOa - OO hM)

2aP
OAY St S¿

0 {e.8t ¿6.54
a 4.6' {¿ot

ro 34.59 36,76
12 20,49 21.4
16 il.12 toæ
r7 ¿78 a76
19 o0o o.æ
2t o0o ooo
23oæo@
6 oæ 0.6
æ o00 o'æ

¿,cP
OAY Ff F2 F3

o 50.25 5t.79 q8r
8 ¡tto¿ 1?,75 {Agz

to 41.8 1454 {o78't2 u,47 35.25 3Aq!
15 27.æ Z,tæ ¿S.At
I 7 'l 5.8{l I AOt | ¿tõt
19 tOIt fot¡ú &e9
2f 5,04 53¿ 17O
æ ¿36 zæ t.æ
È o00 aoo ooo
æ o@ ooo ooo

24P
DAY st s? s3

0 a7.45 &2, ,ra39
a 47.æ 4A.tO {azf

'O 
NA I{A NA

12 4668 ,laoo t{a
r5 NA NA HA
t7 u,9 t¡A 4t.a2
19 NA ¡ra flA
2l a6.æ 4Z5A ¡7.aô
æNAl{AHA
6 {ôt8 4r.21 4Zt5
?A t{A NA NA
â 45.29 4A06 4S&l

_ so,t AVERAOE
F I F2 Fo zap ph!@ so4

NO NO ffE.¿l s¿{€s
No r¡D 4r¿6s 4ã).ro 

s1455 5o28 ooo 5l3s
No f{D NA flA 

4Ql7 44îl ooo 4lt.s

lg No .*ä 36¿; ,.ï: ää lä *"::ND Ho æ{.so 3ra.6., oo136 zssa ,iui ,*;247 ¿64 zzsæ æ.47
110 42 ã; ä; äi ';i ;åi z:åIl t{o æ-ta a¡l.s zæ:¡t 13€ ,.* *;l? ilo NA NA ¡A r.er +* -¡¡;NO I{O NA flANo 'o "'o.n *J .,# li li .,"1:

8w(hgt)
s2

t{o
{o
HO

ND

zu
NO

t{D
fio
ño
¡¡o
NO

%2€P 96so4

fo.@ r00.oo
90.75 e5'5/
TAS| flA
4¿87 tZt3
21.2. 64&5

a8{t 5€.æ
oæ r¿07
o00 ¡8'84
OOO NA

aø NÂ

û00 {6.a,1

BE#l(3) Stirdogrr{c Cdt¡c, C/G rctilot Ler¡4 wíti 6 ñM Fo([) udd COA + NA h..drFe,lârlrr Inidd Sdpñdo Cæ. , S hM (Bætg.q¡d SOa : ;;;il--

F]FS
8mt(het)

F2 FC

BE#r (4) Sr.rìc Cntot! Crþ% vot et hær¡å) r¡d.. CO2 + t{A hcâdsps.
Túg.t l|*dd s{¡phût. ctr. = s 6M (Bæftsre¡d sol = qs 6f,¡¡

o00 NO
06 HO
1.4f NO
8.S N0

13.86 H0
f7.@ t.l1
rtzt 6.78

aqt Ho
3@ NO
r.6 ND

o00 No

OOO HD
O,@ HD

NA NA
0.00 f¡D
NA HA

oæ NO

NA NÀ
oæ tJo
NA 

'.¿AO.q, ND

NA NA
0.æ t{o

%ocP %so4

100.æ tæ.æ
929t 8O.tO

81.4 NA
m64 6298
51.'14 59.52

3t.æ 534¿
t94€ 49.15
10.60 45'30

3,8t NA

Oæ NA

o00 41,61

%2CP %so4

t00.00 tmoo
96.84 NA

NÀ NA
9l9t 9t?!

t{À NA

97.13 9t8r
NA NA

ez30 s.30
NAH4

sq8t NA

N^ s.5¿
9401 t{A

sr93
Bdr(rRnJ

s2 s3
SO¿ AVERAGEsr s2 sô 2<,P PHEi¿OL so4

NO ND s€.et srz65n1. No ì; -..;; *i^ fi ii *nî
NA ¡IA r'tA T¡A

NA NA NA NÂNo r¡o soo; ooä *l .# ..1 *rT:NA NA flA NANo No s04.6¿ sr.oo 
NÀ NA NA NA

NO {o ||a |¡A
NA NA 6d2 3r¿69 

fl {at8 o@ ilaNo ¡¡o -* -'.,; ii # "ï 
*iä

'8E*l Hc6.fsp@ Ct{aconÞo!¡tbn (Avüâo. qrrrræ ldrçtôr)

O¡ryMSFSCsfrl

o 0.0o ooo oø
s ts.æ l¡180 rz+3

ro titA HA ,{A
12 HA NA NÀ
16 ãt$ ¿7.O 2O.3O
17N^NÀt¡A
19 stgo 3¿1O d.æ
2I NA NA NÀ
æüflAilA
æ ¡tA NA ilA
æ S7.80 3alSO îr27.
4 NA NA t{À

o00
ûo0

NA

NA

o@
¡aA

o@
¡ra

NÀ

ñÀ

oü
NA

NA = tlot Anatzcd

ND = He¡ ntOo6

l+Lþ



BATCH Þ(FERIMENT # 2: cmprríH d 24P dcgmdatin undd vsrb6 msthlriogü¡c rnd et¡dogd6 æ¡diti¡rn¡.

8E¡t20) M.lh{ogdúc OJù.r.r C'OA vo¡¡¡o¡ i@t¡) r¡rd.r CO2 + N¿ h.rdroæ.
No Add.d S{¡phrb (Bekorq¡ìd SOa = OO mM}

c4)

G)

o

9

a^12
t ( | 16

t -/ 17\--/rs
21

æ
26

¿f

DAY

0
7
9

12

17

to
2l
â
ú
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i6 ise¿ l¿fl tos
17 3€8 ôt2 5.6
rg 0.6 0.ó 06
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NA NA
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AVERAGE
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ræ.00 t@,00
89.87 80.53
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oæ st.s¿
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NA
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r æ.@ f 00.00
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0.00 ilA
oæ 1¿g

PHENOL (ûrO/Q
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0.æ oæ
o00 0€o
¿17 a6l
&€5 ro€¿

il.3t f 4æ
r5.8t t6,6s
7.æ A8l
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q00

o00
1â

il.37
r 5.26

8.61

o00

NO ND NO

ND NO ND
NO NO NO

12r NO {66
ND ND NO

r.87 ¿72 6.36
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t¡o NO NO
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o00 flo flo t¡o
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417 NO NO ND
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!28¿ ND ND HD
18.68 NO NO NO
ll.r2 6.87 7.Ei a¿
8.68 3.{¿ 266 ND
¿x No NO HO
o,00 No NO flo
o00 No ño t{o

8áqír9/t)
Mr u2 M3

TAfà | -u L- tn
' | 1..

%¿4P
M

r0t'æ
€a.35

7059
{¿33
2f.12
ro50
o00
qæ

AVERAGE

PHENOL SO4

oæ 5l¿21
0'69 1t¿47
eæ 3a6.17

la80 @74
rzíIt 32970
tt,ea æ1.4
Xot NA

oø &,@.
NA 253.5t
NÁ NA

NA 25¿?¡

EE*2(4 Srdújooø¡c AJü,ro! OO% rct¡Vot ¡Elâ) ød.. COz + t¡A h..d¡pG.
T&gct lrÌdd S¡lp+rdr Cæ. = 6 mM (Brd(gq¡d SO4 = tg mM)

PHENOL

sr s2

0.00 000
o55 0.@

6.{ô 7.Q,

143€ tZ49
16.37 is.gl
t0,29 tzg¡
¡4¿ 4t4
oæ o@
NA NA

NA NA

NA NA

s3

ocx)

l.æ.
t89

t 5,54

I e72
1¿21

aæ
0.00
NA

NÂ

NA

s3

BE#2(3) Hcür.noomÈ CLdu.û Oû.É vo{^rc| iEai¡) H1h 3 mM F.(lt) úìd{ CO2 + N2 húd.Ðco
No Add.d S¡tphac (Bækgq¡d SO{ É 0'6 hMl

PHENOL (mC4J

MFI AFz MF3
862(hCA

MFI MF¿ MFC

5re68 49.4A

47.47 {¡17
3m.æ 35.S7

35A7t 2t!.€4

325.æ !3.æ
æ.61 4e8

NA o@
2É5.& 0.æ
?54.æ NA

NA NA

24Ae5 NÂ

%À4P
M

r00.@

s.@
79.52

€o'0t
4494

3t.94
17.æ.

to3l
o00
0.æ
o00

4,71 4e32 51.3¡t O,OO Oæ
{åæ ,470 47.U OOO tOO
4.4 3AAl JZ€¡t t.79 3Zl
æ,r, 30.25 206it 7.¿. es7
23.94 2t.¡¡) 2o.3ô r¿r3 fi,sa
156A fA3t t,(6.t la€ t7,æ
&3Kl g.la z8Ð rr,28 t¿37
4.04 5'4¡t 4S7 Z6 .r.Q

om o00 0.æ 6.2t 46a
o00 o'@ o00 zæ zæ.
o00 0.00 0.@ ûoo odt

SÊ.#2(41 Súfdogor* c{ft¡o! CrO% vowot ¡Er.dÀ) kfì 6 mM Fó([) 6d.r CO2 + NZ h.rdeæc
f4gct lridd Suþhrb Cæ. = 6 hM (BækgMd SOa = OB mMl

24P
FI F2

1487 ¡ß8¿
4306 ¡404
3s'24 S.æ
æ.8 3o.7t
¿7.æ Lsf
16.89 fZ36
t266 .tOCt

âzf 4ei
o.00 000
o00 a00
q@ oq,

PHEIIOL
F3 FI F2

47.0t o00 0æ
,1106 0@ t6
3a6it t.4a 3.r2
3122 8.35 7.4
24æ. rost 9.67
16,a9 1¿æ r3,t4
9.@ .l¿æ t3,0t
466 7.81 7.42
o.o t.t6 26
o.æ 0.m oæ
0.@ 0.6 0oo

Btr{ñrg/u
F3 F' F2

O@ NO ND
o00 No NO

¿95 ND HO

nt3 {o NO

to.cz HD f¡D
12A7 HD NO
1264 587 364
0.28 NO NO
o97 ilO NO
o@ No NO
o00 r,¡o t¡D

5¿587 506,75 46.æ
ll2gl ,12û.t 405.26

3€OCt 3A92t 365.S€

Ø.¿t 36A.7t 3¿¿Et
36.41 3¿5O¡l 3@,53
æ74 306.t0 ãt8,65

NA I{Ä NA
24â,36 2Ét30 æ¡.5ô
æ8 250.5¿ ,æ

TIA NA NA

^â 
23o'1t ts.g

AVEFAGE

2'P PHENOL SO4

'47.70 O0O 50€,/O

ßæ q00 4t28€
3Z8A ¿52 c78.59
3¿æ 6.3t 97.12
25,ô8 tQrT 3il.c)
t7,2A 1277 æå t 6
f0.9i Í289 NA
461 7.to 2lgto
o00 r.30 æ,16
o@ o00 NA
o00 0'00 2t6,S

so4
Fg FI F2 F3

14

r{D

NO

t{o
t{o
ND

¡¡D

{€
flo
r¡o
fi¡o

HO

NA ã Noa Amtyrcd

l{D = Not Datad¿d

Av4



BE#2(5) Background cuhures under methenogenic and sulfidogenic

BM-l ,"1?o 
('1tJ, 

B$2 Avg(soa)

-TABLE A-tg C. " .- co 
^U)

0 62.40 70.60 516.45 505.37 510.917 54.U 60.33 438.36 411.77 425.07I 47.62 52.79 404.15 394.82 399.4912 NA NA NA NA NA15 38.54 40.79 351 .74 33S.12 344.9317 32.36 38.84 305.65 æ7.g1 301.7819 NA NA NA NA NA21 28.82 38.56 285.tr 271.17 278.4123 28,& 38,54 27&æ 261.54 27O.Og25 NA NA NA NA NA27 28.18 38.87 260.æ. 254.g7 257.30

Head-Space CH4 composition (Average)

DayMSMFFB/G
o 0.00 0.00 0.oo o.oo o.oo
TNANANANA
g 20.20 18.86 16.50 15.10 22.OO

12 NA NA NA NA
15 31.20 29.33 25.10 25.80 2Ai8
17 NA NA NA NA
t9 38.35 37.71 92.22 30.20 36.75
21 NA NA NA NA
23 40.47 40.05 34.60 32.80 38.95

GI

€
f\)
t^ì

I

BE# 2

GI

BM.1

ND
ND

NA

NA
ND

ND

ND

ND
NA
NA

NA

2-CP(mg/L)
BM.2 BS-1

ND ND
ND NA
NA NA
ND ND
ND ND

NA ND
NA ND
ND ND
NA NA
NA NA
NA NA

BS.2

ND
ND

NA

NA
ND

NA

NA

ND
NA
NA

NA

NA = Not Analyzed
ND = Not Detected

BM.1

ND ND ND ND
ND ND NA ND
NA NA NA NA
NA ND ND NA
ND ND ND ND
ND NA ND NA
ND NA ND NA
ND ND ND ND
NA NA NA NA
NA NA NA NA
NA NA NA NA

Phenol or Benz(mg/L)
BM-2 BS-1 BS.2



TABLE A-zo
8E#3(t) Methmogen¡c Cülturss C/O% volrlot Inocul4 under @2 + Nz headsmce

No Added Sutphate (Backgrouñd SO4 = 0.75 mM)

Qt

OAY

o
I

10

12
t4
18
r0
m

2{P (mg/tl
Ml M2

51.8tì 47.91
43.74 &.a4
94.7ø 32.84
23.53 2s.æ.
14.87 15.37
3.78 5.93
0.oo o.o0
0.00 0.00

BE#3(4 Sulfldogenlc Cuttures ItO% vo0vot Inocut4 undor CO2 + NZ headspacô
Target lñ¡dal Sulphate Conc. = 5 mM (Background SO4 = 0.75 mM)

z-CP
OAY 51 52

o 48.S4 4?.78
1¡ \ I ¡tÍ!.20 ¿f4.Og

\1r i io 3€.73 ss.2s
t2 26.24 25.49.t4 t5.32 13,81
18 4.95 4.47
18 0.00 0.00
20 0.(x) 0.00
23 NA NA
25 NA NA

leÞ

M3

44,89 0.00
3€.59 1,O7
31.74 5.6iÍ¡

æ..73 8.06
13.79 13.06
4.42 13,t3
0.00 4.4
o.00 0.00

PHENoL (ms/L)

Ml M2

0.oo
1.18
4.82

9.67
14.o0
t 3.81

0.00

BÊ#3(3) Methanogènlc Cuhuræ (70% vowo¡ ¡næutd w¡th tO miit AESA under CO2 + NZ hsådspaco
No Addod Sulph6te (Båckground SO4 = O,Z mM)

M3 Ml

o.o0 ND
1.82 ND
õ.19 NO
7.38 ND

12.88 1,27
t4,68 ND
5.63 NO
o,00 ND

PHENOL
s3 Sl s2

50,8€ 0,00 0.oo
45.f9 1.27 O.78
37.f5 5.21 7.42
23.84 14.36 17.¡t9
12.55 16.37 18.9.t
5.r2 .to.29 

12.89
0.00 3.42 4.14
o.00 0.æ o.oo
NA NA NA
NANANA

Benz(mg"/Q

M2 MO

NO ND
ND ND
ND ND
ND ND
a.3t 3.65
ND NO
ND ND
NO ND

a-Cp (mg/q
OAY BESA 1 BESAz BESA3

GI
0
I

t0
12
14

t8
t8
20
23
25
27

30
32
34
36
ø
40

47.&3 4A.61
45.91 M.32
/12.85 41.71
38.28 37.51
32.00 30.1 |
24.11 25.12
22.75 20.54
f 8.54 14.79
19.77 t0.8{l
4.77 6.84
NA NA

5.32 4.?6
NA NA

3.81 3. t 1

3.38 3.'tS
3.25 3.4
NA NA

AVERAGE

24,P PHENOL

Benz(mg/L)
s3 51 S2 S3

44.A2
41.0€
33.t1
¿ú,6
14.61

4.44
o.00
o.00

o.0o No NO
o.82 NO ND
8.89 ND NO

15.54 ND NO
14.72 ND NO
12.21 NO ND
3,0a 1.23 2.U
o.00 No ND
NA ND NO
NA ND ND

44.72 0.0o o.oo
45.07 0.82 0.72
42.21 2,86 2.30
37.85 4.97 5.12
29.S5 ô.e8 7.2s
25.06 10. t4 1 t.32
21.81 .¡3.91 

13.74
14.s2 16.64 17.18
11.32 18.89 19.12
6.S7 21.05 20.96
NANANA

4.ß 24.97 23.0€
NA NA NA

3.26 25.ß 25.01
3.12 24.89 23,36
3,1 | 24.17 22.34
NA NA NA

o.oo
1.æ
5.21

4.37
13.31
13.87
4.ô6
o.oo

PHENot (ms/L)
BESA 1 BESA2 BESA3

%2&P
M

lm.oo
84.t1
07.83
¡l€.81

29.93
s.g2
o.00
0.00

ND
NC)

ND

NO
ND
ND

2.55
NO
ND
NO

so4
sl S2

504.4tr 474.62 4A7.47 49,19 0.oo 4a8.86
447.æ 424.æ. 41A.67 44.45 0.95 rtíìO.æ
410.66 3S0.20 3€5.G¡ 35.7t 8.5t 397.9€
378.28 360.14 3S5..f9 AS.tg tS.gO 3Bíì.S7

NA NA NA 13.89 17.qI NA346,06 32e..22 335.97 4.85 tr.&r 33€.08
NA NA NA O.OO 3.81 NA

328,65 30€.29 316.¡t4 O.Oo O.Oo 3f6.¿t{t
31f .88 æO.47 300.02 NA NA 300.79
304.f s 2a1.42 292,55 NA NA æ2.72

AVERAGE %2{'P
2-CP PHENOL M mM

47.72 o.0o too.oo 0.371
45.37 0.7o 95.07 0.353
42.26 2.4A 08.55 0.329
37.8{¡ 4.ø2 79.3{t 0.295
30.91 7.05 84.77 0.241
25.63 10.74 53.71 0.199
21.69 13.¿t9 45.¿16 0.169
16.06 t7.08 ilì.6€ 0.t25
11,99 19.13 25.13 0,093
7.53 21.20 r1.t7 O.o5g
NA NA NA NA

4.69 24.16 9.82 0.036
NA NA NA NA

3.39 25.11 7.11 0.028
3.23 24.15 6.76 0.025
3.25 23æ 6.82 0.025
NANANANA

o,oo ND
o.55 NO
2.28 ND
4.44 NO
7.O3 ND

10.76 ND
12.81 ND
17.43 ND
t9.37 NO
21.58 3.¡t5

NANA
24.4A 3.23

NA NA
24.45 ND
24.33 NO
23.96 ND

NA NA

Benz(mg/q
BESA 1 BESA2 BESA3

AVEFAGE
S3 2€P PHENOL SO4

ND NO
NO ND
ND NO
ND ND
ND ND
NO ND
ND ND
ND NO
NO ND
4.76 3.93
NANA
3.72 2.49
NANA
ND ND
ND NO
NO NO
NA NA

% 2-CP % SO4

t00.oo tæ.oo
90.37 87.98
72.60 81.41
51.21 74.45
28.24 NA
s.85 68.75
o.(þ NA
o.00 u.73
NA 61.53
NA 59.8a



TAràls l+ _2oC-. - cøt\H,)
BE#3(al sulf¡dogsnlc cultr¡ræ c¿o% votlvol Inocura) with 20 mM Molybdato under coa + Nz headspaco

Tûget In¡lial Sulphate Gonc. = 5 mM (Background SO4 = O.Z5 mM)

o 45.74
I ¿18.39

10 ¿8.06

12 NA
14 47.15
18 NA
't8 ß.72
20 NA

Àll zr NA

\ "'/ 25 ¿r€.37
\azNA

30 NA
32 NA
34 ¡15.02

38 NA
38 NA
¿n 45.31

zcp pHENoL
DAY Moly 1 Moly 2 Moly O Moty 1 Moty 2 Moty 3

51.40
¿19.43

49.24

NA
¿ß.86

NA
49.23

NA

NA
47.95

NA
NA

NA
44.75

NA
NA

4t¡.00

N)
-{.J

47.55
47.12
4432

NA

45./ß
NA

4ít.06

NA

NA
¡14.16

NA
NA

NA
€.11

NA

NA

4t.89

BE#3(5) Mothañogentc cuttures c/o% volÀot ¡næuta) wtth 2o mM Molybdaùa undor coz + N2 hoadspaco
No Added Sulphato (Background SO4 = O.75 mM)

z-cP PHENOL Benz(mg,4JDAY M'Moryr M-Mo¡y2 M'Mory3 M-Morvr M-Moty2 M-Moly3 M-MoryrM.Mory2 M.Moryg

0.00
0.oo
o.æ

NA

o.00
NA

o.00
NA

NA
o,00

NA
NA
NA

o.m
NA

NA

o.00

o.00
0.00
0.00

NA

o.00
NA

0.00
NA

NA
0.00
N^
NA

NA
0.m

NA

NA

0.00

Benz(mg/e s4 AVERAGE
Moly 1 Moly 2 Moty 3 Moty r Moty 2 Moty 3 2€p pHENoL so4

0.oo ND
o.00 ND
0.00 ND
NA NA

o.00 . No
NANA

o.o0 No
NANA
NANA

o.oo ND
NANA
NA NA
NA NA

o.oo No
NANA
NA NA

o.æ No

0
I

to
12
't4

t8
18

20
23
zc
27
30
&
34

40

€r

50.5A

4{t. | 4
,ß,58

NA
48.18

NA
47.62

NA
NA

47,31
NA

NA
NA

45.74
NA

NA
45.O2

NO NO
NO ND
NO NO
NANA
ND ND
NA NA
NO NO
NA NA

NA NA
ND ND
NANA
NA NA
NA NA
NO NO

NA NA
NA NA
ND ND

4{l.25

4€.14
4A.27

NA
47.45

NA
47.91

NA
NA

47.45
NA

NA
NA

47.29
NA

NA
4€.75

47.55 0.oo
47,12 0.00
44.32 0.æ

NANA
47.54 O.OO

NA NA
47.14 0.00

NA NA
NANA

46.86 0.00
NA NA
NA NA
NA NA

46,26 NA
NA NA
NA NA

46.03 0.00

445.66 ß2.27 472.74 ß.73 o.oo 4a3.56
4AÍ1.84 490.65 474.69 4{r.31 0.m 4g}.07
NA NA NA ¿t8.s4 o.(x) NA

445.71 449.87 468.Z8 NA NA /ttit.4s
l{A NA NA 47.19 O.OO NA

440.68 491.æ, 470.36 NA NA ¿ßo,25
NA NA NA ß.U O,OO NA

4A215 4A6.38 4A5.10 NA NA 477.æ
NANANANANANA

474.78 4A8.15 467.51 4t¡.16 o.OO 479.14
NA NA NA NA NA NA
NA NA NA NA NA NA
NA NA NA NA NA NA

474.@. 4A2.æ 460.66 44.9ô O.m 4723e
NANANANANANA
NANANANANANA

476.25 4AO.19 4A5.34 44.Q O.OO 473.93

o.00
0.00
0.00

NA
0.00

NA
o.oo

NA
NA

0.00
NA

NA
NA
NA
NA

NA
0.00

O.OO ND ND ND 4A.82
O,OO ND ND ND 4A.13
o.oo No ND NO 4{r.38
NA NA NA NA NA

O.ü) ND ND ND 47.æ
NANAMNANA

o,00 ND ND NO 47.56
NANAMNANA
NA NA NA NA NA

o.()0 ND NO ND 47.21
NA NA NA NA NA
NA NA NA NA NA
NA NA NA NA NA
NA NA NA NA 48,42
NA NA NA NA NA
NANANANANA

o.oo ND ND NO 45.93

AVERAGE
z.CP PHENOL

% z,CP % SO4

t00.00 100.00
97.r5 99.90
97.ô't NA

NA 09.58
s4.87 NA

NA 89.42
83. t8 NA

NA S8.82

NA NA
92,82 98.88

NA NA
NA NA

NA NA
90.41 97.6S

NANA
NA NA

89.28 98.01

o.oo
o.00
o.00

NA
o.00

NA
o.m

NA
NA

o.00
NA

NA
NA
NA
NA

NA
0.00

%2{P

too.00
98.78
97.æ

NA
96.25

NA
s5.a3

NA
NA

94.93
NA

NA
NA

s3.35
NA

NA
92.37



TAB LE A_eO C._. Co,rf.l)
CH4 Data (Based on average of three samples)

DAYMS BESA MOLY M.MOLY

cil

0

24

34

38

40

41

Sterí16 Controls in Batch 3

Day

0

2,
32

37

39

40

0

I
12

16

20

23

30

34

38
¡lO

0

I
10

12

14

16
't8

20

23

25

27
30
32
34

JO

Jö

40

0

o

10

12

15

17

20

æ.

23

o

18

31

34

36

37
39

41

42

42

0

20

38

35

38

39

40

41

43

(î)

49.gti
¿18.82

NA

47.71

NA
.18.55

NA

NA

46.81

NA
¿16.55

NA
.16.25

NA

45.98

NA

46.37

2-CP

47.A7

47.72

NA

47.06

NA

47.52

NA

NA
¿16.95

NA

47.17

NA

47.æ
NA

47.23

NA

47.81

Average
(ms/L) mM

50.35 ¿ß.19 0.9€[]
49.21 .f8.58 0.378

NA NA NA
44.91 47.89 0.373

NA NA NA
47.65 47.9f 0.373

NA NA NA
NA NA NA

47.42 47.06 0.36,6
NA NA NA

47.08 ,t6.9{¡ O.O6tt

NA NA NA
46.85 46.73 0.364

NA NA NA
¿16.38 ¿16.S¡ 0.362

NA NA NA
46.41 46.86 0.365

ÆLts



TA|àLE- Æ -Zl
SATCH Ð(PER|HENT ¡t 4 : €flær ol SESA úd Mot¡tddô m cr.dtr.! prôn+olod ro 2Cp

lrat¡ùog.flc C{dù,roi OOvolÀo0 Lþuh údq CO2 + iA hoâdÐæ.
No Ad# Srþhd. (Bæk$qrxt SO4 = 065 mM)

,t t2 as 14 #6 t6 at 12 
'3 

,4 
'5 

*aDây Cq D¡v acP 2'P z{,P 2CP +cP ¿cP Ptwl ph.tut phond phc.d pfþnot phôool

0

t0
12

t,l
t0
t0
o
a

7
I

tl
l3
15

Çe)

0 ,{Ìã, 61.¿1 6.æ á266 A?ø æ.04 O.OO o@ O.@ O(þ Oæ OOO ¡t8.a8 OOO7 3A31 NA Æ.txl NÁ NÂ 41.67 OOI t{Á t.É ilA NA 1.O7 4.24 t.oaf0 NA 3r.o7 NA 2&49 3¿8t 30.æ N^ Á€5 NA 7.ù4 a€ 6.2.t 3OE û37t2 t&æ 20.e5 
^Þ. 

t?.6¿ 21.07 t8.60 7.É S.95 a4f to6e ß.n 9.0s t0.45 a.sf4 7,0ó iofS NA de4 &3ô NA l2B7 t¡50 NA t3,t6 t{æ N &t2 ttsf 0 o,@ oæ o@ ooo o@ ooo 1.73 Ae6 6,88 NA 6.7¡ Aæ o_oo 6.76t8 o0o o0o oæ ooo ooo ooo ooo ooo oæ oæ oæ ooo o@ qæf0 1€.37 47.A3 ¡A$ æ.â ú,e. ,t445 O.OO OOO Oæ oOO O@ O@ ,€.6t qmæ HA NA al.â ¡t¡.fo ¡tO.Ol 3A7O NA NA 43ô 6ã) A3t ø,17 4t.06 OOO26 A6 þ.97 zt.q NA tO.6¿ ¿¡t.4S fafi Á2l Í.OA ilA t¿il ttTt Af.6¿ tr.OOæ ir'r7 ,'7ô roSt ro2r 0.79 ttA rÁ20 r8.3r 169r rr.x, &6t NA 10.06 raæ30 6..t7 NA 6.47 6.t2 NA 131 a3t {A &to 7.g7 NA ø.æ. 4.05 7.æ3¿ O00 0.00 qoo ocÐ oæ ooo o8, 1.2. l.7B 1.6 2+g ¿to o.oo t.æ34 O00 Oæ o@ ooo o.oo o.oo ooo ooo o@ o@ o@ o@ ooo oæ

N:) trþ+ôt B i hd B ¿ Ë.tvod lo mx BEsÀ úd ôûndcr liloty I d¡d tlov 2 ræ.f.d 2oñtr Hoôôd;. r.lpocüyo+y s dây s b.s¡do! zcp od yô6t oxù6ct môn\c)
III I¡2 OI O2 MOIYI MOLY2 MI 

'TI2 
SESAI BESA2 MOLYI MOLYzoty crn Dav âcP zaP 24P 2cP zaP 24p ptffit ptffit phd ptþnot phorþt ph.iolo 36 åtr 6t.3a €€o 4{t79 6t.68 4?.tg ooo ooo ooo oæ ooo ooo. ao s.tz 36.78 1¡6S Q.At NA NA s.ot û87 0ü oo5 NA HA7 &. 1076 lele 3Zæ Aa76 ,tO.{A 6.37 tas 20.06 aæ a3B ooo OæE a4 2n 3,e{ 3094 æ¿t 17.æ 45.24 2t.Ct â?B 7.17 6.et ooo ooof t t ll ¿16 o0O O@ AzE 6.61 NÂ NA €.2o 7.ot tza¿ toa6 NÁ t,¡idt 

^" 
/ fo 4t ooo too teoT tg.1ô ,¡â74 ¡$.æ o6q ooo t6.l¡t ta38 o.oo ooo\- / t6 6s ta3t i6.66 NA ilA r&2o rao4 NA HAæ 6s to,û¡ tr.ot ,¡.t.3i¡ ,rêt7 æ.æ zt¡ta ooo oæ2 6t ?.87 A66 HA NA 274 æ.57 NA NA24 À9 4û! e12 €25 4\7t ã3rz æ.31 o@ oooæ 0t 3. I t a.2€ NA NA aal ¿.7o t|A NA3l æ i,2t a.lg 6aa 4tt9 Zt.gt 2O.¡t6 Om Oæ40 t5 aæ 42O 46.0t 4436 20.88 N.O7 OOO 0.6

AVEÈIOÊ

24P Ptþ¡¡ol %24P

tmæ
8¿33

€¿73

t66f
o00
oæ

t00.æ
8¿S
436A
20.30

9.00

0.@
oæ

AVÊBAOE VALUEg
Sùnfrô M SMpto I S{Fb MOLY

2CP Ph.nol z{P phonol 2{P phond
$.72 0.00 47.æ Oæ .9.æ 0.6
34.e4 A14 ßA,¡ O75 NÁ l¡A
ff.€ te.26 37.ù2 a.30 4?.æ OOO10t æ.æ 3t.t6 6.54 4Aæ OOO
o00 0.7e 2{.6t tl.æ ilA NA
oæ 0.0o t1.ot t{2É ,t69¿ ooo

14.44 1?.54 ilA l{A
I o97 ã36 4525 o'00g7¿ 2t.s6 NA NA
60a 2.72 4A6¡ OOO
IT¿ 2A$ HA t¡A
473 2t.t8 $.8t om
175 20.€ ,t6.69 o'oo

A 2CP B@ùing
M BESA Moty

ræ.æ tm.æ tæ.æ
70.27 00.39 NA
2¡€ 79.æ S S
406 €6.4{} ß.€t
oæ 6t.60 t¡A
0.00 3ôæ czs

o.ts NA
2U 0t.æ
tê.Þ. NA
t0.8t 94.17

7.78 l{A
7.75 æ?4
284 0{.32



BATCH EXPERIMENT # 5

METTIANOCENIC SAMPLES

BE# 5(t) Mcthrnorcu¡c C¡ltru (70% v.VÈl) rú't.r CO2 + N2 [cr¿-6[c.
No rddcd Srl¡hrùc (Brc!¡nrnd SO4 = 0.7 2 nM)

T4BLE A-2L

Ael8re (Egll,)
AVC Ml M2

cH4(Vo)
DAY M1 MZ M3 M3 AVG

PrcpioDatc (Et/L)
MI M2 M3 AVG

Tobl VFA (mgll)
Ml M2 M3 AVG

BATCII Ð(PERIMENT # 5

BE#5(2) Mctb¡octs¡lcClltlru(704Ée.Uvct)rllh tuMBESÀ¡udc¡CO2 + N2Ecrd.s¡ræ
Nc rddci Srl¡hrtc (Brcþnrol SO4 = 0.7 2 uM)

CH4 (Vo) AæÞrc (69ll.) prcpionarc (@g/L) To."t VFA (@&/L)DATE DAY BESATA BBSA1B BEsAlc Avc BESA1A BEsÀ18 BEsAlc Avc BEsAlA BEsAlB-BEsAlc Avc BEsAlA BESAIB BEsAlc Avc

3.20 4.85 3.76

NA NA NA
0.m 0.00 0.00
NA NA NA
LlZ NA 0.85

NA NA NA
0.m o00 0.00
0.51 100 221
NA NA NA

000
42421

î¡t 6 ?8 30
(,/ I NA NA!1134

13 NA NA
15 38 40
t7 4þ 39
19 NA NA

zß 3.15 ?'44
NA NA NA
L36 L81 7.27
NA NA NA
3.86 NA S.7t
NA NA NA
4.6 6'57 7.26
NA L78 L4Z
NA NA NA
3.47 L94 L74
NA NA NA
LN NA 3,51

000
41921
6U?Á
SNANA
rrn28
13 NA NA
15 34 33
17 37 37

19 NA NA
LLSJI
Z7 NA NA
25 38 39

000
41614
6zt?0
SNANA
1124?2
13 NA NA
t5 26 z3

f¡l| 17 28 24

\-,/ le NA NA
-2t?ß?Á

?3NANA
25?928
?8 NA NA
30 NA NA
33 z8 30
35 NA NA

0 0.00

8 26.33

31 8.61
NA NA
såw
NA NA
43 4033
41 4{Iæ
NA NA

&64 1231
NA NA
1288 14.32

NA NA
&37 NA
NA NA
5.13 626
6,90 5.&t
NA NA

1021 1039
NA NA
15.ó t4.27
NA NA
10.71 9J4
NA NA
NA 5.70
4.63 5.80

NA NA

tL76 9.43 Læ
NA NA NA
.24 9A33 064

NA NA NA
NA n5.6 7.59
NA NA NA

38283 371.28 10.54

454.10 449,70 3,06

NA NA NA
6rc.n ffi.sA 282
NA NA NA
NA 68534 4.74

3.94 11.84

NA NA
oæ 15.52

NA NA
0.90 10.37

NA NA
0.00 6.67
LZ' &28
NA NA

t7.76 ß.n ß32
NA NA NA
1613 fl.n 1629
NA NA NA
NA rz55 1L4ó
NA NA NA
1.42 NA 7.05

7.& &8ó &26
NA NA NA

@)

0 û00 7.14 9.39
Z1 ZLW NA NA
28 ?Âæ 109.80 8895
NA NA NA Nâ
31 2&O ú7.A ?S4.rO
NA NA NA NA
35 34.æ 354.31 376,69
38 37.33 445.30 NA
NA NA NA NA
39 38,00 63090 58&17
NA NA NA NA
40 39.00 69L98 67&69

BATCH EXPERIMENT # 5

BE# 5(3) Mcthru4colc Coltrrce (70% ycuvcl) Flrh 5 EM BESA ¡¡dcr CO2 + N2 Ecri*¡rcc
No rdd.¿ S!lEhrtc (Brcktþ!na SO4 = 0,7 2 oM)

&38 rL94 1Z2t 1û84
NA NA NA NA

177.36 10L55 105.89 16.27
NA NA NA NA

30&71 X4.58 NA 33ó65
NA NA NA NA

37624 390.05 3n.48 W.n
467.'t3 NA 474.18 470.96

NA NA NA NA
6ó0.90 6tL6Z 63235 634.9ó
NA NA NA NA

724.ß 7ß.57 NA 't15.78

3.00 17.77 NA 14.65 1618
NA NA NA NA NA
7.97 350.71 33A19 NA 344.45
NA NA NA NA NA
4.n n&vz L6L9t NA NA
NA NA NA NA NA
4.75 1089.90 NA 1107.50 109&70
4.73 NA 125L@ 123&62 1244.11
NA NA NA NA NA
ó00 1395.2ß t4ú37 1380.11 1393.92
NA NA NA NA NA
4.E1 14{Ð.17 NA 149ó75 148&4ó
NA NA NA NA NA
3.35 1510'@ 152&97 NA 7519.76
3.26 7549.27 15TZ4t 1585.06 1568.8¡
NA NA NA NA N¡\

CHa (vo) Aeta¡c (Eg/L)_ propiotrare (EglL) To."l vFA (Bg/L)DAY BESASA BESAsB BEsAsc Avc BEsAiA BEsAiB BESAsc Avc BEsAsA BESÀs-B'BEsAsc Avc BEsAsA BEsAsB BEsAsc AVG

0 0æ 1zt7 NA 9.64 10.91 3.2,
13 14.33 NA NA NA NA NA
r7 7933 323.38 31161 NA 317.50 6s5
NA NA NA NA NA NA NA
z0 2ú 89ói0 7.24 NA nL67 5.18
NA NA NA NA NA NA NA
n 8.67 103L80 NA tOsO.,() 104L10 4.ZO
24 25.33 NA 1185.æ 116ó9 11766 NA
NA NA NA NA NA NA NA
25 2ó'33 133810 1355.75 133056 13ø'L47 616
NA NA NA NA NA NA NA
z7 2Â00 Mn-49 NA 1438.ó3 1430.56 3.94
NA NA NA NA NA NA NA
NA NA 1454.88 1479.37 NA 7/67.13 3.?ß
NA æ.m 14{t9.05 150L53 151284 150L14 4.55
NA NA NA NA NA NA NA

NA
NA
&97
NA
4.K
NA
NA
4.62

NA
6,52

NA
NA
NA
3.42

u7
NA

L78
NA
NA
NA
NA
NA
5.30

4.U
NA
5.31

NA
5.ó8

NA
NA
z6
NA

À3o



BATCH E}PERIMENT # 5 T+ TÒ LF +-2LC-...contd)
BE# 5(4) Merhanotenic curru¡s (zo% vor/vor) witb 10 oM BESA under coz + N2 Hsd-sDaæ

No added Sulpbate (Bactground SO4 = O? 2 oM)

cH4 (vo) Aæøte (EgiL) prcpionare (EE/L) To¡ul \rFA (Et/L)DAY BESAlOABESAlOB BÉSAlOC AVG BESA1OABESAlOB BESAIrc AVG BESAlOABESAlOB BESAlOC AVG BESAlOABESAlOB BESAlOC AVG
000
486
6108
SNANA
11 L2 12

13 NA NA
. I'r i5 15 14I 

^lI a\l tl ló 16

\/19NANA\zt18rB
23 NA NA
25 2.þ 19

28 NA NA
30 21 z0
33 NA NA
35 NA NA
37n27
3923n

0 0.00 &82 9.6r NA s.n zn
NA 7.OO NA NA NA NA NA7 &33 58ó55 @4.47 NA 595.51 ?Á.17NA NA NA NA NA NA NA11 1Ló7 103620 NA 1015..10 1025.80 ?&81
NA NA NA NA NA NA NA13 14.00 rú3.n toó5.50 108&79 107z69 53.8715 15.ó7 1259.38 NA ú2ó.{0 12gl8g 1ZZ4NA NA NA NA NA NA NA18 1&@ 14ó9.37 1475.2r usl.57 1479.38 &19
NA NA NA NA NA NA NANA 19.50 1537.@ 157685 NA 155693 616NA NA NA NA NA NA NA20 20.50 7557.52 NA ú6&19 l56l¿f5 9.96NA NA NA NA NA NA NANA NA 15ó4.35 NA $71.ó3 1567.99 633A, 2L67 NA NA NA NA NAzt z@ 1570.38 1584.39 75n.55 ßn.44 4.82

NA 3.03 13.01 13.60 NA 13.31
NA NA NA NA NA NA
NA 29.33 &Lr6 66&35 NA 6s5.26NA NA NA NA NA NA43 &5.62 114.27 NA 11ó3.28 NA
NA NA NA NA NA NA43.24 54.8ó 1213.51 1n5.26 1205.64 1209.58
1&47 NA 728f..26 NA ú59.18 NA
NA NA NA NA NA N¡{13.t2 10.óó 14E7.65 149638 1513.11 1499.05
NA NA NA NA NA NA
NA s.6ó 155&88 1573.13 NA 156ó01
NA NA NA NA NA NA7.26 &61 1580.93 NA 1590.16 1585.55
NA NA NA NA NA NA4.94 5.U 1583.46 NA 75X2? 1589.87NA NA NA NA NA NA5.ó5 4.87 158&07 1596.9r tffi.r7 159.05

3.Ð
NA

3249
NA
NA
NA

67.ß
NA
NA
$.n
NA
5.15

NA
NA
NA
NA
NA
4.15

Ã31



BATCH ETPERTMENT # 5

METIIANOGENIC SAMPLES

2cP (ngil.)
Ml M2

rABn A -23

Phenol (ngfl)

BE# 5( Methanogenic Culturæ (7t1o vollvoll under CO2 + N2 Head-spece
No added Sulphare (Bacþround SO4 = 0.7 2 nM)

DAY

0

6

(a) 8
!/ rl

13

15

t7
19

,18.85

4ó.n
NA

43.91

31.65

ß.n
4.64

0.00

NA

47.97

46.79

NA
43.27

30.08

16.13

4.77

0.00

NA

M3

50.97

49.34

NA
45.58

3249
17.81

5.33

0.00

NA

AVG

49.26

,r7 )\
NA

44.25

31.41

16.,10

4.91

0.00

NA

M1

0.00

0.00

NA
7.32

J.J'

10.91

7.65

0.85

0.@

M2

0.00

0.00

NA
1.,r8

4.21

IL2E
8.47

1 rr)

0.00

M3

0.00

0.00

NA
1.87

5.37

17 e'

10.15

I.JJ

0.00

AVC

0.00

0.00

NA
1.56

¿a)
ILM
ö. /b

7.07

0.00

%

2{P

100.00

oç ot
NA

89.84

oJ. /ö

33.30

9.97

0.00

NA

BATCH E)PERIMENT # 5

BE;lÉ 5( Mcthanogenrc cutturã (70% votivor) with l mM BESA undcr co2 + N2 Hcnd*pace
No added Sulphatc (Background SO4 = 0,7 2 nM)

24P (mslL)
DAY BESAII\ BESAIB BESA1C

Phenot (mgll)
AVG BESA1A BESA1B BESA1C

47.72

¿ló.88

NA
44.76

39.11

33.56

NA
8.56
8.94

3.43

0.00

0.00

{t (7

s1.35

NA
50.07

4276

34.89

NA
26.18

70.72

4.25

0.00

0.00

49.74

47.74

NA
46.12

ß.73
34.28

NA
)< 

^t
rz63
4.90

0.00

0.00

49.81

¿18.66

NA
46.78

40.87
y.24

NA
24.92

r0.56

4.r9

0.00

0.00

0.00

0.00

NA
0.95

3.EE

6.35

NA
11.63

14.19

E.35

1.86

0.00

0.00

0.00

NA
0.52

3.44

5.,18

NA
rz42
16.63

E.61

,to
0.00

Vø

z-CP

r00.00

97.68

NA
93.92

82.05

68.75

NA
50.03
)1 'r1

8.42

0.00

0.00

ú/

0

6

8

11

13

15

77

19

2t
ZJ
7<

AVG

0.00 0.00

0.00 0.00

NA NA
0.00 0.49

3.36 3.5ó

5.42 5.75

NA NA
10.42 11.49

13.59 14.80

7.n 8.08

1.38 1.84

0.00 0.00

A?L



BATCII E)ßERIMENT # 5 TAø re + -24
BE# 5( Methanogenic Cultum (70% vol/vol) with 5 mM BESA under CO2 * N2 Head.space

No added Sulphate (Bacþrcund SO4 = 0.7 2 nM)

2{? (mglL)
DAY BESAsA BESAsB BESASC

Phenol (mgll)
AVG BESAsA BESAsB BESASC

49.36

48.65

NA
45.14

41.95

37.26

NA
æ.97

20.60

74.79

NA
7.û
4.79

NA
O.EE

0.00

50.89

4E.92

NA
46.71

43.68

NA
NA

31.54

n-64
NA
NA
7.86

4.65

NA
1.02

0.00

51.18

50.n
NA
NA

45.11

39.08

NA
3208
71 70

14.58

NA
NA
4.30

NA
1.18

0.00

50.,1{l

{9.7Å

NA
45.93

43.5E

38.17

NA
31.20

2r.5r
14.69

NA
/.oJ

4.58

NA
1.03

0.00

0.00

0.00

NA
1.00

266
5.53

NA
8.64

17.52

13.06

NA
74.74

15.12

NA
r( ?t

15.68

0.00

0.00

NA
0.68

263
NA
NA
7.t9

rz67
NA
NA

15.16

15.69

NA
16.16

16.73

0.00

0.00

NA
NA
Ì.ö/
4.31

NA
8.16

11.97

14.68

NA
NA

15.88

NA
16.84

r7.75

AVG

0.00

0.00

NA
0.84

239
4.92

NA
8.06

12.05

13.87

NA
14.95

15.5ó

NA
16.11

16.52

Vo

24P

100.00

97.62

NA
90.98

86.33

75.61

NA
61.80

426l
29.09

NA
15.11

9.07

NA
zït
0.00

0
À

6

8

11

IJ

15

t7
I u\/ 19

27

23

25

2E

30

JJ

35

BATCH E)GERIMENT # 5

BE# 5( Methanogenic Cultures (7Mo voüvol) with 10 mM BESA under CO2 + N2 Head-space

No added Sulphate (BâckFound SO4 = 0.7 2 nM)

¿aP@slL) Phenol (mg/L)

DAY BESÂTOA BESA1OB BESA1OC AVG BESAIOA BESATOB BESA1OC AVG

0

6

8

11

13

15

,la 77

\_-./ 19

27

B
,,<

28

30

JJ

5)
JI
39

46.74

45.75

NA
45.n
43.36

40.53

NA
33.81

25.64

19.7t

NA
NA

10.25

7.2E

NA
4.18

NA
4.31

4E.47

¿18.06

NA
47.U
44.7t

39.24

NA
y.64

26.26

NA
NA
14.6
NA
5.99

NA
4,8
NA
4.17

50.54

49.65

NA
NA
46.20

42.67

NA
35.10

NA
21.58

NA
16.æ

7.96

4.85

NA
4.12

NA
4.10

48.58

47.E2

NA
46.53

44.56

41.60

NA
34.52

25.95

20.6
NA

75.47

9.11

6.64

NA
4.lE

NA
4.19

0.00

0.00

NA
0.00

1.12

3.58

NA
6.87

E.89

7Lû
NA
NA

17.E9

70.28

NA
21.44

NA
2t.04

0.00

0.00

NA
0.00

7.26

4.75

NA
6.24

70.n
NA
NA

15.34

lE.ó5

21.55

NA
ZLET

NA
n^65

0.00

0.00

NA
0.00

t)t

4.ó8

NA
7.08

NA
13.12

NA
t4.97

1E.31

20.63

NA
?jn5

NA
z7s

0.00

0.00

NA
0.00

1)<

4.13

NA
b.t5

9.5E

7286
NA
15.16

1E.2E

20.82

NA
zL43

NA
?275

Vo

zcP

100.00

98.¡¡4

NA
95.78

91.73

E5.63

NA
71.05

53.42

4252
NA

31.84

r8.74

13.66

NA
8.ó0

NA
8-63

h39



BATCH E}(PERIMENT # 5

SULFIDOGENIC SAMPLES

BE# 5(5) Sulfidogenic CuttuG (702o voúvot) under CO2 + NZ Hed_soaæ
Targcr lnidat Sulphaæ Conc = 5 EM (Backgrcund SO4 = 0.i2 EM)

TAÞLE A - 2b

Aælaæ (Et/L)
AVG 51 52 s3DATE DAY 51

CHa (Vo)

s2 53
Propionarc (ogll-)

AVG Sl s2

BATCH E}ßERIMENT # 5

BE# 5(6) Sulfidogeoic Cu¡rur€ (7070 vol,tuol) wirh 1 oM Molybdarc undcr COz + N2 H€d-lpaæ
Targct Inidal Sulpbare Conc = 5 EM (Båckgrcund SO4 ¡ 0.72 EM)

cHA (vo) Aæât (@&n) prcpionaæ (ogll.) ToEl vFA (69ll-)DATE DAY MolvlA Molv18 Motylc AVG MolylA MolvlB Molvlc Avc MotytA MotylB Motylc AvG MotylA MolylB Molylc AvG

681 NA 4.n
NA NA NA
¿80 L46 NA
NA NA NA
0.00 0.83 0.63
NA NA NA
L95 NA L32.
0.00 ûm 0.00
NA NA NA
NA NA NA

&ó4
NA
NA
NA
5.62

NA
4.18

1.89

NA
NA

000
4D,U
62528

^8NANA(ql 11 34 3s
13 NA NA
L5 37 38
t7 39 44

19 NA NA
NA NA

NA
NA

1¿88
NA
0.m
NA
û00
NA
NA
LJJ

NA
om
NA
0.95

00
421
624
ENA
11 æ
13 NA
15 35

(/bl li 3s

L-/ 19 NA
zL 40

Z3 NA
25 41

TI NA
2942

000
4t718
6n24
ENANA
11 27 30
13 NA NA
153¿36
r7 3ó 38
19 NA NA
21 38 38
ZJ NA NA
254040
27 NA NA
293940

0 0.00 10.85 NA
NA A.OO NA NA
n 2Á.67 14.54 13.0ó
NA NA NA NA
35 U.67 &19 4.ü
NA NA NA NA
40 3&33 612 NA42 44.33 3.n 278
NA NA NA NA
NA NA NA NA

0 0 .0.00 NA fi.n 10.75
Z' NA 2æ NA NA NA
n 26 25.67 &63 5.88 7.%
NA NA NA NA NA NA
u 33 3Zm 4.n 6.01 5.34
NA NA NA NA NA NA
38 38 3?.m 3.0? 4.31 Lls
NA 44 39.00 NA Lsg NA
NA NA NA NA NA NA
40 NA 40.00 3.03 NA L5g
NA NA NA NA NA NA
NA 42 4L50 L37 L89 1.44
NA NA NA NA NA NA
42 NA 42.u!- 0,87 7.72 L4g

9.75

NA
u,.80
NA
ßu
NA
5.15

¿65
NA
NA

10.99

NA
7.49

NA
).$
NA
3.39

u9
NA
281
NA
,n
NA
L16

NA 7.47 5.7r 5.n
NA NA NA NA
7.12 &10 65.ó8 7L76
NA NA NA NA
10.13 9.ó1 64.4t 564tI
NA NA NA NA
L79 4.96 6ó.88 @.98
5.08 3.99 69.A 6ó65
NA NA NA NA
3.62 4.9r óó90 NA
NA NA NA NA
692 610 75.16 ó&82
NA NA NA NA
4.tz 4.05 55.8ó NA

Toat VFA (ogtl-)
53 AVG S 1 52 53 AVG

5.52 17.6 NA 128ó 15.26
NA NA NA NA NA
zt3 19.ó8 18.31 NA 19.m
NA NA NA NA NA
0.49 9.3ó 7.18 8.47 &34
NA NA NA NA NA
L14 &n NA 7.t2 7.65
0.m 3.84 296 L21 3.00
NA NA NA NA NA
NA NA NA NA NA

4.10 4.05 4.08 NA 15.65 15.16 15.41NA NA NA NA NA NA NA
13.76 7L42 13.û2 Z3.n 20.10 2L7r 2L88NA NA NA NA NA NA NA
0.00 0.m 0.00 5.88 673 641 634NA NA NA NA NA NA Nld\0.00 0.m 0.00 4.35 ó11 3.94 4.80
0.m NA 0.00 NA 4.47 NA 1.41NA NA NA NA NA NA NANA 1.ó9 L51 5.79 NA 5.66 5.?3NA NA NA NA NA NA NAom om 0.00 288 z& 3.s2 ¿85NA NA NA NA NA NA NA152 Ly Ln Ln ZU 3.2t 

'!67

NA 5.4? 14.8ó 15.17 NA t5.ù2
NA NA NA NA NA NA
@.8 ó5.91 n.74 84.ff 71.30 77.50
NA NA NA NA NA NA
ó8,92 63.U 75.91 6.34 80.18 74.14
NA NA NA NA NA NA
70.47 6ó.11 73.69 ó&10 76,6 .tLfs
63.2 (Í"'36 74.20 7L38 69.87 TLïZ
NA NA NA NA NA NAó3.21 65.06 75.50 NA 69.30 7¿40
NA NA NA NA NA NA
64.m 69.63 83.40 76.ß tz38 n.Az
NA NA NA NA NA N.l
6L35 5&61 75.83 NA 70.36 ?3.10

BATCII Ð(PERIMENT # 5

BE# 5(8) Sulf¡dogenic Cuhurd (70% vouvol) witb 10 oM Motybdare unds COz + N2 Head-spaæ
Target Inirial Sulpbare Conc = 5 mM (Bactground SO4 = 0.72 oM)

cH4 (vo) AæÞþ (mgll.) prcpionare (EglL) Totåt vFA (Eg/L)DATE DAY Molv 104 Molv 108 Motv 10c Avc Motv 10À tr'ttrv rda tr,loly roc AVG Mory 10A Mory 108 Mory 10c Avc Mory 10A Mory 108 Mory 10c A'c

G)

0 0.00 &21
NA 17.50 NA
24 833 &84
NA NA NA
28 28.33 to.m
NA NA NA
NA 35.æ 5.12
41 3&33 4.X
NA NA NA
40 38,67 6.19

NA NA NA
NA 4{I@ 612
NA NA NA
& 39.67 3.n

6n
NA
dJJ

NA
&ó7
NA
L9ó
3.62

NA
NA
NA
615
NA
NA

A3+



BATCH HPERIMENT # 5

SULFIDOGN{IC SAMPLES

BE# 5(5) Sulfidogenic Cultuu (70Øo wuvol) under CO2 + N? Hed_soaæ
Target tniriat Sulpbaæ Cone = 5 oM (Background SO4 = 0.i 2 oU¡

Phmot(69/L)
53 AVG 51 52

48.44 50.05 0.@ 0.m
47,31 4876 0.m o.m
NA NA NA NA
4185 43.11 Zt7 L@
3û57 33,00 4,t2 3.78
12.75 13.84 1L43 9.79
z6 3.39 14.58 14.89
o00 0.m 4.92 4.17
0.00 0.00 0.æ o.m
NA NA NA NA

zaP @slt-)
sl 52 5J AVG

Sulphare (69/L)
sl 52 53

7o Vo

z-CP so4

@l

ae)

50.73 5L01
49.93 50.n
NA NA
47.93 45.74

4224 4L20
u.63 35.14

24.ffi 2t59
18.49 20.0t
NA NA
LZ43 13.71

632 5.24

NA 0.80

0.m 0.00

0.00 0.00

BATCH E)(PERIMENT # 5

BE# 5(8) Sulfidogenic Cultum (70% voüvol) wirà 10 oM Motybdatc undcrCOZ + N2 Hæd-spaæ
Target fnirial Sutpbaæ Cone = 5 mM (Bacttrcund SO4 = 0.7 2 EM)

2{P (øglL) Phcnot (oglL) Surphare (!og/L)DAY MolyloA MolyloB Molyl0c AvG Molyl0A vorito-a tuotytrc Avc MolyloA Motyr6B Motylgc AVG

0

6

I
- ^ 

11

/ l,ì 11lT /
\L,/ 15

17

19
)1

23

29

49.43 48.46 5ûó4 49.51 0.m
4&02 NA 49.64 4883 o.m
NA NA NA NA NA
4841 4a16 49.97 48.&t O.O0

47.4ó 47,71 47.84 47.67 ûOO

NA NA NA NA NA
47.6 4ó.38 4ó58 4687 0oo
47.51 460¡1 45.50 4ó3ó 0.æ
NA NA NA NA NA
46.35 45.æ 45.58 45.89 0.00
NA NA NA NA NA
45.n 44.A7 44.55 45.0ó û00
NA NA NA NA NA
45.46 45.9¿ 4ó:g2 45.n 0.00

0.00 5m.45 52ù17 480.63 5æ.42
O.OO NA NA NA NA
NA 505.41 515.27 4?&15 49s.67

OM NA NA NA NA
O.@ NA NA NA NA
NA 495.49 

'ro.n 
48¿50 49{^24

O.M NA NA NA NA
OM NA NA NA NA
NA NA NA NA NA
0.00 49L94 525.80 4n38 49a37
NA NA NA NA NA
0.00 4*12. 5n 67 415.72 4U6.!7
NA NA NA NA NA
0.m 4n.T 51L7r 470.86 49L43

0.00

0.æ
NA
400
0.00

NA
o00
0.m
NA
t@
NA
ûæ
NA
0.00

om
0.æ
NA
0.æ
om
NA
0.ü)
om
NA
oæ
NA
0.00

NA
0.m

-lABLE +-2çC. --coufà)

AVG

0.æ 0.00 529.12 487.6! 5M.76 507.16
OOO OOO NA NA NA NA
NA NA 435.47 4n?ß 430.17 42A64
L7O ZIZ NA NA NA NA
NA 3.90 38L64 351.08 376.39 370.04
1138 10.87 34tJ3 NA 330.ó0 33&01
13.25 14.24 30071 285.76 29ú59 294.35
3.53 4.15 280.08 1&.27 m.52 275.62
0.00 0.m 265.12 Z5Lt4 NA 2t8,63
NA NA 249.t6 231.27 24L79 244"4r

BATCH E)GERIMENT # 5

BE# 5(ó) sultido6cnic curtur' (70% vouvor) witb I oM Morybdaæ undcrcoz + N2 H6d.sDa€
Tartet Inidal Sulphåte Conc = 5 oM (BacLg:ound SO4 = 0.7 2 úM)

2-cP (Bg/L) pbenot (mgll.) su¡pbare (trgll,)DAY MOIY 1A MOIY 18 MOIY 1C AVG MOIY rA MOt' ß MOIY lC AVG MOIY 1A MOIY IB MOIY lC AVG

0

6
8

11

13

15

17

19
a1

a
?s

27

29

DAY

0 sLn 5044
4 5û11 4887
6NANA
8 4¿35 45.14

11 34.56 33.8ó
13 15.08 13.69

75 3.44 3.86
77 0.m û00
19 0.00 0.æ
2I NA NA

.r&89 50.21 0.00 0.m
&24 49.65 0.00 o.@
NA NA NA NA
44.æ $.tZ û00 0.00
NA 4L72 ¿10 zg2
3L3l 34.03 3.41 z&t
?5.78 25.n 3.87 3.54
NA þ.n 4.12 3.96
NA NA NA NA
14.46 13.53 4.75 4.57
ó85 614 3.35 3.17
L80 130 NA L51
0.ü) q00 Lll L42
0.00 0.00 0.00 0.00

û00 0.ø 48219 510.69 489.67 494.18
O.M O.@ NA NA NA NA
NA NA 424.84 428,59 4t7.64 4I,.69
O.M O.OO NA NA NA NA
NA Z6 4{þ.53 41L17 390.49 4oL0ó
3.06 3.11 NA 38A38 37en 379.55
3.6ó 3.69 367.76 360.10 3,|8.tZ 35&.t8
NA 4.U 35Zn u739 NA 35011
NA NA NA NA NA NA
5.8E 5.07 342-ri 340.08 344.n 34234
3.8O 3.44 NA NA NA NA
L28 z40 3r'p.2s uL19 338,10 340.18
L3O L28 NA NA NA NA
0.m 0.00 344.54 34138 W.sZ y¡z't'

100.00 100.00
yt.43 NA
NA U.52
8ó.14 NA
65.93 TZ%
27.65 óó65
6n 5&04
0.00 54.35

0.00 5L00
NA 47,4

Vo Vo

¿-CP SO4

100.00 100.d)
98.88 NA
NA &5.74
91-85 NA
83.09 8L16
67.n 7680
(ltt ñ<t

3&38 70.85

NA NA
zlÀgs 69.28

LZN, NA
L59 6&84
0.00 NA
0.tþ 69.24

Vo Vo

z-CP SO4

1m.00 1m.00
94ó3 NA
NA 99.84

€.6ó NA
28 NA

NA 99.76

94.67 NA
9.A NA
NA NA
9L68 99.59

NA NA
9Lù2 99.15

NA NA
92.44 9A2D

AQr



APPENDIX B



EFFECT OF DIFFERENT DEXTROSE CONCENTRATION ON 2.CP DEGRADATION
r/+ròLF R -l

of 2€P ln abe€nc€ of substrulee
tr1 f

Sffiplo No. Îm€
(mlnutss)

2€P
møL mE/L

24P
m9/L

5

7
s
0
10

1t
12

æ
4
80
80
100

r20
1¿lO

160

1S0

2@
m

28,42
28.9€

æ-o1
2{t.04
1S.55

f 415
10.8

8.2
3.49

1.18

0.00

25.87

21.8
18.9

17.5
'14.1

9.S

3.0

1.05

0.00

27.O4

20,47

20.s
ù.1
19.t

18.8

13.1

6.3
4.2

¿1
0.00

27.81

æ.12

19.32

18.84

14.4
r285
8.40

1.49

0.00

27.4
25.32

21.98

18.S€

18.34

13.79

10.56

5.€g

3.41
't.27

0.00

28.O1

28.S5

æ,ß
19.23

17.17

14.Q.

11.21

8.65

3.8e

1.54

0.00

27.æ
24.27

æ,47
1S.78

f7.8Í|
14.62

1 1.34

a,N
3.64

1.44

0.00

ML\ASS

2€P €moval (mgr'Lh0

?1?q l9!qv4 (q'g/e Yss.hn

?Û25

7.52

3.91

g.t I 7.&l 8.00

I 9S4

7.95

3.99

AVERAGE

8.00

4,O7

zAPcLr ß-L
of 2€P In preaence of ã)

z.CP SOC

2 ñ 21.23 n,æ æ.s7
3 40 17.5S 2t.50 19,æ,

4 60 17.10 20.50
5 {to 16.24 17.90 .t8.24

'f 00 14.24 1¿æ 15.38

27.95 æ.24 28.50

21.73 't8.88 24.90
18.52 17.37 18.84

15.87 18.59 16.25

14.'t2 15.æ, 14.55

10.32 1402 10.88

4,37 13.¡ßl 5.68

r.67 12.28 2.æ
o.00 11.14 0.OO

7 1æ 13.10 9.,t0
I I4{t 12.88 3.95

9 160 12.æ. 1.68

10 1go 11.e5 0.00

14.47

13.65

12,41

1¿32

æ-51 2A.10

æ.æ 21.8s
18.95 19.80

17,30 18.81

16.07 13.26

11.78 9.80
r3.r9 3.50

12.23 0.80
11.34 0.00

28.05 21,9€
æ..æ 18.S4

19.42 17.77

18.64 18,59

13.53 15.23

9,S€ r4.O9

4.3{¡ 13.28

1.88 12.39

0.00 1r.68
0.00 I 1.8511 200 11,6A O.00 1z& o.00 11.2'l o.oo 11.32 o,OO

MLVSS

2€P ßmdal (mg/l-hd

19€O 20to

f0.10

2005

10.¡ro

1S75

10.10

19€€

ro.23

bL



TAIàLE ø - 3

2æ
340
460
580
6 100

7tm
I 140
9 160
10 180

27.40 26.55
3ô.50 24.72

24.30 16.41

19.80 10.13
16.20 4.56
15.10 0.00
14.30 0.00
13.80 0.ü)
13.50 0.00

E
l-

37.20
34.10

2A.70

20.30
17.80
15.30
13.50

14.10
13.90

?\ørtr fà-

Sample No. Time

27.30
æ'æ
18.30

12.æ
3.90
0,00
0.00
0.00
0.00

2

4
5
Ò

7

I
I

u.70
31.10

26.30
20.80
16.90
14.80
13.70

13.20
1 3.10

27.40
21.90

f6.80
11.65

3.50
0.00
0.00
0.00
0.00

æ.70 27.10
24.80 21.20
23.20 18.40
20.80 14.20
16.90 7.40
15.50 3.20
14.60 1.40
12.50 0.00

Average

MLVSS 1990 Z1ZO t99S 1982 1992

Z-CP romoval (mg/1.h0 1t.74 11.74 12.00 11.42 | t.go

,-CP r"r"""t (rg/g W

39.70
35.20

27.90

2.30
20.10
16.40
13.80

12.70
12.90

ol 6{¡

28.30
2f .30

17.40

10.80
3.60
0.00
o.oo
0.00
0.00

32.50

25.60
24.30

19.70
17.80

15.90
14.40
13.20

13.00

31.90
28.50

27.æ
23.20

21.09
18.20
16.12

14.10
13.80

27.55
21.30
17.80

13.90
6.20

2.90
1.38
0.@
0.oo

31.10
29.80

23.06

16.89

10.63
3.95
0.00
0.00
0.00

31.60

25.40
22.30
ã).10
18.50

16.30
14.70
13.00

12.80

35.40
30.80

25.20
21.q)
18.40
16.90
13.10
12.80
13.O0

28.21

æ,68
18.62

14.28
9.20
3.19
1.60
o.o0
0.00

26,69
æ.62
15.SO

9.65

2.8S)

0.00
o.o0
0.00
0.(x)

35.51
28.26
26.23

23.05
20.10

17.32
15.44
14.10

13.85

27.92
2.O7
19.58

14.80
7.74

3.50
1.20
0.00

27.25
22.27

16.96

10.89

3.69
0.00
0.00

0.00
0.00

3,fì.ô8

33.1 3

26.1 3

20.70

17.33
15.53
13.65

13.48
13.38

27.70
21.81
18.60

14.30
7.U
3.20
1.40
o.00

31.27

25.27
23.27

20.20
r7.73
15.90
14.57
12.90



IA|¡Lç â_I

3

0
7
I
e
10
'It

æ
40

e0
80

r00
120

180

18{)

200

53.6()

20.4
2r.so
10.3{)

18.80

15.80

14.90

13.70

12.80

12.70

28.55
25.18

23.O7

rs.28
16.*l
13.09

8.39
43{t
0.00
0.00

55.60

25.æ
23.80

20.ro
17.90

18.50

15.20

f4.10
13.00

1290

28.10
25.80

24.35

19.78

14.¿J

12,25

3.æ
0.00

0.m

48.50

æ.70
27,10

23.4
20.90

r8.90
17.€O

15.30

1?.æ

27.&
25.50
æ.80
17.50

15.80

r¿go
8.eo

3.go

0.00
0.00

45.90

28.90
26.80
æ-@
20.60
r7,10
15.50

14.30

13. tO

12.80

28.30

28,1 0
24.20
r9.10

15.90

rz75
7.80
4.æ
0.00
0.oo

27.59
25.65
23.86
18,8€

15.52

1¿72
e,ù2
3,92
o.c[)
0,00

26.80
24.90
21.&
19.05

17.08

15.80

14.35

1273

MLI/SS

2€P remwel (mgr'Lhd

1g5s a@s 1ss5

f 0.28 10,4Ír ß.27

AvaEge

2O1O 1981

to.77 r0.{{)

2€P raßovåJ (mE/E VSs'hñ 5.ZB 5.æ 5.AS 5.3O S.2Z

TAøLE ø-L
of 2€P ln of 2fl) Dextroe€

Sample No. Tlme

2

I

I

't0

æ
&
00
80
'loo

120
1 4t)

160

r80
m
m

142,25

8t.80
æ.71
27.Q.
24.85

4.æ
18.14
14.32
13.13

12.25

1217

27.10
25.35
æ.æ.
't8.34

15.3A

12,85

9.71

5.Q.
3.17

0.00
0.00

1Ð.72
65.40
27.15
28.O7

23,&
20.90
17.37

14.48

13.75

1e18
1210

28,10

28.84
?1.û
't8.s5

18.82

14.10

9.25

4.9¡¡

275
0.00

0.00

125.58

87.23

25.27

2€.€Ð

æ,s7
't9.14

17.59

15.28

19.17
tt Âl

11.72

28.eO

28.21

æ-s2
æ.32
'r7,30

'to.87

1 r.0€
6.12

3.41

0.00
0.00

137.4
72.85

29.10
28.æ.
24.08
æ-17
19.2'l

16.55

1417
1¿45
12.32

28,14
25.A2

21.45
15.72
14.23

13.25

10.18

5.47
3.05

0.00

28.0€
28.0r
21.52
1S.08

1 8.4it
13.47

5.¿18

3. to
0.00
0.00

139.00

7'1,71

2A31
26.60
z3.75
21.29
18.08

15.15

13.58

1¿ t8
t¿08

Arerago

MLI/SS

2€P fomoval (mg/l-hr)

199€

LTf

ñ¿5

9.0€ 8.98 9.1r E.sa

2€P remwal (mo/o VSS.hò 4.gft 4.47 4.41 4.sZ 4.¿ts

(às



Sample No. Tìme

2
3
4

5

6
7

of Z-CP In

20
40

60
80
100

MLVSS

z-CP removal (mS/Lhr)

o
Ð

æ,80
15.50

11.24
5.37

1.23
00

23.57
18.72

12.71

6.64

2.36
0.00

1940

15.65

220
340
460
soo

MLVSS

2-CP removal (mg/Lhr)

24.12

19.0ô

12.45
6.36
2.06
0.00

Phenol 2.

1950

t6.25

21.10
14.96
6.35

0.oo
0.00

23.61

19.23

| 1.92
5.82

2.25

1956

16.05

2015

22.95

23.fr|
18.13

12.O8

6.05

1.98
0.00

1.72
0.00

0.00
0.00
0.00
0.00

20.68
13.40
4.50

0.00
0.00

1980

2.43

Average

1953

15.98

1950

23.40

18.75
12.79
5.05

o.00

3.20 20.72
0.00 14.12

5.36

0.00

0.oo

2005

22.5A

1956

23.44

19.81

12.52
4.63

0.00

æ.17
13.45
4.96

0.oo

o.oo

5.34

0.oo
0.00

0.00
0.00

Average

1984

n.a9



I-AøLF r--9
of 2-CP In of 60 Phenol

Samols No. Time Phenof z-CP Ph€nol Ph€nol z-CP

2
3

Ð

n
40
60

80

8.90

o.oo
10.35

e80
0.00

0.00

1¿30
0.cx)

11.30

4.10
0.00
0.00

10.¿tO

0.00
9.27
3.29
0.ü)
0.00

10.18 10.86
3.¿îÍ] 0.00
0.00 0.00

0.00 0.00

MLVSS

2-CP removal (mg/Lh0

2-CP r€moval (mg/g VSS.hr)

2017

30.00

14.90

1995

29.85

14.98

2008

30.0ô

14.97

æ,25

30.20

14.91

Av€rag6

m11

30.04

14.94

TABLE Iã_ ID
of 2-CP ln SOC) Phenol

Sample No. ïme Phenol z-CP Phenol a-CP

1

2
3
4

0.
20
¿lO

60

23.60
0.00

1221
3.16
0.00

0.00

16.54

0.00

13.¿Í0

5.36
0.m
0.(X)

2æ
0.00

12.30

3.90
0.00
0.00

19.70

0.m
r0.92
4.70
0.00

0.00

1221
4.28
0.00
0.00

20.54

o.oo
0.00

0.00

MLVSS

2-CP removal (mS/Lhr)

z-CP r€moval (mg/g VSS.hr)

2018

æ.12

14.43

1995

29.8f)

14.98

200{;

30.10

15.01

2030

30.26

14.91

Average

2012

æ.u

't4.83

TAB[-E 1à-ll
of z-CP ln of 2(x) SOC) Phenol

Sample No. Time Phenol 2-ÇP Phenol 2-CP

2
3
4
J

o

20
40
60
80
100

120

176.61 27.64
8229 23.55
35.,f5 16.82
0.q) 10.23

0.00 3.23
0.00

191.30 26.80
82¿10 æ,æ
30.60 14.50
0.00 8.20

¿90
0.00

185.90 26.89
75.30 2.65
25.60 15.95
0.00 9.65

3.12
0.00

156.23 28.32
56.32 24.11

1230 15.6it
0.00 11.80

4.10
0.00

27.41 1Tt.51
23.23 74.08

15.73 25.99
9.97 0.@
3.34
0.00

MLVSS

2-GP removal (mg,/Lhr)

2-CP removal (mg/g VSS.hr)

ãÐ5

14.91

7.44

1995

14.88

7.46

2010

t5.15

7.54

'f 955

t5.28

7.82

Average

1 9Ít1

15.05

7.56

Þ5-



TAlàrs b-tL

20
40
60

80
100

1e0

140

160
180

200

27.æ 94.27
26.27 89.s4
22,47 76.58
19.76 67.35
17.63 60.09
14.62 49.83
11.34 38.65
6.20 21.13
3.64 12.41

1.44 4.91

'@
r TAøLE h -t?' ','i- î Ëffecl of valloug concenttatlons of phenol on 2-Cp removal

28.05 91.37
æ,æ 73.æ
19.42 tr!.26
16.68 54.33
13.53 44.07

9.98 32.51

4.38 14.26

1.68 5,47
o.00 0.00

20
40

60

80
100

120

140

160

180

200

2n

27.25 86.97
æ.27 71.08
16.96 il14
10.89 U.75
3.69 11.78

0.00 0.oo

27.æ 94.27
26.27 89.54
22.47 76,58
19.76 67.35
17,63 60.09
14.62 49,83
11.34 38.65
6.20 21.13
3.64 12.41

1.44 4.91

27.70 88.02
21.8t 69.30
18.60 59.10
14.30 45.44
7.64 24.28
3.20 10.17

1.40 4.45
o.00 0.oo

23.53 73.60
18.13 56.71

12.08 37.79
6.05 18.92
1.98 6.19
0.(X) 0.00

27.59 88.10
25.65 81.90
23.86 76.18
18.66 s9.59
15.52 49.s5
12.72 40.63
8.O2 25.60
3.92 12.51
0.00 0.00

20.17 66.09
13.45 44.07

4.96 16.25

0.00 0.00

28.06 93.72
26.01 86.87
21.52 71.88
19.08 63.73
16.43 54.88
13.47 44.99
10.05 33.57
5.46 18.24
3.10 10.35
o.q) 0.00

10.18 33.89
3.43 11.42

0.00 0.00

27.41 91.04
23.23 7714
15.73 52.23

9.97 33.11
3.34 11.08

o.00 0.00



This experiment examines the effect of elliminating either dextrose or phenolfrom a cycle

TAr¿ lr fò-l+
| . . Data show¡ng z-CP ¡emoval in prosence or absence of 40 mg SOC/L Dext¡ose for a single cycle

Sarnple No.

t
2
3
4

5
6
7

#1 #2 #3
+ Dôritiæ -Drx|re + Dorlræ -Oôxtræ + floxtr$e -Dexltæ

z-CP 2-CP 2-CP z-CP z-CP 2-CP

CP

-r{

0

20
40

60

80

100

AverageVSS(møL) =- 2055 2035

TAIàLE Tà -Iç
i ., Prssence or Absence of Phenol

30.41

26.81

21.81

16.01

10.87

4.93
0.001m

29.55

25.24

æ.65
13.83

8.67

3.96

0.00

Sample No.

31.36

27.92

n.69
16.54

71.17
5.04

0.00

Time
(m¡nutes)

1

2
3
4

5
6
7

I

29.91

25.87

2,94
14.55

9.18
3.79

0.00

ft
+ Phcnol

Phonol z-CP
(mg/L) (ms/L)

o 50.37
10 19.82
20 2.68
30 0.oo
¿10

50
ô0

70

1940

23.19

26.38

21.05
15.89

9.76
4.48

0.00

Àgðtô¡otðb (meÀ)

33.42

27.98
2.19
16.16

9.15
3.27
0.oo

30.56
n.49
19.57

12,78
6.44

1.42

0.00

- Phæd
z-CP

(mq/L)

+ Dextrd€ - Dexlræ
z-cP z-CP

Í¿
+ Phtrd

Phenol z-CP
(mo/L) (ms/t)

29.88
27.56
2-76
19.23
16.24

12.43

7.3S)

2.51

0,00

30.32

27.O4

21.85
16.15

10.60

4.82

0.oo

54.81

æ.81
7.42

0.00

frt

-Phenol + Phônol

2-GP Only Phenol 2-CP
(ms/U (mq/L) (ms/U

30.96

26.36

21.93

14.85

9.OO

3.67

0.00

30.20

22.75

20.17

t3.ô8
7.94

3.25
0.00

e105

% Eemaining

+ fþdræ -Doxlf@
2-CP z-CP

30.13
28.05
24.89

n.87
17.91

13.18

8.48
3.57
o.oo

100.00

69.17

72.ß
53.25

34.96
15,89

o.00

52.36

6.18
0.00

t00.00
85.15

70.82

47.95

æ.o7
11.86

0.oo

-Phffil
2-CP Only

(mo/L)

æ.76
21.72
18.87

13.64
7.14

2.55

0.00

30.83

2A.75

25.1 I
21.13
19.23

13.48

8.21

3.82

o.(x)

AVefage

+ Phmd - PhËnol

z-CP z-CP
(mq/L) (ms/L)

2015

30.17

æ.32
19.54

13.37
7.19

2.41

0.00

20to

30.26

28.r2
24.28

20.41

17.79

13.03

8.03

3.30

0.oo

% Remaining

+ Phffiol - Phnd
z-CP z-CP

100.00

73.98
64.76

44.30
23.42

7.98

0.00

0.00

0.(x)

t(n.00
92.47

80.17

67.40

58.76
43.03

26.51

10.90

0.oo



TÀlò ls fÐ - t¿
. . --. , . . Cultur€s Adapted to ¡t{¡ mg SOC/L Phenol and exposod to 2-Cp only

Sample # Elap€ed

Time

Profite 2

z-CP z-CP z-CP z-CP

(minutâd (ms/L) (ms/L) (

10
220
340
460
580
6 100

I 120
10 l,l0

Profile 1

z-CP

29.84

24.99
19.89

15.81

11.08
t.to

3.8iÍl

0.00

30.1 1

26.69
20.62
17.æ
13.61

9.11

5.53
0.00

æ.o2
25.05
20.82

16.il
11.79
7.25
3.63

0.00

30.68

26.85
21.09
17.34

12.77

8.12
4.79

0.00

29.91

25.90
20.61

16.83

12.31

8.06

4.45
0.oo

% Remain

2-CP

100.00

86.58
68.89

56,28
41.17

¿o.Yc

14.86

0.00

TAp¡r- P"*|l7" oo"pted ro ¿r0 mg Soc/L Dextroee and expos€d ro 2-cp onty

Proflle l
2-CP

Profite z
2-CP

Profile 3
z-CP

Profile 4
2-CP

Average
z-CPSample # Elapsed

Time

I

2
ð

4
5
o
I
10

11

12

0

20
40
60

80
120

160

180

200
24

30.23

30.16
30.t8
30.20
30.16
29.94

29.93

æ.7'l
29.80
29.81

28.94

28.83
28.16
28.32

27.99
28.0'6

27.79

27.72

27.ñ
27.61

29.5s

29.50
29..1Íl

29.38

æ.12
29,03

28.85
28.78

29.85
æ.62

30.15

30.20
29.86

æ.78
29.65
29.53

æ.62
29.'t7

28.68
28.76

29.72

29.67
æ.41
æ.42
29.23
æ.'14
29.05

28.85

28.98
28.95

% Remain

2-CP

100.00

99.84
98.95

98.99
98.35
98.05

97.74

97.06

97.52
97.41

øg



Effect of SRT On 2-CP removal in SBR'S in presence of dextrose

q " --' Degradatlon of 2-CP st SRT = 4 daye In pree€noe of 4O mg SOC/L Dextross ft*ø,-e rà- &)

Time

(minutes)
z-CP

mg/L

#2
2-CP

mg/L

#3
2-CP

møL

Averag€

z-CP

msiL

30.2

29.10

26.20

23.15
21.&
18.05

14.10

10.æ,

6.15

3.08
0.00

30.8

28.5

25.3
23.6

20.45

17.65

14.8

10.95

7.15

3.37
0.00

28.4

25.0t,

24.57
æ,63
19.55

16.18

13.93

9.4

5.2

1.8

0.00

29.80

27.56

25.36
23.13

20.47

17.æ
'14.28

10.19

6.17

2.75
0.00

% Remain

100.00

92.44

85.09
77.æ
68.68

58,03
47.91

34.19

20.69

9.23

0.00

% Remain

100.00

90.64

81 .52

69.4{t

53,34

37.30
20.58

7.67
0.00

% Bemain

100.00

86.4't

70.33

55.96

38.86

21 .95

9.07
0.00

0
20

N
60
80

100

120
140

160

180

200

Vol, REmoval 9.06
VSS (mg/L) 760

Specific Remov. 11.92

s.24

7æ
12.52

8.52

752
11.3Í,

8.94

750

11.92

e )'"
[Þgradatlon of 2-CP at SRT = I daye ln pr€sonoo of 4{t mg SOC/L t}extroee

20
40

60

80

100
1n
140

160

41

z-CP

30.45

27.10

24.æ
21.05

16.33

11.40
6.20

L94
0.00

#2
z.CP

30.1

28.05

25.66

æ'19
17.42
't2.20

5.60

2.U
0.00

#3
z-CP

æ.8
26.75

23.20

19.54

14.45

10.10

6.80

2,65

0.00

27.30

24.55

æ.93
16.07

11,23

6.20

2.31

0.00

Vol, Removal '11,42

VSS (ms/L) 103s
Soecific Flemov, 11.03

11.æ
't020

11.07

11.18

1041

10.73

11.3

1032

10.94

e) Degradatlon ol 2.CP at SRT = l2 dsys In preeence of rtO mg SOC/L Dextroee

20

40

60

80

100

120

140

27.5

æ,.9

16.¿15

11.68

6.95

3.12

0.00

25.45

20.71

16.¡18

11.44

6.46

2.67
0.00

#1
z-CP

25.3

21.25
17.61

12.36

7.15

3.44

0.00

#2
z-CP

#3
z-CP

23.54

17,99
15.38

10.29

5.29

1.45

0.00

Vol, Removal

VSs (mg/Q
12.66

1424
13.52

1416

9.5s

11.69

1390

8.42

12.õ2

r410
8.95Specific Hemov. 8.89

b2



aà| 
'. 
" Deg¡adatlon of 2-CP at SFT = 16 days ln preeence of tlo mg SOC/L Dextroee

#1 #2 #3 Av€rage
ïme 2-cP 2-CP ?-QP % Remain2-CP

20

40

60

80

100

120

25.1

20.31

14.75

8.42

2.3

0.00

26.42

24.37
16.66

10,05

4.65

0.00

27.33

23.ù2

18.1

11.65

3.96

0.00

26.28

æ,57
16.50

10.04

3.tr
0.00

100

88.80

76.24
cc./Ò
slit,92

12.æ
0,00

Vol, Bemoval

VSS (ms/L)

14.3{t

1771

| 4,8{ì

1758

8.46

15.14

1766

8.57

14.80

1 765
8.38Soecific Remov. 8,12

(rq)='., O + Degradatlon of 2-CP at SRT = 20 daye ln presonce of ¿lo mg SOC/L Dexlroee

#1
z-CP

26.6

æ..72

16,13

10.35
4.56

0.00

#2
z-cP

28.3

21.97

17.12

10.8

3.65

0.00

#3
z.CP

Average

2-CP

27.33

æ,41
16.70

10.27

3.70

0.00

TÌme

0

20
40

60

80
100

120

27.1

æ'55
16.85

9.65

2.89

0.00

% Remain

100

89.62

73.49

54.75

33.66

12.13

0.00

Vol. Removal 14.80

VSS (mg/L) 1960
Specific Remov. 7.55

15.65

1940

8.O7

15.3

1965

7.79

15.25

1955
7.80

ßlo



Effect of SRT On 2-CP removal in SBR,S in presence of phenol.

( A¡ Degradarlon of Z€patSRT = 4dayeln prosonc€of rþ mgSOC/Lphenot\:v 7ÀfàLF ø-19

20
.1O

60

80
100

120
140

160

180

æo
20
240

28.51

æ.41
24.87
21.02
19.16

16.38

1234
9.68

6.75
3.95
1.68

0.00

27.43

25.10

24.O2

20.81

r8.10
15.87

12.77

8.75

5.23

3.54

0.92

0.oo

æ.62
27.23

24.54

æ-12
N.47
18.31

14.72

10.94

7.U
4.30

2.s1

0.00

44.U
22.A3

9.8iÌ

e-12
0.00

28.52

26.25

24.48

21.32
19.24

16.85

13.28

9.79

6.61

3.93

1.70

0.00

Phenol

42.65

24.85

13.10

e50
0.00

% Bemaining

100.00

94.56

87.O2

81.16

70.68

63.80

55.88
44.O2

3¿.16

21.91

13.03

5.65

0.00

VSS (mg/L)
7.53
¿l89

15.39

7.31

æ8
14.68

7.

Æ2
7.54
490

15.41
Flemov. 16.

z-CP

3131.9
28.78

25.83
21.O1

21.¡t5

19.81

16.47

12.35

7.62
4.O2

0.00

30.05

26.78

25.23
20.88

18.64

15.6

11.08

6.14

3.2

o.(n

æ.36
26.17

24.72

21.66

r9.30

16.2

fi.7A
7.06

4.2

0.00

32,47

15.37

1.68

0.m

æ.40
26.26

24.65

21.CrÍl

19.25

16.09

11,74

6.94

3.81

0.00

% Remaining

100.00

92.88

82.97

77.99

67.39

60.82
50.84

37.08
21.93
1203
0.00

Ct| t
W/' , llegradatlon of 2.Cp ¡t SRf = I daya ln preaence of rO mg SOC/L phenol

VSS (mg/L) 6e4
Specific Remov. 13.79

9.,18

678

13.98

9.44

668

14.12
680

13.97

le ) Deg¡rdttlon of 2€P at SRT = 12 days In pr€€€nco of /U, mg SOC/L phenol

.Iime

(minutes)

o

æ
¿1O

60
80

100

120

140

2-CP

31.42

25.82
2r.35
17.æ
12.tN)

7.75
3.57
0.00

2-CP

30.65

23.76

19.58

14.29

9.84
s.67
2,45

0.00

29.37

24.41

æ.88
16.68

1 1.41

7.32

3.08

0.00

2-CP

30.¿ttl

24.æ
æ.60
16.20

11.38

6.91

3.0i1

0.00

mgll
53.13

25.æ.

5.23

0.m

Phenol

(møL)
54.53

28.O7

6.28

0.00

Phenol
(mS/L)

51.91

?2'89
4.34

0.00

Phenol
(ms/L)

52.95

24.69

5.06
0.@

% Remaining

100.00

80.92
67.6Ð

5{¡.16

37.4
2'æ
9.95
0.00

Vol. Removal

VSS (mg/L)
13.47

1't72
13.14

1156

f 1.36

12.59

f166
10.80

13.06

f1'65
11.æ,

Femov. 11.¿Íf,

ß+l



D€gradatlon of 2€P rt SRT = i6 drya In preaence of rl0 mg SOC/L phanol

Time

0

20
¡${)

60
80

100

120

Phenol
Avoraoe

2-CP Phenol % Remaining

100.00

76.07
56.47
3iì,55
19.41

8.41

0.00

æ.73
f6.85
9.62
5.41

1.97

0.00

16.94

0.00
23.48

17.æ
10.19

5.97

zu
0.00

50.

14.42

0.00
24.56

18.39

1 f.i!0
6.68

3.21

0.00

1 1.39

0.00
23.59
17.51

10.40

6.02

2.61

0.00

14.25

0.00

Vó|. Rsmoval
VsS (mg/L)

16.24

1498

f0.84

14.91

1¿169

10.15

15.36

1¡f88

10.32
Remov.

15.50

1¡185

10.44

e),' 
r Degrrdrllon of z-CP !r SRT = ãt d¡ys In praeence of 4{t mg SOC/L phenol

ïme
(minutes)

0

20
40

60

80

(msil)
54.35

6.48

0.00

(ms/L)

31.50 49.{tO

23..t8 3.59
17.æ 0.00
10.19

3.64

0.00

2-CP

(møL)
30.70 58.75
24.æ 7.75
18.39 0.0o
11.40

4.21

29.30

2'73
16.85

9.62
2.97

z-CP Phenoi

mg/L
30.50 54.30
23.59 5.94
17.51 0.00
10.¡fO

3.6f

%R€main

100.00

77.U
57.41

34.11

11.8íl

0.00

'r00 0.00# u.w 0.00
Vol. Remõ

ii.TRemov. 9.65 1810
10.53 'f 0.16

ßp_



F'fi B- !, Effect of SRT on Specific andu Volum. z-CP removal (Dextrose reactor)
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EFFECT OF SRT-CALCULATION OF Y(mg VSS/mg SOC removed)
l_4l¡ Le ß-2O mssoc/msvss.dayt-

SHT I/SRT VSS SOC Remov TIME VSS SOC Remov TIME Ud Up
4
o

12

16

20

o.25
0.13

0.08

0.06
0.05

750
1032

1410

1765
1955

200
160

I ¡1,0

120
120

490
680

1 165

1485

1810

52.97
50.1

52.0f)

51.7
54.9

53.86
52.1

53.4

52.4
51.25

240
200
140

120
100

0.509
o.437

0.380

0.352
0.337

0.660
0.552

0.471

o.423
0.408

DÐfiROSE OUTPUT

Regression Ouþut:
Constant Regression OuÞut:
Std En of Y Est
B Squared
No, of Obso¡vations
Degrees of Freedom
Degrees of Freedom
X Coetficient(s)

Std Enof Coef.
Std Enof Coef.

As per regression

4
n

12

16

20

3
2

1.125254

0.142388
0.1 1 8083

DEÛBOSE
1/srt actual U-predict U-actual l/srt predict

NA 0.6 0.336
0.250 0.523 0.509 0.2u
0.125 0.412 0.437 0.153
0.083 0.375 0.38 0.08n
0.0€r¡ 0.357 0.352 0.057
0.050 0.346 0.337 0.040

NA 0 {.339

o.3Íì90635
0.02004748
0.95416541

PHENOL OUTPUT

Flegressíon Ouþrrt:
Constant Fegression OuÞut:
Std Enof Y Est

R Squared
No. of Observations
Degrees of Freedom
Degrees of Freedom
X Coefficient(s)

Std En of Coef.
Std En of Coef.

Phenol

U-predict

0.681

0.517

0.ß2
0.435

0.419

-o.269't27

0.0196672
0.9558879

o

3
2

0.762, 2

0.094556
0.107092

U-actual 1/srt predict
o.7 0,265

0.668 0.2&
0,552 0.152
0.471 0.090
0.423 0.053
0.40{r 0.042
0.000 -0.269

ßt5



Fy fb€
z.CP REMOVAL PBOFILE IN DÐfiOSE HEACTOR
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Sample No. Time
minutes

3

4
5
6
7
I

80 NA
1OO NA
1æ NA
140 NA
160 NA
180 10.81

Blomass Conc.
(mg VSS/L)

rAou

27.U
21.67
14.67

5.18
0.00
0.00

rò-2>
Effect of 2 hour Pre-8nox¡c petlod on subsequent aeroblc lemoval of 2-cp In presence of 40 mg SOC/L of dextrose
Anoxlc perlod data are shown shaded

1960

Samplé No. Time
minutes

NA
NA
NA
NA
NA

11.57

26.65
21.52
17.25
7.59
0.00
0.00

4
5
6

7
I
I

1990

NA

NA
NA

NA
NA

11.31

Biomass Conc.
(mg VSS/L)

26.92
21.æ
16.47

7.08
0,00
0.00

NA
NA
NA
NA
NA

11.15

2010

23.21

19.26

11.58

5.08
0.00
0.00

T*øLE

2015

27.15
20.&ì
15.21

6.75
0.00
0.00

NA
NA
NA
NA
NA

12.U

soc

tà-21

23.55
17.52

13.36

6.94
0.00
0.00

t980

1980

NA
NA
NA
NA
NA

10.71

27.02

21.33
15.90
6.65
0.00
0.00

24.47
18.96

12.16

4.21
0.00
0.00

"/o2-CP
Remaining

100.00
90.35

71.33
53.18
2,24
0.00
0.00

1995

NA
NA
NA
NA
NA

10.87

24.æ
18.14

13.21

5.49
0.00
0.00

2010

23.98
18.47

12.58

5.43
0.00
0.00

L
e

%2-CP
Remaining

100.00
81.61

62.87

42.81

18.48
0.00
0.00



Sample No.

Effect of 3 hour pte-anoxlc perlod on subsequent aetoblc removal of 2-cp In presence of 4o mg soc/L of dexlroseAnoxlc perlod data ate shown shaded

Time
minules

5

6
7
I
I

Biomass Conc.
(mg VSS/L)

NA
NA
NA
NA

12.06

TAP5LE h-2A' 
Effec-t of 4 hou¡ pre-anoxlc perlod on subsequent aeroblc removal oÍ Z-cp In pfesence of 40 mg soc/L of dextfoseAnoxlc perlod data are ghown shaded

2.18
14.67

5.24
0.00
0.00

1990

Sample No. Tlme
minutes

NA
NA
NA
NA
11.28

T+r¿l= h-z-7

n.97
15.08

5.52
0.00
0.00

2020

6
7
I
I
10

NA
NA
NA
NA
11.67

BiÖmass Cono.
(rtlg VSS/L)

21.52
14.73

4.45
0.00
0.00

NA
NA
NA
NA

12.21

1985

NA
NA
NA
NA

12.17

21.94
18.18

7.47
0.00
0.00

1970

2.75
16.21

6.14
0.00
0.00

2005

NA
NA
NA
NA

11.49

21.65
18.43
8.55
0.00
0.00

1985

NA
NA

NA
NA

11.80

NA
NA
NA
NA

10.78

21.86
15.17

5.34
0.00
0.00

21.37
17.82
8.17
0.00
0.00

2005

NA
NA
NA
NA

11.21

2.35
19.58

8.76
0.00
0.00

199s

2
&

21.83
18.s0
8.24
0.00
0,00



Compoell€ Reoufte ol Aerobic 2€P removal following varlous prÈ,Anoxlc p€rlode

Removal Removal Removal

m
40
60

80

1q)
1æ

26.96
21.Æ
15.27

8.96
2'26
0.00

10.79

28.92

49.47

70.35
sz52
1(x).00

29.90

27.O2

21.33

15.90

6.65

0.(x)

NA

9.63

28.66
46.82

77.76

100.00

NA

23.98

18.47

r2.58
5.¡tf¡

0.00

NA

18,38

37.13

57.18

81.52

100.00

NA

21.86

15.17

5.34

0.00

NA

NA

24.65
47.71

81.59
100.00

NA

NA

21.8{¡

18.50

8.24

0.00
NA

NA

0.00

24.83
36.29
71.63
100.00

NA

NA

Reaulle of Regreeslon on 24P r€movsl d8t¡ from Table pA S

Output for 0 hourANOX Output for 3 hour ANOX

Regression Ouput:
Constânt

Std En of Y Est

R Squar€d

No. of Obseruations

Dcgreee of Freedom

Regrsssion OuÞut:
Constant

Std Er of Y Est

B Squared
No. of Obcorvations
Degroes of Freedom

0

3.2210535

0.9937527

c
4

X Co€ffic¡snt(s)

Std En of Coef.

o.85772103
0.024¿I5SXX

X Co€fftc¡€nt(s)

Std Enof Coef.

1.27473285
0.0294ø06

0

4.6664874

0.9858(H1

6

0

7.æ57402
0.9615212

6

c

Output for t hour ANOX

Regres€ion Ouþut:
Constant
Std En of Y Est

R Souared
No. of Obsorvations
Degrees of Freedom

Output for 4 hour ANOX
Fegression Ouput:

Constant

Std Enof Y Est

R Squared

No. of Observations

Degrees of Freedom

0

6.1615428
0.9756231

J

4

X Co€fficient(s)

Std Err of Cosf.

1.187f5565
0.0562469¡

X Coefficient(s)
Std Enof Coef.

0,92587413

0.05168241

Output for 2 hour ANOX

Regression Output:
Constant

Std Enof YÊst
R Squa¡ed
No. of Observations
[Þgreec of Freedom

U

1.9678315

0.9973126

6

J

X Co€fflci€nt(s)

Std Enof Coef.

0.9{t1 15044

o.o13æ727

PREDICTED Vo Z-CP REMOVAL
0HRAt\¡X l HRANX 2HBANX 3HRANX 4HRA¡¡X

0.(x) 0.00 0.00 o.oo o.ü)
17.15 18.52 19.82 25.49 23.74
34.31 37.0Í¡ 3fl.6tt 50.99 42.¿tfl
51.¿t6 55.55 59.47 76.49 71.29
68.62 74.07 79.29 101.98 94.97
85.77 9¿59 99.12
loegt

TIME

o

æ
40

d)
80
100

120

tb tg



Effec.t of t hour pre.enorlc pcrlod on aubô€quant reroblc remov¡l of 2€P ln pß¡€ncs of ¡lO mg SOC/L of Phenol
Anorlc period dat¡ are ghown sh¡dod

minutæ

80
100
1æ

23.10
0.00

0.85

2,&3
1¿N
0.00

18.61

0.00

0.00

21.0Ít
15.62

0.00

No further experiments could be done due to
washout of tho phenol sludge by a timer failure3

c

20.86 21.93
0.00 13.91

0.00 0.00

Biomass Conc.
(ms VSS/L)

2010 1975

No Anorlc perlod (parallel erperlment)

1 0 50.û2
2 N 5.90
3 40 0.00
460
580

31.08
24.62
1 1.49
5.21

0.00

55.14
8.67

0.00

30.78
21.32
14.67
6.15
0.o0

5258
7.29

0.00
0.00
0.oo

30.93
2'97
13.08
5.68
0.00

Biomass Cono.
(mg vsS/L)

1970 1900

Fr6sh actvaled sludge expos€d to 3O mg/L 2-CP

ïme #1
(hour) mg/L

0
1

2
3
4

o

o

æ.11
28.78
2ø.82

27.75
27.æ
27.43
27.4A
28.1 1

2010

#2
møL

30.28
30.06
29.91
æ.a7
29.81

29.ô5
æ.74
28.82

1985

Avg.

æ.70
æ.42
æ.37
24.8'l
28.6f1

28.54
28.61

28.47

VSS

Øzo



Anoxlc perlod data are shown shaded

Sample No. Time
minutes

Expr # 1

2
3
4

5

6
7

I
I
t0
11

12

13

20

40
60

80

100
120

180

200
m
24
2æ
280

NA 27.05
NA æ'54
NA 16.54
NA 10.06
NA 5.65

15.61 0.00
12.U 0.00

Blomaos Conc.
(mg VSS/L)

Sample No. Timo
mlnut€s

Expr # 2

220
340
460
580
6 100
71æ
I 180
9 200
10?Po
lf 240
12 260
13 280

M
NA

NA

NA
13.14

1975

23.08
16.28

4.32

o.00
o.00

NA
NA
NA

NA

NA
14.17

11.92

Biomass Cono.
(mg VSS/L)

| :- Fully Aerobic condltlons ( o h Preanoxic)
ll :- 3 h P¡eanoxlc cond¡tlons
lll :- 3 H preanoxlc condlllono $r¡lh nltrale In feed
lV r 3 h preanoxlc w¡th nltrogen tree leed

27.9
23.69
15.37

8.26
3.67
0.(x)

0.00

1985

21.æ
16.28

8.92

0.00
0.00

NA
NA

NA

NA
| 3.14

1960

1 995

æ.19
14.06

3.28

0.00
0.00

æ.54
12.59

4.87

0.00
0.00

1950

1965

2,.97
15.25

8.75

0.00
0.00

t970

19.25
12.92

5.69

0.00
0.00

J
ç9

1980



20
40

60

00
r00

27.9

23.69

15.37

ô,26

3.67

l Fully Aeroblc

H€gr€ssion Output:

27.O5

æ'54
16.54

10.06

5.65

0,00

ConstÂnt

Std En of Y Est

R Squared

No. of Obsorvations
Degroes of Froedom

X Coofficient(s)
Std Er of Coef.

27.475
23.1 15

15.955

9.16

4.66

o

o
4.2ð53786

0.9876558

7

o

0.83244503

0.02219942

ll : Standard Pre-Anoxlc

R€gress¡on Ou¡put:
C.¡)nstånt

Std Err of Y Esr

H Squared

No. of Observations
Degreos of Freodom

X Co€fi¡cient(s) t.A1245t8s
Std ErofCoef. 0.04752091

Prodlcl€d concentratlone of 2€p

limo Fulty Aorob preanox Sid

'ti'- ooo
20 16.6489 26.2
40 3Kt.2978 52.4
60 49.9467 78.6
80 66.595,6 104.8
l(n 83.2445

tæ 90.8934

23.08 22.19
16.28 14.06

4.32 3.28

0.00 0.00

lll Preanoxcl wtth Nog

Bogression Ouþut:
Constant

Std En of Y Est
R Squared

No. of Obsorvations

Degrees of Freodom

X Coefficient(s) 1.22
Std Er of Coef. 0.02

o
5.2056552

0.9844758

5

4

n.s7
15.25

8.75

o.(n

21.36

16.28

L92
0.00

lV Preanoxlc wtth Nltrogen f¡ee medlum

R€grossion Output:
Constant o
Std ErofY Est S.94412g
R Squared 0.977&f44
No. of Obsorvations s
Dogrees of Freedom 4

X Co€ff¡c¡ont(s) 1.99210423
Std Err of Coef. 0.05426217

22.17
15.77

8.84

0.00

I

No3

0

24.4

48.8

73.2

97.6

o.(x)

2.Of)

t.(X)

5.OO

4.00

N free

o
26.6

53.2

79.8

106.4

-/A€tç

19.90

12.76

5.28

0.00

rã -2&

A
c(

€



Analysis of Temp data (Arrhenius Plot)

temp K (dext) K(phenot) remp(ketv In(kd)

5 1.5 3.36
10 4.3 3.83
15 5,23 5.77
24 7.78 11.54

Dextrose data (Arrhen¡us Plot) with 5 G

Regresslon Output:
Constant 24.72Tß
Std Err of Y Est 0.324395
R Squared 0.857992
No, of Observations 4
Degrees ofFreedom 2

X Coefficient(s) -6.68145
Std Err of Coef. 1.922039

Dextrose data (Arrhen¡us Plot) without S C

Regression Output:

278 0.405
283 1.459
2æ 1.654

æ7 2.052

ln(Kp)

1.212
1.343
1.753

2.446

1lT 1000 * uT

0.003597 3.6
0.003s34 3.53
0.003472 3.47
0.003Í167 3.37

Phenol data (Arrhenius Plot) with S G

Regression Output:
Constant 21j1716
Std Err of Y Est 0.146634
R Squared 0.9s9422
No. of Observations 4
Degrees of Freedom 2

X Goefficient(s) -5.56302
Std Err of Coef. 0.86S959

Phenol data (Arhen¡us Ptot) without S C

Regression Output:
Constant 176.9701
Std Err of Y Est 0.7æ726
R Squared 0.981629
No. of Observations 3
Degrees ofFreedom 1

X Coefficient(s) 49,1582
Std Err of Coef. 6]24952

Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedorn

X Coefficient(s)
Std Err of Coef.

-ftørç øag

14.6252
0.021461
0.997477

3
1

-3.73298
o.187745

,{\
Õ{
cO



-l-Able fb- 3o
2€P degradatlon rt 10 d€gr€€ Celciue In preaence of ¡10 mgSO€/L Dertrose

Sample No.

Ø)

2
3
4
J

ò

ö

I
10

11

12

13

20
40

60
80
100
120
1¿10

160

180
200

20
240

28.94 28.36
25.57
2-52
21.S4

18.59
15.29

12.57
9.86

7.Cr¡l

4.06

0.00
0.00

NA
NA

NA
NA

NA
NA

NA
NA

NA
NA

NA
1r.25

27.94
25.82

23.64
21.æ.
18.56
15.73

11.91

9.38
o.@
4.24

0.00
0.00

28.15
æ.37
23.67
20.74
18.86
16.01

1261
1 1.06

8.12
5.35

0.00
0.00

NA
NA

NA
NA

NA
NA
NA
NA

NA
NA

NA
'11.44

NA
NA

NA

NA

NA

NA
NA
NA

NA
NA

NA
10.94

æ.12
24.12
20.92

18.3¡l
16.25

1¿31
10.30

9.06
5.2',1

0.00
0.00

NA
NA

NA
NA

NA
NA

NA
NA

NA
NA

NA

28.35
25.97
23.49
21.21
18.59
15.82
12.35
10.15

7.Tl
4.72

0.00
0.00

MLVSS (mg/L)
2-CP removal(mg/Lhr)

1955
8.36
4.27

1990
8.62

4.&ì

2005
8.38
4.18

1970
8.21
4.17

1980
8.39
4.24

2€P degradatlon at 15 degree Celclue ln preeence of rll) mgSOC/L DÐdros€

soc

&)
3
4
c
o
7

I
9

10
11

20
40
60
80
100
1æ
140
160

180
200

27.æ
25.59
21.68
't7.19

12.53
9.79

6.0f)
2.09

0.00
0.00

NA
NA
NA
NA

NA
NA
NA
NA

NA
11.6¡Í

26.75
23.82
æ.æ
17.7A

14.79
10.28

6.68
2.85

0.00
0.00

NA

NA
NA

NA

NA
NA
NA
NA

NA
10.83

25,31

æ,.14
20.47
16,32

12.90
9.60
5.58
1.65

0.00
0.00

NA

NA
NA
NA

NA
NA

NA
NA

NA
10.49

25.89
24.O5

21.18
16.95

13.69
10.12

5.96
271
0.00
0.00

NA

NA
NA
NA

NA
NA
NA
NA

NA
11.01

26.39

23.90
20.91
17.06

13.48
9.95
6.08
e&Ì
0.q)
0.00

MLVSS (mg,/l)

2-CP removal(mgy'Lhr)
1960

r0.05
5.13

1975

10.53
1955

10.æ.

s.23

r970
10.21

5.18

1965

10.25
5.2.2.CP

¿€P degradåflon ât 24 degrÊe Celclus in preeence of 40 mgSOC/L tlexf¡oos

Sample No. Time ';:ði

MLVSS (mg/D
2-CP removal(mgy'Lhr)

@)

2
3

J

6

I

26.97
20.89
14.44
8.17
3.34
0.00
0.00

r955
15.57
7.96

NA
NA

NA
NA

NA
NA

1285

27.28
21.27

17.24
10.73

4.15
0.00

1960
15.24
7.78

NA
NA

NA
NA

NA
NA

12.05

26.62
2,.æ
15.12
8,35

3.85
0.00
0.00

1970
14.9{¡

7.60

NA
NA

NA
NA

NA
NA

rf.51

27.æ
21.39
15.87
10.73

4.æ
0.00
0.00

1980
15.38
7.77

NA
NA

NA
NA

NA
NA

10.85

26.99
2f .61

15.67
9.50
3.91
0.00

0.00

1966
15.29
7.78

z-CP

rr 24



EÍbcl ot 1ffiFdú6 d a4P da¡¡¡dlddr ln p.æ ol ¡rO 803æ/L OüÉ

'l: ' - - ] 2€P drOndrlro.r tt a d.CE C.ld6 h p.æ ol ¡¡O ñCAOC/L pi@l
I+ør*s ø-zl

S..rpL Nô
*1 5J t4

lhÈ

C!)

æNA
{o 31.06

60 HA

€{, æ.4
1æ NA

ræ 4.6
iÁO NA

r€o &72
IOO NA

200 t4.4e

ã 9.79

2& A09

280 237

HA NA

2A€ &O7
NA HA

z|.e 6,æ
NA NA

2LlA 15.æ

NA ¡¿A

2r,æ s.3¿

ÑA NA

l8.l¡l 0'6
t |.3{t
1.16

3.29

NA NA

zr.8 36.8r

NA NA

25.8¿ 44
NA IIA

2ar6 rÉ59
NA HA

2o'il 8.t7

HA NA

t6.ct o00
r 0.65

&72

oæ

NA NA

2Aæ 36.6
NA NA

æø7 23.39

NA NA

zds 144¿,

NA I.¡A

æ.30 d6a
NA NA

rl34 000
f 0'69

¿gil
om

NÂ

37.St
NA

23,8Ët

NA

r {72
NA

4€A
q00

r.¡a

2aæ
NA

2tr 7
t{a

2479

NÀ

r0.re
HA

r46l
Í o9'l
6.2ß

zs

HA

3¡{62
NA

20'87

HA

r26
NA

¿33

0.æt0
t!

t3
t4
t6 280 0.æ 0.@ o@

MLVSS (mof)

2CP |tl@d(írg¡4-hrt
r97E tg) t965 1966
7.t0 &{€ 6.5a aoa

r97l
adì

2€P |!|wd(me/ovssfr| aq! a25 t!6 324 a36

zCP d.grrddoc rt 10 d.C6 Cdd6 In Þ.æ d ¡tO ñgSOC/L pùræ¡

S¡rÐ¡. Nq nma --- eCF------ -
ta -- wloã
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4

6

s
I
lo
fi
i2

20
10

60

€o

r00

læ
1,()

r@
t€o
2æã

¿t.æ 6.97
2t30 97.@,

21.73 30.15

aß 28.t0
20.6 lg.to
re€o r¿€a
fzot tn
'| 5.9¿ O@
t¿3t
7,e,
108

zf.1s a¿,
2åæ 3417
2Àql 2â.8€

26 2.CE
2t9S rAr0
19,43 fOæ
t7¡ß 417
tarT 0'00
'il.&)
8.72

z@

2tE¡ 4s.3A

2tr3 3eet
¿,t€ 3o.5¿

¿16 3o'3¿

2t&t ¿1.4
!0.79 1406
r8.qt a€a
rafi o0o
ro78
66€
I.Eî

æ.14 ,(læ
2Ê.@ ÍI7r¡
¿4'1e 29.æ

ä.84 2¡,61

tcgt taô5
r8.4ô fi.54
ra69 {49
rse 0.00

t¿¿f
6.8,1

¿5r

zt.æ {6.35

2å9r 3a1¿0

2&24 30.5a

¿.s 28.00

æ.47 16.3¿

teæ r2t3
17-â 6.æ
15'58 0.æ
I t.8f
&72

¿ar
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¿f.al
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276
r adl
t 3.êa

9.89

{€
oæ

3t1J
æ.s7
2t06
totT
126

o.oo

^@260r
2ô.36

2007
tE.al

ro.7l
194

oæ

.ot I
3!.78
I &24

I O97

¿sf
q@

2a'æ 35.7{t

25.14 æ.12
æ,15 

^7aãr2a 9,62

t{64 1.76

ro37 0,æ
5'8¡

373a ¿f,1a

29'04 23,13

raTr ¿.11
7.æ. re&¿
l-21 ta.3a

oæ roæ
5.72

27.ú 3q28
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t4.
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APPENDIX C



TÀø r_p c- I

c' Performance of Anorlc.Aeroblc SBR trertlng 2.Cp fn preeencs of rO mgSOG/L of dêxtro8€

Phaee Daye Total Daye soc (mg/L) SoC(me/L)
Influenl Effluent Influent EffluerÏt(Anox) 96R€movrl Effluent(A€rob)

pH

ilt

0

12

18

25
32
40

4A

53
60

65

0

10

15

m
25

30

0

15

24

36

0

7

12

18

25

32
,lO

¿t8

53

60

65

66

76

81

&
91

96

98

.105

113

122
134

6.80

6,90

7.00

7.@

6.85

6.90

6.80

6.90

7.00

6.80

6.90

6.90

7.10

6.80

7.00

6.90

6.95

6.80

7.00

6.90

6.90

6.85

7.10

7.30

7.40

7.30

7.20

7.'to
7.20

7.40

7.30

7.20

7.20

7.6,0

7.30

7.40

7.40

7.30

7.30

7.40

7.n
7.n
7.10

7.20

51.20

58.40

55.30

53.91

50.50

53.60

s5.80

59.40

so.70

52.30

s6.70

52.71

40.70

54.80

58.30

53.60

56.30

50.91

56.70

60.30

58.30

57.70

48.80
.f6.20

34,70

30.20

28.70

n.20
26.80

æ'30
18.90

19.70

?2-40

16.30

15.10

18.20

18.70

16.40

16.80

17.20

19.20

14.60

15.20

16.50

4.69

æ.89
37.25
¿lil.98

43.17

49.25

51.97

62.,16

62.72

6233
60.49

69.08

62.q)
66.79

67.92

69.40

70.1 6

66.21

66.14

75.79

73.93

71.40

?290
270
21.90

20.80

20.20

16.10

14.80

13.30

1z-10

12.80

13.20

12.00
'11.40

1:¿.10

1 1.80

11.10

10.80

12.80

13.20

10.40

11.10

12.20

TNþve. c-2-
: Ff PerformancE of anoxrc-Aerobic sBR treattng 2cp rn preeence of ,l() mgsoc/L of pHENoL

Phaee Daye Totâl Days pH soC (mofl) soC(mg/L)
Influent Effluent Influ€nt Effluenr(Anor) %Removal Effluent(Aerob)

l0
a

12

18

25
32

40
¡$
53

60

65
il0

10

15

n
25
30

il0
7

15

24
36

0

7

12

18

25

32

40
¿f8

53

60

65
66

76

8f
86

91

96

98

105

113
'12,

134

6.90

7.00

7.00

6.90

8.85

6.85

6.80

7.00

6.90

6.80

6.80
6.80

7.û
6.90

6.80

6.90

6.80

6.90
6.80

6.80

7.00

6.80

7.30

7.æ
7.40

7.30

7.40

7.40

7.30

7.s0

7.n
7.40

7.10

7.æ

7.30

7.40

7.m
7.10

7.40

7.40

7.æ
7.30

7.10

7.20

55.60

59.¿!0

5230
60.10

57.60

54.8t)

57.m
58.70

56.80
60.80

54.50

54.60

58.90

50.70

53.80

51.50
55.40

s9.70

60.æ
51.30
s2.80
54.70

.t8.1O

45.40

41.40

36.10

27.10

30.70

29.3{)

30.80

29.10
28.50

26.90

2f .30

æ-30

24.æ
23.40

21.70

æ.80
f8.90

N.æ
17.30

16.90

17.40

13.49

23.57

n.84
39.9s

52.95
.rÍt.98

48.78

47.53

44.77

53.13

50.64

60.99

6214

51.08

56.34

5/.86
62.45

68.34

66.¿15

66.28

67.9f)

68.f9

11.80

13.20

14.10

12.70

1230
12.60

1 1.50

11.70

1¿10

14.20

12.æ

13.10

13.20

12.50

10.80

1 1.30

12.10

13.10

11.70

1¿49
12.30

f 1.90

Phage | : 2 hours Anoxlc lollowed by 4 hours Aeroblc
Phase ll : 3 hours Anoxlc followed by 3 houre Aaroblr
Phase lll : 4 houra Ànorlc lollowod by 2 hours Aerob¡è

CI



TArolE c-3
Pûrldn.6 d A@lâAdob¡c SAn rdltrg 24P In p.@ ol aO ¡ÐSOC/L ol dd@

Otyr fo{!l ltryt 2€P (ns/L) 24P (riq/Q NqlX (ñg/tl
Intlrâl Elllmßnoo xRært Efludr(Âdob) tûflEdt Eflffi(AEtct fRæll

ro0t6.20t4t0
7 7 r4.0(¡ t4@
l2 r2 t4€ô t¡(æ

E) 96 t475 Aæ
iltost5.20&æ

tg 18 f400 1470 r.ta
I 6 16.20 t4s' ¿at
e P, t 6.00 f ¡(5¿ 12O
40 & 1a.76 t,l.tl (63
4t 1a t¿.st 1¿æ ts{¡¡
53 53 t6.@ it.&s zl,Q.
60 60 is.SO 12,?l te.7¡¡
65 6A rAlO 11.90 a.te

ll o 66 i4æ &?o 40.78
t0 78 9,6ú ¿93 m7o
t5 st ta.30 Ê30 at.s
æ €{t rs'to 7,m 4g.ol

a fl t¿.æ 7.50 ¿e€

7.24

r.3õ
(tl

¿5.78

41.37

rts
t a,to
r 136

Í zdt
9.zl
aÍs
¿¿l
o00
o00
o00
dæ
oæ
o.00

oæ
o@

0.6
o00
oæ
o00
OCÍ}

oæ

tl.70
¿t.Ø
g€
24m
s30
3420
30,30

3470
3A,rO

J4.{O

7t.6f
3¡(60
æ.70

30'r 0

36.60

34.10

3r.70

¿-to
3870
3¿to
3t,to
35.30

r aã)
2dt0
35.æ

a&
2â.70

m.qt
2ArO

3¿50

3r.70

24,@

3t.50

æ,4
2n85

â.lo
2,r60

2É.r 0

2r.9
t¿to
2{00
¿n20
| 8'80
2æ

I 6.t3
11.72

&¡|it

9.72

5.2Ê

t4.æ
r1&t
ft.g
reæ
| &60
ta38

20.05

29Ð
30.€e

&6
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38 65
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lttflFil Afld(Atro0 Aflm(Adoô) tnñucrt Efnffi(AE)

f R.@.1 PlreÞl(ng,/L) H<rHa (møe
E ñErr(Adob) Inflffi E tluonr(AEk) x Rñrl

0

12

ts
2E

32

4
4
53

60

d5

0

t0
t5
æ
6
30

o

't5

2¿

o

l2
ta

c¿

4
4a

53

æ

66

7A

8ô

0t
s
s
r05

!r3
12

r4z)
t5.10

I 5.30

r t07
1470
1¡1.æ

rt?o
I ato
15'æ
I 4.70

l¡{@
t{,t 0

14m
r 4,8t'

I 4EO

l4S
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fa0()
r a60
r a.€0

r 4&5
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440
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45.8e
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6e06
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6e3l
q7.8t
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r160
r3.00
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¡t@

l,þ
o00
0.6
o00
o00
0æ
0,@

oæ
o@

0.æ
oæ
o6
o@
oæ
0,@

o@
oo

4A.SO

5Cl0
50.go

5¿70

56tO
49.€O

50.70

5120

sa20
50.!o

5¿70
54,30

50.to

4e,30

5¿70

53.20

50.80

56.60

5t.30
¡a'00

5¿70

5r.{{)

4å30
1A8o

4t.70

3470

34ÊO

J¿ IO

00æ
3r.20

30'{o
2100

6,æ
19.20

d.m
2{r0
4m
¿æ
20'€a

tato
ieæ
r a6o
I ZtO

7.17

I i,8{t

17.91

30.34

37.E'
35,64

3g.,lS

4t,35

¿aÉl
4r,6¿

4A4S

u.ê4

5A€9

5r.t2
66,6
5S,6
59.2t

626
61.21

6a.06

67.56

63.81

24.30

æ.10

r 8.do

430
o00
o00
oæ
o00
o00
o.00

0.00

oæ
oct)

oæ
o00
oø
0.æ

o@
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0.00

oæ
o00

e.&
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æ.70

â.ro
st.70
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t &40

¿ø
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TA{òLE C-5
TIME SOC z{P
min mg C/L mg/t

Àþ3+,¡ SOC zaP
mgil mg c/j- mg/L

NO3.N SOC z.CP
nglL rng C/L mg/t

Ãræ0è-
soc z.cP NO3"N

m9 C/L mgÂ mgr'L

NOSN
ngr'L

Lq)

53.25 15.18 3e.75
NA 14.A2 NA

35.62 14.19 34.30
NA 13,84 NA

27.04 13.'t8 3r.39
NA 1¿52 NA12O 18.9€ 11.85 3f.72 19'77 ,|228 ¿8.19 2e41 11.93 3t.50 Anoxlc 20.38 fA.O2 JO.47

t40 18.9¡' 8.85 17.80 7.30 18.50 S,æ, Aercblè 1Z7a 839160 NA 8.8:i NA 5.47 NA 5.r5 NA 5,7A
170 NA 3.25 NA ze' NA 3.2€ NA 3.1218O 1e10 0!o0 12.83 O.OO 19,æ. o.oo 12.72 O.OO

0 tt.71 15.0s 3{t.10 5¿33 15.30 3¡r.4A 8.72 15,10 37.70
20 NA 14.97 NA NA 14,82 NA 4A,55 14.86 NA
ß 34.37 14@ 35.88 38.20 14.24 3t.9f 38.30 14.32 35.30
60 NA 13.42 NA NA 13.85 NA 30.82 13.A5 NA
80 27.43 12.9€ 32.80 28.95 13.10 28.96 20.45 13.41 3¿/þ
100 NÁ 1L23 NA NA te83 NA 23,SA 12.47 NA

\¡SS (mgÍJ f9€5 æo5

Anox removl: m9 z€Plg VSS. hr 0.92

PHASE - ll PRCIFILE (OEXTROSiE): 3 Hq¡lt Anorb + g Hourð Acroblc

0.79

TIME SOC 2.CP
mln mg C/L mgl,/L

NO3-N SOC 2{P
mg/a mg CÂ mg/L

NO3.N SOC 2.CP
mS/L mg CÂ mgiL

Ãvarago-
soc 2.cP NO3-N

mg C/L mgu,|- mg/L
N03.N
mgr'L

5€.28 14.9t 34.00
NA 14.04 NA

34.æ 13.04 31.17
NA 12,û NA

25.8{t 11.29 28.80
NA 10.52 NA

æ,æ. 9.78 28.54
NA 9.84 NA
NA 8.18 NA'lgg lg.zg J.76 24.ss 18.4¡1 7.s5 25.17 18.30 s,o0 2r.s4 Anoxlc 17.81 7.77 23.89r90 16.32 5.13 15.æ 4.3s 18.88 5.80 ffi

0 58.32 t5.19 35.55 53.6.t 14.80 U.73 5A.8s 14.75 31.7A
N NA 14.æ NA NA 14.12 NA NA 13.80 NÂ
@ &1.84 t3.O5 3¿11 X5.æ, 13.45 3¿tO 94.11 1¿æ. æ.28
60 NA 12.75 NA NA 12'84 NA NA 11.9t NA
80 25.10 11.54 29.40 28.44 'l'1.27 50.27 æ.11 11.05 28.14
r00 NA 10.47 NA NA 10.85 NA NA 10.45 NA
120 21.4 9.62 27.e2 æ,.45 9.83 2ß.17 ¿74 9,82 24.43.I4{' NA 8.95 NA NA 8.85 NA NA 9.01 NA't60 NA 8.10 NA NA 7.91 NA NA 8.53 NA

200 NA 3,10
210 1 t.81 0.00

NA 2.82
r 1,l2 0.00

NA 3.¡lO
ro.80 0.00

NA 3.11
l't.24 0.00

lES (møq

Anox removl: mg 2€Plg VSS, ht

Anox Emovl: mg 2€PlLhr

1975

r.25

2.ß

*æ
1.20

¿Q. 2.25

1995

1,19

PHASE - lll PROFILE (OEXTROSQ: 4 Hor:n Anorb + 2 HouE Adoblc

TÌME soc zep No+N soc z-cp No$N soc z{,p NoeN -E-æ-rcilmfn mg C/L mg/L ngfL mg CÂ mg/L mgil- mg C/L mgr1. mg/L mg C/L mgrt mg/L

0 e{t.32 14.90 3?-11 58.31 15,æ, 31.11 57.77 15,10 35.34
æ NA l4.to NA NA r48.t g.ù2 NA 14.dt NA
ß 3€.12 t3.S{t æ.74 æ..77 .t4.08 2Ð.rO 21.73 t4oo 32.St
60 NA 13.25 NA NA 10.54 27.15 NA 13.08 N^
8{' 2A.94 t2.3€ ?7.93 2S.11 1L76 2€.1S 2€.50 1¿æ 30.34

t n t too NA .tf .89 NA NA 11.87 25.Q. NA tf.f8 NÂ
\lt/ 120 24.7J 1r.07 æls 24.4s to.Be 24.as 23.1a 10.33 zs.æ.

14 NA 10.28 NA NA 1o.e. 29.97 NA 9..¡¡¡ NA
180 æ.63 9.14 24.8a 4]4 9.84 æ.94 21.55 s.25 2S.50
180 NÂ 8.38 NA NA 8.49 2r.46 NA 7.A4 NA
M 19.37 7.19 :¿¿_15 10.33 7.2A æ.52 19.S7 7.æ. 24.æ
m NA 8.54 NA NA a.73 Íe.3{¡ NA 6.80 NA
2Q 14.80 E.O2 æ.æ 15.25 6.25 18.81 16.55 e.35 æ..u Anoxlc 15.47 8.21

58.80 15.07
NA 14.51

30.21 r3.s6
NA 13.28

27.A5 12.72
NA 1¿O3

21.12 10.88
NA 10.82

2t.31 9.70
NA 8.76

'19.1S 7.57
NA 8.97

32.85
NA

30.55
l.ÛÁ

25.1þ
NA

28.87
NA

24.*
ìst

u6'l
r{â

20.57
2 1C.71 3.30 14.€g 4,73 14.54 3.92 Aeroblc 14.36 3.982EO NA 1.8O NA ?.Q NA 1.75 NA 1.98
27O 1O.4 0.00 I 1.1 1 O.OO 12;27 O.OO 11.27 O.OO

\¡SS (msIJ 8æ

Anox €movl: mg 2€Plg VSS. hr t.rO

1gge

L9

t-tt



Ê{,/rBE - | PFoçlLE (PHEil<rl-r: 2 tfoùõ A@lc + a ltocr Adoblc l-A¡¡lp c- 6
TìMÉ

rtl
SOc 2.cP P?ft¡ Noltl SOC ¿CP Pfffi¡

ílc C/L í|gil Ítq,n- mCL mg CÂ ñgÂ rlcl
NO}ll SOC zaP PfË¡ro¡

mdt mO CJL mg/t mCL

AVüàOa

SOC ¿4P Phônol NO++t

ñC C/L ñøt mcil múL

¡tosN
6cL

0 5,(62 146¿ 5¿71
â NA 't29t 47.11

{{) NÂ il.&3 ¿¿85
€o 3as7 rol¿ 30.64

80 NA eä 8.2
iæ NA fÀ71 e76
1æ 2Åfl 7E(l ?á2a

36.87 €tê4 r4.7t 50.12

NA NA 1346 ,$€al
3f.12 NA 12æ, 0&51
NA 40'60 rr.rs 3¿.rE

2Ê6¡ NA C.$ 3¿d'
NA fla &¿a 3o.8('

548¡¡ 15.6 SA?i SZrr
NA 13.80 5¿30 3ú1¿
NA lZ12 4f.11 33t2

4t.30 1t.t3 4r.76 3r.7t
N r 0,æ 3a¿2 æ.æ

sl.41
NA

NA

aæ
NA

NA Ð-66 3¿36 &â HA

2e,fi ar¿ û.& zr:tz Andlo 2s.toà7' 2Ê64 7.7A 2Ê30 ã.51

14.60 $1@ 36,t3
r o30 47,7t NA

1216 ¿¿æ êo.¿8
lO90 3A¡rS NA

e78 35'C€ 2?.2,
aaa 3t.97 NA

294 â.9 Érs

3f.¡ll

^13zf.l9
25t€
2â. t0
4.8

r€o r¿d¡ oæ 0.00 11.æ oæ o00 i2t6 0.æ oæ taot
t4
ocf,

0.84

oæ

\rSS(mOo tgÐ t96O fs6 io5¿

Àrcr drrt: riq ACPlg VSS. lr L7t I .78 I .76 | .28

Árcx ru@d: mA 2.Pll-tr 3.35 t{A aat a{þ

r40 fG.85 3.il O80 rg.dt ¿&t r.¿, f5.æ 3,71 o5o Acroblc 17.42

PHAgt - ll Pf,OFILE (PtlENOL¡: 3 Hoùð A@lo + 3 tlr¡n AEFOSIC

NME SOC ¿4P PHENOL NO$+{ SOC 2{P PHE'IOL NOs+I SOC 2{P PHÊNOL ¡¡O}}.t
ntr õr0 C/t ñøt íElL r€ll nì0 C/L mO/L ñg¡- ñ9/t rio C/L rìt/L 6O/L mOÂ

Av{â9ô
SOC Z4P Ph.õd tio+l¡

rñC C/L mgfL úøL rig/L

e)

53.62 1¡185 5¿74
NA t0.7! 48.36

NA t2o4 a{rr¡
a.æ. 11.06 {o84
NA to.2a 3ZJõ
NA A06 3¿Í

3¿C4 tr4 2rß]
NA 7.35 26.50

t@ NA 458 24s2
i 8o ?â4t å6¡ 2374

0
æ
6
60
€o

tæ
r20
t40

30.8¡ 51.32

NA NA

2€.10 fl^
NA 4I.E

Aü HÁ

NA NA

205. Aæ,
NÀ NÀ
I¡A NA

17.æ, 21.7a

i(æ 5t22
t3.72 5r.t0
12æ 17.æ
t r.45 43¿
lo20 {o.0¿
9,25 3a,76

8,¡A COt6
,.7J 2å¡e
8.5 2{66
c05 2231

3A22 5A40
I'IA NA

g7I HA

NA ,ra.3o

3r.e H

HA NA

æ.æ, €'Êo
NA NA

NA NA

áu æ.80

rEro so'si
rt65 47.¿.
r¿Q ¡¡.al
il.æ 3q.73
lO,{5 3ôal
9.06 31.¿,
Lf2 2tS
f.æ 28.3r

ô{t ?a.g
6.e7 &.67

3{61
fla

3t.73
NA

¿t.73
NA

¿{9r
t{A
I{A NA

¿t-ra Anoxb ã.9s

l¡1,S 6¿æ 34.52
rc,66 {å.0€ NA

l¿U ¿å5¿ 30.85

tf.,(¡ 4t-ql NA
!o3t 37.86 t.U
E@ 3¿70 NA

c?A æ-6f 25.10

230 2e38 NA
e66 ¿1.47 NA

5,84 22A ã-5S

53,{O

NA

NA

¡¿78
NA

NA

3t.46
NÀ

ræ tzgl 480 5.97 {r5 1&lo Aæb¡c l7.so
t t.4læó ro€¿ o00 0.æ rl

\165 (møU lg50 rSO t9€6

Aæxmü:mg2€P/OVSS.tr 1.58 t.{A t.65

Àæx r6ovl: mO +CPlLtr LO7 ¿95 tO¿

Plü18€ - lll PROFILE (Pl{EìOL): a lto{6 AEb + 2 ttorE Aoroötc

IìME SOC +CP PHENOL NO+N SOC 2{p PHENOL NO+fl 30C a€p pHEilOL NOO+I
û*r ñg CiL mCL n€¡tL ñCL ñg Ctr ñøL nrCL ñCL ñg C/L riCL ñCL ¡nq/L

Atæa
SOC ñP Phfrl NO3ìJ

m9 C/t mg{. ñg/L ñR/L

e

5472 16.06 5¿58 3d&t
NA I 3.,(l {Aæ NA

NA 1250 1&t9 35,0t
e6 t t.6a 4¿05 NA
t¡A to63 3A.70 æ.68
NA 9.6 Cå76 N^

cl€g A3r e,r6 8Zl
NA 7.Q, AU ilA
NA 6.9¡ 25.73 U.U

â73 4æ 21.æ NA
¡¿A i8r e.ú ã,æ
NA 5.r3 re.4a NA

zao leeo 4æ l7t0 laSo 17.6 4t0 ta6o zi-þ rz8 ¿.6a 18.79 20.æ Arcrlc 17.12 4s6 tat6 to'3o
& r{s r.g{t 400 ra,ro r.r4 o@ ra€¿ r.37 ooo Adoöic 14¿, r.ag ooo
2to rzs o@ o,@ il.æ o.@ oæ fi.69 o.æ 0.@ il.€o oæ o.ø

\¡s9 (ñg/L) rs6 tHÐ ræ5 tsTo

Árcx|Wtl:ñroâCP/0!.Ss.tr l.¿f t.{O r.3Û t,3it

lûrrffi í 2aP -tt 2& Z?8 ¿6c6 ¿æ.

0 s¿so l4A5 9m 3¿3o 5,170 1á@ 51.4{¡ 3?-æ 51€5 r&2 5C65 39.97
æ t{A 13.70 sO.¿tO NA NA lù{5 {A7O N^ ¡¿A t3.t6 ¿7.8 NA
40 NA 1¿æ. 4e70 2t.O NA t266 4A3O 3{æ NA l23t 4ASO 3A¡|4
dt 44!0 1?.O1 41It0 tlA ¿1.8O 11.8e A.æ NA ,!û06 tt,Ct 4325 NA
60 NA rOTo 3€'60 25'to HA to78 ct90 3t.¿o HA tot2 3269 3¿r9
fm HA Rro 3a2o N.A ¡¡A 9.6 C5,70 NA HA &E 35.3A !¡A
l2o 3,4.30 0,æ e,d, ¿.æ 34€o A€6 3t.æ ¿t.to 3t.s7 8,6 r:¿6 znto
r40 NA f.a. 8& NA NA 7.ú Zt.æ l¡A ilA Z€0 2Àil NÁ
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tl c-r Aerobic 2-CP removal in fully aerobic
SBR vs Anoxlc-Aeroblc SBR (+ Dextrose)
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