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A recirculation reactor, run in both batch and

continuous feed mode, was used to determine the kinetic

parameters. The system response was examined by following

changes in benzene concentration, flow rate, and biomass

loading. The system was modeled mathematically and the

kinetic parameters were determined.

Biological removal of a mixture of benzene, toluene

and o, m and p-xylene (BTX) was also studied.

In a typical batch experiment starting with 100 ppm

benzene, the substrate utilization rate (km), when expressed

per unit weight of dry catalyst, had a value of

0.4453 ppm/h/g dry beads for the alginate system, and

0.067 ppm/h/g dry beads for the celite catalyst carrier.

Activated sludge was characterized for biodegradation

of benzene. Isolations were done for unacclimated,

acclimated and end run samples. About 67% of the isolates

could be assigned to a genus. These were Bacillus,

Microbacterium, Plesiomonas, Kurthia, Klebsiella,

Lactobacillus, and Pseudomonas.

From among the fifteen isolates found in the end run

group,- an isolate identified as Pseudomonas was established

as a primary degrader of benzene.
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CHAPTER I

INTRODUCTION

Continuous release of xenobiotics in general, and that

of organic compounds listed as priority pollutants in

particular, poses a severe threat to the well-being of the

human race. For the past two decades, researchers have

engaged themselves in finding ways and means of containing

the release on one hand, and removing the already released

toxic compounds on the other. Removal methods have been

either physical, chemical or biological.

Benzene and the related aromatic hydrocarbons are used

extensively in various day-to-day applications. This opens

more avenues for their release into the environment and

subsequently accounts for their ubiquitousness. Benzene,

with its toxicological profile, has been labelled as a

priority pollutant. The existing standards for benzene as

well as toluene and the xylenes in the drinking water

supply, and for wastewater treatment are presented in

Table 1.1. Given its hydrophobic nature, coupled with the

high value of Henry's constant and activity coefficient,

physical methods such as air stripping and carbon adsorption

have been used widely for removal of benzene. These methods

have an inherent drawback in that the result is a change in
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the matrix of contamination, rather than the removal of

contaminant. Biological removal, although a slower process,

guarantees the conversion of complex molecules into

molecules like CO 2 and H2 0, the release of which into the

atmosphere is less of a threat.

It has been noted that benzene resists biodegradation

in an anaerobic environment. The degradative pathway under

aerobic conditions has been described by Gibson (1977),

Cerniglia (1984) and Dagley (1985). The benzene molecule is

first converted into a dihydrodiol, followed by catechol

formation. This is then followed by ortho fission or meta 

fission to yield cis,cis-muconic acid or

2-hydroxymuconic semialdehyde, respectively. Both these

compounds can enter the Krebs cycle to complete the

biodegradation.

The use of immobilized microorganisms has many

advantages over the conventional free cell system

(Mattiasson, 1983; Chien and Sofer, 1985). Be s ides

preventing washout of biomass in continuous flow reactors,
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immobilization facilitates easy separation and imparts

greater operational flexibility. Immobilized cells can also

be much more resistant to high concentrations of toxic

chemicals (Westmeier and Rehm, 1985 and Dwyer et al., 1987) .

In addition, the cell density of immobilized cells can be

much higher than that of the free cells, resulting in higher

rates of biodegradation per unit volume of the reactor.

Numerous methods have been developed for immobilized

biocatalyst preparation (Dwyer et al., 1987). Microbial

cells may be flocculated or aggregated; they may be attached

to a suitable carrier by adsorption or ionic bonding, or

they may be entrapped in a polymer matrix. Among the most

used adsorption carriers are activated charcoal, porous

ceramics and porous silica supports. Suitable polymers for

entrapment of cells include alginate, K - carageenan,

polyacrylamide and polyvinyl alcohol.

One of the many critical parameters which affects the

kinetics of immobilized microbes in the case of entrapment

is the diffusional or mass transfer effect. Cell entrapment

in alginate is a rather simple and non-toxic method for

immobilization, but the gel may create a diffusional barrier

for both substrate and oxygen. The diffusion of substrates

into and out of the alginate gel has been very well

addressed by Tanaka et al. (1984). They found that the

diffusion coefficients of substrates such as glucose
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(in general for substrates with molecular weight less than

20, 000) into and from calcium alginate gel beads- were the

same as the diffusion coefficients of the substrates in the

water systems. These results suggest that these substrates

can diffuse into and out of calcium alginate gel beads. In

work done prior to this in our laboratory (Lakhwala et al.,

1989), the physical stability and activity of alginate beads

have been optimized with respect to parameters such as

biomass concentration in the bead, concentration of sodium

alginate, concentration of calcium chloride used for curing

the beads and temperature of operation. These parameters are

vital to the use of immobilization.

Attachment on the surface of the solid support offers

an advantage because the support is stronger than the gel

matrix. Here, the microorganisms are believed to form a film

on the carrier surface. Hence, it is the film diffusion of

the substrate which is important. Microorganisms are also

exposed to the bulk liquid, therefore the resistance to

shock loads of toxic compounds will not be as good as that

with entrapped microorganisms.

Volatilization has been noted in nearly all the

studies which were primarily aimed at studying biological

removal of benzene. Smith and Bomberger (1979) ,

Kincannon et al. (1983) , Pai et al. (1988) and

Petrasek et al. (1983) have discussed parameters pertaining
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to volatilization rates of a few chemicals in water and

wastewater. Smith and Bomberger (1979) and Kincannon et a.

(1983) noted that, removal of benzene by volatilization is

appreciable and is important while studying biodegradation.

In the present work, biodegradation of benzene has

been studied in a recirculation reactor operated in batch

and continuous feed mode. Various process parameters were

studied, such as recycle rate, biomass loading, and

concentration of benzene. A non-linear regression model was

developed to evaluate the kinetic parameters for the batch

mode. Unsteady state analysis of the continuous feed mode

was also performed. Both calcium alginate beads

(immobilization by entrapment) and celite catalyst carrier

(immobilization by attachment) were used in the study.

Biological removal of a mixture of benzene, toluene and

o, m and p-xylene (BTX) was also studied. Finally, a

preliminary economic analysis was performed for the calcium

alginate system to provide a protocol for detailed economic

analysis, and to assess the material and energy requirements

of the process.



TABLE 1.1 PROPERTIES AND STANDARDS FOR BENZENE, TOLUENE

6

COMPOUND DRINKING WATER WASTEWATER

STANDARD

BENZENE

TOLUENE

MCL= MAXIMUM CONTAMINANT LIMIT

TVOC= TOXIC VOLATILE ORGANIC CHEMICAL

a= From Kirk and Othmer (1978)



CHAPTER II

LITERATURE SURVEY

Activated sludge has been recognized as one of the

most versatile methods known for wastewater treatment.

Sawyer (1965) has given an excellent account of the

developments in the activated sludge process in the first

fifty years of its use. With its widespread use for the

treatment of domestic and industrial waste streams, it

allows for a very easily accessible source of biomass.

Apart from the work related to bacteriology of

activated sludge, which is discussed in a later section,

researchers have also studied process modelling, viability,

oxygen requirements and fate of certain priority pollutants

with respect to activated sludge. Sherrard et al. (1983)

have given a comprehensive review of the work done on

different aspects of activated sludge.

On the process modelling front, Gaudy and Kincannon

(1977a and 1977b) have critically reviewed the models which

attempt to describe the functional behaviour of the process.

They also presented a step by step procedure for employing

the Gaudy model proposed by them and have discussed its

limitations.

7
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Shamat and Maier (1980), Tabak et al. (1981), Stover

and Kincannon (1982) and Kirsch et al.(1983) have discussed

the fate of organic priority pollutants in activated sludge

systems.

Shamat and Maier (1980) considered biological removal

of chlorinated organics using enriched cultures obtained

from a municipal wastewater treatment plant. They also

correlated rates in terms of conventional activated sludge

kinetics based on bacterial growth.

Tabak et al. (1981) studied the degradability and

acclimation rates of 96 compounds. The compounds studied

included: monocyclic and polycyclic aromatic hydrocarbons

and their chlorine substituted counterparts, phenolics, and

a host of pesticides and insecticides.

Stover and Kincannon (1982) studied the fate of

specific organic compounds during conventional biological

treatment. They also included the effects of stripping and

adsorption while estimating the removals.

Kirsch et al. (1983) attempted the development of a

protocol for evaluation of the fate of a priority pollutant.

The technique of using immobilized microorganisms for

treatment of hazardous and toxic wastes has been recognized

as a promising method (Westmeier and Rehm, 1985; Bettman and

Rehm, 1985; Westmeier and Rehm, 1987; Andrews et al., 1988

and Lakhwala et al., 1989).
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Rehm's group studied degradation of 4-chlorophenol by

free and immobilized Alcaligenes sp. A7-2. They used

different methods of immobilization; i.e., immobilization in

polyacrylamide-hydrazide (PAAH), adsorptive immobilization,

and immobilization in calcium alginate gel. They showed that

higher concentrations of 4-chlorophenol were better

tolerated and more quickly degraded by immobilized cells

than by free cells. Their study included batch as well as

continuous operations. However, they did not consider the

kinetics of biodegradation.

Andrews et al. (1988) used a consortium of

microorganisms developed by municipal sewage enrichments

with a mixture of benzene, toluene and xylenes (BTX). The

consortium so developed was immobilized on celite carrier

(R-635). They reported a very high percentage of influent

being removed biologically, but their influent

concentrations were moderately low (40 ppm). They concluded

that biological degradation of gasoline components contained

in contaminated groundwaters using immobilized

microorganisms is a viable remediation process. The use of

naturally adopted organisms immobilized on diatomaceous

earth supports (R-635 in this case) can provide an

efficient, stable biomass population for the continuous

treatment of dilute volatile organic waste streams.
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In an earlier study conducted in this laboratory

(Lakhwala et al., 1989), biodegradation of 2-chlorophenol

was studied using immobilized activated sludge. This study

also demonstrated the ability of immobilized microorganisms

to withstand high concentrations of organic compounds.

Parameters important to bead design were optimized to obtain

a physically stable and viable microbial population.

Different reactor configurations were employed and

parameters influencing reactor design were studied. A

non-linear regression model was developed to estimate

kinetic parameters under varying conditions of flow,

2-chlorophenol concentration, and biomass loadings.

Biodegradation of benzene and related aromatic

hydrocarbons has been attempted by Lee and Ryan (1976),

Thomas et al. (1986), and Weber et al. (1987), among others.

Lee et al. (1976) and Thomas et al. (1986) studied the

biodegradation of benzene using microorganisms of marine

origin. Although these studies pointed towards

biodegradability of benzene and some of its derivatives, the

studies were qualitative in nature.

Weber et al. (1987) studied removal of nine organic

compounds including benzene, toluene, and o-xylene in

activated sludge treatment systems. Addition of powdered

activated charcoal to enhance the removal was evaluated.

They concluded that although the removal of biodegradable
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compounds did not change much, significant removals of

poorly biodegradable and non-biodegradable compounds were

noticed.



CHAPTER III

OBJECTIVES

The objectives of the present study were to:

(I) 	 Conduct biodegradation studies using activated sludge

immobilized by entrapment and attachment.

1. Conduct biodegradation studies in batch feed mode

using a recirculation reactor, in order to:

(a) Determine flow rate of recycle stream, biomass

loading, and spiking concentration of benzene.

(b) Develop a model to verify the kinetics of

biodegradation.

2. Conduct biodegradation studies in continuous feed

mode using a recirculation reactor, in order to:

(a) Determine variation in effluent concentration of

benzene with retention time.

(b) Develop a model to verify the kinetics of

biodegradation.

(II) Conduct biodegradation studies of a BTX mixture and

study the pattern and extent of biodegradation.

(III) Isolate the mixed culture microorganisms and identify

the microbial biota.

(IV) Develop preliminary economic analysis of the calcium

alginate system.

12



CHAPTER IV

MATERIALS AND EXPERIMENTAL METHODS

4.1 MICROORGANISMS

Activated sludge (a mixed microbial community) was

obtained from the Parsippany-Troy Hills Water Pollution

Control Plant (N.J.). A portion of the mixed liquor was

centrifuged (3,000 rpm and 15°C) soon after it was brought

from the plant, and stored as unacclimated pellets at 4 °C

for about a month. Following this, the microorganisms were

acclimated to a mixture of benzene, toluene and o, m and

p-xylene (10 ppm each) at room temperature. The

microorganisms were spiked daily over a period of seven

days, and during this period, the oxygen consumption of a

fixed amount of sludge was measured daily in the microassay

reactor (Figure 4.1), which is described later in the text.

The oxygen consumption rate decreased initially and later

remained constant, at which point acclimation was considered

to be complete. The culture was then centrifuged at 3000 rpm

and 15°C to obtain concentrated pellets. These were stored

at 4°C as acclimated pellets for about three months.
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