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Abstract:

Bacteria exhibit a tendency for adsorbing to and colonizing surfaces which are submerged in aquatic
environments. Adsorption is mediated by extracellular polymeric material which is formed by the
bacteria and extends from the cell to the attachment surface. The attached cells reproduce and form
additional extracellular polymer increasing the mass of the deposit. The cellular-extracellular matrix is
termed a bipfilm.

The purpose of this study was to investigate the effect of calcium on cellular reproduction and
extracellular polymer formation by Pseudomonas aeruginosa in a biofilm.

Experiments were conducted with a pure culture of Ps. aeruginosa using fixed film bioreactors with
glucose serving as the limiting nutrient.

Results indicate calcium increases the rate and extent of cellular carbon accumulation at the surface.
However, there was no effect of calcium on the amount of polymer carbon accumulated on the surface.
Results also suggest that free calcium (or calcium-assisted ligands) is essential to the structural
integrity of the biofilm. The energy required for biochemical conversion of glucose into biomass by
suspended or immobilized culture of Ps. aeruginosa was constant and was independent of time,
biomass concentration, specific cellular growth rate, and calcium concentration in the medium.
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. ABSTRACT

Bacteria exhibit a tendency for adsorbing to and colonizing
surfaces which are submerged in aquatic environments. Adsorption is
mediated by extracellular polymeric material which is formed by the
bacteria and extends from the cell to the attachment surface. The
attached cells reproduce and form additional extracellular polymer
increasing the mass of the deposit. The cellular-extracellular matrix
is termed a bipfilm,

The purpose of this study was to investigate the effect of calcium
on cellular reproduction and extracellular polymer formation by
Pseudomonas aeruginosa in a biofilm.

Experiments were conducted with a pure culture of Ps. aeruginosa
using fixed film bioreactors with glucose serving as the limiting
nutrient. ' o

Results indicate calcium increases the rate and extent of cellular
carbon accumulation at the surface. However, there was no effect of
calcium on the amount of polymer carbon accumulated om the surface,
Results also suggest that free calcium (or calcium-assisted ligands) is
essential to the structural integrity of the biofilm. The energy
required for biochemical conversion of glucose into biomass by
suspended or immobilized culture of Ps. aeruginosa was constant and was
independent of time, biomass concentration, specific cellular growth
rate, and calcium concentration in the medium. '




INTRODUCTION

Microorganisms, primarily bacteri;, exhibit a tendency for
adsorbing to and colonizing surfaces which are submerged in aquatic
environments. The immobilized cells grow, reproduce, and produce
extracellular polymeric substances (EPS) which frequently extend from
the cell, forming a tangled mass of fibers lending structure to the
entire assemblage which shall be termed a biofilm. |

Biofilms serve beneficial purposes in natural environments and in
some modulated systems. For example, biofilms are responsible for
removing organic or inorganic "contaminants" from natural streams and
in wastewater treatment processes (e.g;, trickling filters and rotating
biological contactors). Biofilms can, however, impair the performance
of process equipment. They can impede the flow of heat across the
surface, increase fluid frictional resistance at the surface, and
increase the corrosion rate at the surface. Fouling of heat exchange
equipment was.estimated to cost the United States billions of dollars
annually (Lund and Sandu, 1981).

Most studies on the effect of dissolved constituents on biofilm
formation have been limited to the effect of organic constituents.
There is little or no information on the effect of dissolved inorganic
constituents. There are a number of inorganic components which can
have an effect. However, the scope of this study was limited to the

effect of calcium on biofilm formation.
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The presence of calcium in the microbial . growth' medium has been
shown to (1) influence microbial adsorption to the solid substratum,
(2) be required for cellular growth and reproduction, (3) influence the
composition of EPS. Published reports on the influence of calcium on
the above processes is contradictory and the majority of the studies
were conducted in quiescent conditions where the cells are not subject
to shear stress. Un&efsténding the role of calcium in biocfilm proces-
ses may be useful in ecosystem analysis, control of biofouling in heat
exchangers and/or pipelines, operation of fixed film biological waste-
water treatment processes and in;reasing the rate or strength of cell
immobilization in a biofilm reactor for biotechnology applicationms.

The major emphasis of this study was to determine the influence of

calcium on (1) cellular reproduction and polymer formation in a bio-

film, and (2) the cohesive strength of biofilm. Pseudomonas aeruginosa
%as used as a test organism because this organism has been extensively
studied both in continuous flow stirred tank reactors, i.e., chemo-
stats, and in biofilm reactors. Specific cellular growth rates and EPS
formation rates are known under defined experimental conditions in
chemostat and biofilm environments‘(Robinson et al., 1984; Bakke et

al., 1984).

Research Goal and Objectives

The goal of this research was to determine the role of calcium in
the formation and maintenance of a biofilm. .To accomplish this goal,

the following objectives were established:
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Determine the influence of calcium on cellular reproduction

and extracellular polymer formation by Pseudomonas aeruginosa

in a biofilm.

Determine the influence of calcium on biofilm cohesiveness.
Determine the influence of calciunlvon the net‘ accumulation
rate of biofilm resulting from processes and characteristics

in Objectives (1) and (2).




LITERATURE REVIEW

Biofilm Formation: A Process Analysis

The adsorption of bacteria is a.general phenomenon encountered in
natural énvironments with important ecological implications. Bacterial
adsorption to surface offers advantages .in terms of nutrient avail-
ability, particularly in fast flowing and nutrient deficient hébitats.
The adsorbed cells reproduce and form extracellular polymers leading to
the formation of a biofilm. Accumulation of biofilm at the surface is
the net result of the following fundaﬁental processes (Characklis,
1981):

1., Adsorption of organic .molecules to the surface forming a

conditioned surface.

2. Transport of microbial cells to the conditioned surface;

3. Microbial adsorption to the conditioned surface.

4. Microbial transformation (growth, reproduction, etc.) at the

surface resulting in the formation of biofilm.

5. Partial detachment of biofilm due to fluid shear stress.

Biofilm formation is not a sequence of the above rate processes
occurring individually but rather the net result of these processes
occurring simultaneously. At specific times in the overall develop-
ment, certain rate processes contribute more than the others. This
literature review will focus on the infléence .of calcium on the

processes involved in the formation of biofilm.
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. Organic Adsorption

Adsorption of an organic monolayer occurs within minutes of
exposure of an initially ".lean" surface to an aqueous environment
containing dissolved organics, microorganisms, and nutrients. This
adsorption changes the properéies of the wetted surface and actually
conditions the surface for subseqﬁent attachmenf and colonization (Loeb
and Neihof, 1975; Baier and Depalma, 1977). These conditioning films
have been investigated by various means. Bailer and various co~workers
have characterized these acquired films as negatively charged (poly-
anionic) polysaccharides or glycobroteins (Béief, 1980, Baier and
Weiss, 1975; Marsﬁall, 1979).

There appears to be no evidence, however, that microorganisms can
only attach to conditioned surfaces. Also, little is known'regarding

the influence of calcium on organic adsorption.

Transport of Microbial Cells

Microbial cells (0.5 - 10.0 um) can be transported from the bulk
fluid to the wetted surface by several mechanisms, including the
following; diffusion (Brownian), gravity, thermophoresis, taxis, and
fluid dynamic forces (inertia, drag, draiﬁage,‘and downs%eeps).

In genéral, the transport of ﬁicrqbial cells from the bulk fluid
to the wetted surface depends on fluid flow conditions and is not known

to be influénced by the presence of . calcium in the bulk fluid.
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Microbial Adsorption

Once bacterial cells have been transported to the wetted surface,
two types of adsorption are possible; reversible and irreversible
(Marshall et al., 1971; Zobell, 1943). Reversible adsorption 1is
characterized by an initially weakladsorption of a cell which still
exhibits Brownian motion and is .readily removed by mild rinsing.
Conversely, “irreversible adsorption is a permanent bonding to the
surface, usually aioed by the production of EPS (Fletcher, ‘1980).
Cells attached in this way can only be removed by rather severe

mechanical or chemical treatment.

Calcium and Microbial Adsorption

The role of cations in the adsorption of a cell to the substratum
is presently unknown. Roux (1894) reported the necessity for divalent
cations, notably Ca2+, in cellular adsorption. Calcium has been shown
to be necessary for aosorption of aquatic bacteria (Marshall et al.,
1971; Fletcher and Floodgate, 1973; Stanley, 1983) and marine diatoms
(Cooksey, 1981). For example, a marine pseudomonad would not irrevers-
ibly adsorb in the absence of.Ca2+ and Mg2+, but would adsorb when
either of the cations were present (Marshall et al., 1971). Stanley
(1983) observed that Ps. eeruginosa adsorbed poorly in distilled water
with adsorption increasing as calcium chloride concentration was
increased to 10 mM.

Fletcher (1980) observed the influence of cations on the

adsorption process by 'chemically treating" free-living cells and
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observing any influence on their subsequent adsorption to surfaces;
The adsorption of a marine pseudomonad (Fletcher, 1980) was inhibited
by the presence of EDTA (ethylenediaminetetra-acetic acid) suggesting
that the chelant removed surface-bound divalent cations conceivably
involved in intercellular-ionic bridging. Fletcher (1980) noted that
lanthanum decreased bacterial adsorption and postulated that lanthanum
prevented adsorption through interaction with and subsequent denatura-
tion of EPS. Lanthanum is known to inhibit calcium transport into
cells, and to displace calcium from cellular membranes (Weiss, 1974),
so that the effect observed by Fletcher (1980) may have been related to

the diminution of the flux of calcium to the intracellular space.
Divalent cations, calcium in parti;ular, have been shown to
influenée microbial adsorption. However, the role of cations in the
adsorption process is much disputed. ~It has been suggested that
cations influence adsorption (1) by directly dinfluencing cell
physiélogy or membrane permeability (Drapeau ané MacLeod, 1965), and
(2) directly by their accumulation at the cell surface where they
médiate the formation of the electric double layer _(Shaw, 1970).
Moscona (1968) suggested that the removal and/or absence of divalent
cations inhibits‘adsorption via calcium sensitive ligands. It has also
been suggested that divalent cations, especialiy calcium, can form
bridges between negatively charged substrata and microorganisms, can
stabilize the structure of EPS (Fléfcher and Floodgate, 1973), or cause
precipitation of EPS 'in the space between a céll and a substratum
(Rutter, 1980). Further evidence for the involvement of calcium in the

adsorption process comes from the use of complexing agents EDTA
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(Fletcher, 1980) and EGTA (Appendix H). The chelant did not remove
cells irreversibly adsorbed (ethylene glycol-bis(B-aminoethyl ether)-N,
N-tetraacetic acid) to the surface (Fletcher, 1980; Appendix H)
suggesting that calcium was not involved in the adsorption of cells to

" the substratum.

Microbial Transformation

The attached microorganisms assimilate nutrients, reproduce, and
form extracellular polymers., The combined result of thesé processes is
the formation of biofilm. The characteristic of the b;ofilm accumu-
lated will depend on the microbial.species, the polymers produCed; and
the environmental conditions. '

Biofilm studies thus far (Korneéay’and Andrews, 1967; Lamotta,
1967; Zelver, 1979; Trulear and Characklis, 1982) relied on a relative-
1y unstructured approacﬂ to the analysis of bioméss components. ‘Thé
biotic éomponent was generally characterized only in terms of cell
number and cell mass with little attention to the physiological state
of the organisms, although there have been some limited attempts at
distinguishing between reproduction and. polymer formation (Trulear,
1983; Bakke et al., 1984).: Trulear (1983) and Bakke et al. (1984) have
used process analysis techniques in experimental biofilm reactors to
quantify the fundamental fate processes within a biofilm at steady
state. Their results suggest the following:

1. Ps. aeruginosa does not behave differently in biofilms than

in suspension at steady state. The biofilm activity measurements in
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this study were made in situ, and without significant diffusional
resistance.

2. Intrinsic rate and stoichiometric coefficients derived in the
.chemostat can, therefore, be used to déscribe steady state biofilm
processes.

Process analysis techniques can be. useful. in determining the
effect of calcium on cellular reproduction and polymer formation. The
effect of calcium on microbial transformation within a biofilm can also
be inferred from more easily observed rate processes such'as substrate
consumption and oxygen consumption. However, the observed rate proces-—
ses are not a sufficient criterion for comparing microbial activity
under different experimental conditions because they are the net result

of several fundamental processes.

Calcium and Microbial Growth

Calcium plays a vital function inside the cell. The concept of
calcium as intracellular messenger and/or regulator was proposed 30-40
years ago (Campbell, 1983). For example, Hojeberg and Rydstrom (1977)
suggested that calcium is a potent positive effector of nicotinamide
nucleotide transhydrogenase in Ps. aeruginosa.. Several extracellular
degradative enzymes in both euca?yotes and procaryotes require calcium
for stability aﬁd/br maximal activity (Campbell, 1983).

Calcium is required for growth and function of many bacterial
species (Campbell, 1983, Weinberg, 1977). ~Marshall et al. ,(1971)
reported that omission of calcium and magnesigm from artificial sea

water prevented growth and polymer production of Pseudomonas R3.
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Shooter and Wyatt (1955) investigated the mineral requirements of

Staphylococcus pyogenes and found that calcium and magnesium were
needed for growth. Kenward et a;. (1979) reported that inclusion of
calcium and/or magnesium in the media had no effect on the exponential
growth rate (0.66 h—1> of Ps. aeruginosa. Calcium was shown:to be

necessary for the growth of marine Bdellovibrio sp. (Huang and Staff,

1973; Bell and Lantham, 1975).

Calcium appears to be exclusively extracellular and is not accumu-
lated by a normai growing cell (Silver, 1977; Belliveau and Lanyi,
1978; Wacker and William, 1968). A special situation of calcium
accumulation occurs during unusual conditions such as bacterial sporu-
lation. Similarly, a number of different major ions (e.g., magnesium,
iron, sodium, and potassium) were shown to be required for growth
(Shankar and Bard, 1952; Weinberg, 1977; Shooter and Wyatt, 1955).

Very little is known regarding the effect of qalcium on specific
cellular growth rate and/or polymer.pfoduction. A clear-cut require-
ment of calcium for growth in microorganisms has rarely been demon-
strated‘(Wyatt, 1961, 1964; Wyatt et al., 1962; Hunter, 1972), Thié is
due to the fact that it is very difficult to reduce the concentration
of free calcium below 1 uM. The concentration of the free calqigm can
be lowered by the addition of calcium-specific chelant (EGTA).
Turakhia (1984) was able to grow Ps. aéruginosa in the presence of
0.006 M EGTA (free calcium in the media was approximately 10_10 M).
His results (Appendix G) showed that either EGTA or free calcium

affected the maximum specific growth rate of Ps. aeruginosa.
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Bacterial EPS

The formation of extracellular polymer has long been recognized
as an important process in the metabolism of many dispersed and
immobilized bacteria. Traditionally, two types of extracellular
polymer have been distinguished depending on the spatial association of
the polvmer with the cell (Brock, 1979). Extracellular polymer which
remains in a rather compact layer attached to the cell is referred to
as a capsule. Conversely, extracellular polymer which does not exhibit
a close association with the cell and can exist as a rather dispersed
accumulation is referred to as a slime layer. The capsule-slime
component of biofilms is termed extracellular polymeric substances

(EPS) because little is known about its composition.

EPS Characterization. Numgrous microorganisms produce exopoly-
saccharides, i.e. polysaccharide found outside the cell wall, either
attached to the cell in the form of capsules or secreted into the
extracellular enviromment in the form of slime. Such pqumers vary .
considerably in their chemical strﬁctures. There are many qualitative
analyses of bacterial EPS, usually considered to be carbohydrate with
acidic groups (Corpe et al., 1976; Fletcher and Floodgate, 1973), amino
groups (Baier, 1975), and sometimes ;ssociated with proteins (Corpe et
al., 1976). A variety of chemical structures is represented in the
polysaccharides synthesized by bacteria (Sutherland, 1982). Some
components such as D—glucose,-D—mannose,.D—galactose, and D-glucuronic
acid occur very frequently; others such as L-rhamnose, L-fucose,

D-mannuronic acid, and D-guluronic acid are slightly less common.
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Ps, aeruginosa EPS. Pseudomonas aeruginosa was the test organism

for this experimental program. The literature on the composition of
slime produced by dispersed culture of Ps. aeruginosa is contradictory.
Eagon (1956) reported that ‘Ps. aeruginosa produces slime, which
consists largely of mannans, but no uronic acid or amino sugars were
detected. Later, Eagon (1962) showed that, in addition to mannose,
which accounted for 50% of the material, the slime contained appreci-
able amounts of nucleic acid (mostly DNA), and small amounts of
proteins. Linker and Jones (1964) showed the production, by a patho-
genic Pseudomonas organism, of a polysaccharide very similar to alginic
acid, a polyuronide usually obtained from sea weed. Both mannuronic
and smail amounts of guluronic acid appear to be present. Ca;lson and
Mathews (1966) have reported that Ps. aeruginosa slime is a polymer
composed of uronic acids. Brown et al. (1969) ¥eported the slime
produced by eight strains of Ps. aeruginosa (stationary phase) to be
qualitatively the same. The slime was shown to be predominantly
polysaccharide (mainly glucose with smaller amount of mannose) with
some nucleic acids material and a small amount of protein.

The extracellular polymers have been shown to be involved in the
selective accumulation of ions in many gram negative bacteria (Galanos
et al., 1977; Leive, 1974). Buckmire (1983) observed preferential
adsorption of Ca, K, P, and § (2—4 times greater than in growth medium)
on individual cell and extracellular components, indicating the role of
EPS (and possibly associated macromolecules) in the adsorption of ioms.
The lipopolysaccharide of gram-negative bacteria contains a number of

potential cation-binding sites (Schindler and Osborn, 1979; Galanos et

N\,




13
al., 1977) having a high affini;y for calcium and magnesium. Outside
the cell, calcium can bind to carboxylate and sulfate groups of many
polysaccharides, many of which are also linked to proteins (Levine and

William, 1984).

Calcium and EPS Formation

Wilkinson and Stark (1956) observed that calcium, magnesium,

and potassium stimulated polysaccharide production by Enterobacter

aerogenes. Linker and Evans (1976) observed that the composition of

Pseudomonas aeruginosa alginate was not influenced by different calcium

levels in the medium. However, the composition of Az. vinelandii
(Larsen and Haug, 1971) was affected by the calcium concentration in
the medium and postulated that mannuronic acid residues were epimerised
to guluronic residue by an extracellular enzyme dependent on calcium
ion. Couperwhite and McCallum (1974) observed that the addition of
EDTA to batch culture media affected the ratio of D-guluronic acid to

D-mannuronic acid in the alginate produced by Az. vinelandii. Corpe

(1964) observed increased polysaccharide.prbduction by Chromobacterium

violaceum in the presence of calcium.

Calcium and Biofilms

Calcium has been implicated in direct or indirect bridging between
adjacent cell surfaces. Fletcher (1980) considers that calcium may act
as a cross—linking or charge screening agent for the ionic groups in
the EPS. Turakhia et al. (1983) were able to detach a mixed microbial

film in a turbulent flow system with EGTA (a calcium-specific chelant)
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and postuléted that calcium was essential to the structural integrity
of the biofilm.

EDTA chelates divalent cations in the following preferential
sequence:

Ca2+ N Mg2+ 5 Sf2+ 5 Ba2+
However, disaggregation in EDTA might be connegted with chelatipn of
less strongly bound cations, as well as Ca2+. In recent years,
however,-EDTA has been superseded in man& studies involving calcium
(Cooksey and Cooksey, 1980; Turakhia et al.,.l983) by EGTA, which can‘
bind calcium over 105 times (Reed and Bygrave, 1975) more effectively
than it binds magnesium.

It is likely that calcium plays a more important role in adsorp-
tion than any other cation. Calcium has a higher coordination number
(7 or 8) and the coordination geometry is irregular in both bond angle
and bond length. In both regards, célciunl is quite different from
magnesium, which maintains six coordination in a closely regulaf
octahedron. Because magnesium requires a certain specific geometry, it
is weakened in its ability to bind irregular geometries of coordination
sites of biological molecules. Magnesium does not cross-link struc-
tures readily, for cross-linking uéually demands a high coordination

number and irregular geometries, which are characteristics of calcium.

Biofilm Detachment

At any point in the development of a biofilm under turbulent flow
conditions, external portions of biofilm are sheared away into the

fluid flow.
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Detachment phenomenon can be arbitrarily categorized as erosion or
sloughing. Erosion refers to continuous removal of small portions of
biofilm, which is highly dependent on fluid dynamic conditions. Under
these circumstances, rate of detachment increases with increasing
biofilm thickness and fluid shear stress at the biofilm-fluid interface
(Trulear and Characklis, 1982). Sloughing refers to a_random, massive
removal of biofilm attributed to nutrient or oxygen depletion deep
within the biofilm (Howell and Atkinson, 1976). Sloughing is more
frequently witnessed with thicker, less dense film which develops under
low shear conditions.

Detachment can also occur for reasons other .than hydrodynamic
forces. Bakke (1983) has observed a massive detachment when substrate
(lactate) loading to the‘biofilm was instantaneously doubled. Turakhia
et al. (1983) and Characklis (1980) have observed increased detachment
(of mixed microbial film) upon addition of chelants (EGTA and EDTA
respectively) suggesting the importance of calcium to the cohesiveness
of the biofilm. Many other chemicals (e.g., chlorine, bromine
chloride, bromo—chloro—dimeth&hydantoin, surfactants) have also been.
‘ used for detachment with varying success.

Most of the detachment work with chemicals has been monitored
directly by measuring the changes in frictional resistance and/or heat
transfer resistance. No significant work has quantified the amount of
material remaining on the surface, identified the detached material, or
quantified the amount of material detached.

Detachment of biofilm is the major objective of many anti—foulihg'

additives. Very little is known regarding the kinetics and the extent
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of detachment. Such kinetic expressions would be useful for modelling
purposes and as a comparative criterion for evaluating anti-fouling

treatments.,

Organism

Pseudomonas aeruginosa

This organism has been studied extensively both in continuous flow
stirred tank reactors’ (CFSTR), i.e., chemostats,-and in annular biofilm
reactors. Information on groﬁth rate and EPS formation rates are known
under defined expérimental conditions in chemostat and biofilm environ-
ments <(Robinson et al., 1984; Bakke et al.,‘ 1984) ., Pseudomonas
aeruginosa is a common waterborne polymer-forming bacteria capablé of
causing severe infections in a compromised host (Woods et al., 1980;
Costerton, 1979). The primary mode of growth of Ps. aeruginosa in
nature and disease is in polymer-enclosed micrdcolonies attached to a
variety of surfaces. The polymer-enclosed, attached mode of growth
‘purportedly protects Ps. aeruginosa (and other biofilm organisms) from
the bactericidal activity of bacteriophages énd améebae which are
numerous in natural systems- and from antibiotics and host defense
méchanisms in diseased systems (Costerton, 1979). Ps. aeruginosa can
be considered a classic biofilm organism and for this reason is the
bacterial species used in this.study.

Relevant characteristics describing Ps. aeruginosa are as follows.

a) gram stain: ‘negative (Buchanan et al., 1974)

b) morphology: rod shaped, typically 0.5 - 0.8 um




c)

d)

e)

£)

metabolism:

respiration:

motility:

polymer composition:

17
by 1.5 - 3.0 um (Buchanan et al.,
1974)
chemoorganotroph (Buchanan et al.,
1974)
strict aerobe (Buchanan et al., 1974).
polar monotrichous flage}lation
(Buchanan et al., 1974)
primarily mannuronic and glucuronic
acids (Evans and Linker; 1973; Mian et

al., 1978)
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MATHEMATICAL DESCRIPTION OF THE SYSTEM

Cellular production and polymer formation by Ps. aeruginosa can be
described mathematically using a mass balance approach. This section
contains a mathematical model which describes biofilm processes,
including accumulation and activity of bacteria immobilized in a
biofilm and disperéed in the bulk phase. In this model the substrate
carbon is partitioned into extracellular product and biomass carbom.
For both of these processes, some ‘subsﬁrate 'carbon is oxidized to
carBon dioxide providing energy for synthesis of cellé and EPS
(Trulear, 1983).

The annular reactor (Figurg 1) and the chemostat (Figure 2) were
operated as continuous flow stirred tank reactors (CFSTR) in which bulk
fluid concentration gradients do not exist. Accumulation of compounds

in the bulk fluid can be described by a material balance of the general

form:
net net net (D
rate of = rate of + rate of
accumulation transport transformation

Accumulation of attached biofilm components can be described by a
constitutive equation of the same general form as Equation 1, but with

no transport term.
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Chemostat Equation

Cellular carbon. A mass balance across thevchemostat for cellular

‘carbon can be written as follows:

vV dx/dt = F (xi - X) + uxV  , (2)
net rate | ‘net rate ?ate of
of cellular . of cellular cellular
accumulation input by flow production
where,
V = volume of the system (L3)
X = celluiar carbon coﬁcentration (MXL-3)
t = time ' ' A (t)
F = volumetric flow rate of the reactor feed (L3t_l)
X, = influent cellular carbon concentrétion (MXL_S)
u = specific cellular growth rate (t‘l)

The chemostat was operated at steady'state and the influent feed was
sterile'(x,i = (0), Incorporating these conditions, Equation 2 can be

simplified as follows:
Fx = wxV ' (3)

Dividing both sides of equation by V and noting that F/V is equal to

dilution rate, D, Equation 3 can be simplified to:
D = (4)

According to Equation 4, the growth rate of the suspended cells in the

chemostat can be maintained constant by controlling the dilution rate.
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Annular Reactor Equations

The effect of calcium on cellular, polymer, and glucose carbon in
the annular reactor (Figure 3) can be meaningfully analyzed using a

mass balance approach.

Biofilm cellular carbon. A mass balance for the accumulation of

cellular carbon in the biofilm can be written as follows:

R. A + R, A (5)

A dxb/dt - xb dx
net rate rate of rate of
of cellular . cellular - ‘ . cellular
carbon reproduction - detachment
accumulation in the biofilm from the
in the biofilm a biofilm
where,
] . 2
A = gurface area . "))
X, = cellular carbon areal density -9
in the biofilm (MyL )
Rxb = cellular carbon reproduction -2 -1
rate in the biofilm : (MXL t )
RdX = cellular carbon defachment - -1
rate from the biofilm ' (MyE t )

Defining biofilm\specifié cellular growth rate, Hy» as:

Rb = ™ b . ' (6)

where,

= specific cellular growth rate -1

Mb
in the biofilm . (t )

The biofilm cellular carbon balance (Equation 5) can be written as:

A dxb/dt = %, A - R, A ' (7

Y5 % dx




A

%

*& LM > &#
P> &*
*&rH &4

ne guom

8" E $&>
*& 4

*& L
* &l

M4
>

I &



24

Biofilm polymer carbon. A mass balance for the accumulation of

" polymer carbon can be written as follows:

A dpb / dt = pr A - de A (8)
net rate rate of rate of
of polymer polymer polymer
carbon formation detachment
accumulation in the biofilm from the
in the biofilm biofilm
where,
Py = polymer carbon density in the biofilm (MpL—z)
pr = polymer carbon formation rate' in the biofilm (MpL_zt—l)
Rd = polymer carboﬁ detachment rate from -2 -1
P the biofilm @ 1)

Polymer formation may be related to organiém growth rate and
population density according to the Luedeking and Piret equation for
product formation (Luedeking and Piret, 1959; Robinson et al., 1984;

Bakke et al., 1984).

k' x (%

Ry = FpHp ¥ 7 b *b
where,
kb = growth—associated polymer formation -1
rate coefficient in the biofilm (Mpr )
k'b = npongrowth-associated polymer formation : -1 -1
rate coefficient in the biofilm (MPMx t )

The biofilm polymer carbon balance (Equation 8) can be written:

dpb
— = ' 5 -
A (kb by Xy + k xb) A -R A

(10)
dt b dp C




Liquid cellular carbon.
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cellular carbon can be written as follows:

A mass balance across an AR on liquid

v %% = F (xi - x) + Rdx A uxV (11)
net rate of net rate of rate of rate of
cellular carbon cellular input cellular cellular
accumulation by flow detachment reproduction
in the liquid from the in the 1liquid
biofilm

Influent cellular carbon concentration in this study was equal to
zero. Furthermore, the AR was operated at a high dilution réte, D =
6 h—l, which is an order of magnitude greater than the maximum specific
cellular growth rate. Cellular reproduction in the liquid phase is
therefore negligible. Also, accumulation rate in the liquid phase 1is
negligible (Trulear, 1983). Incorporating these conditions and divid-

ing both sides of Equation (11) by V, the AR liquid cellular carbon

balance can be written as:

R = DxV/A (12)

dx

Liquid polymer carbon. A mass balance across the AR on the liquid

polymer carbon can be written as follows:

QR = F - + + ‘1
VIt (p; - ») Rip & r, X v (13)
net rate of net rate of rate of rate of
polymer carbon polymer input polymer polymer
accumulation by flow detachment formation
in the liquid from the in the liquid

biofilm
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Influent polymer carbon concentration in this study was equal to
zero. Furthermore, due to the 10 minute hydrauiic retgntion time the
l1iquid phase polymer carbon formation and accumulation can be assumed
to be negligible (Bakke et al., 1984). Incorporating these conditioms
and dividing both sides of Equation 13 by V, the AR liquid polymer

carbon balance can be written as:

de = DpV/A : (14)

Glucose carbon. A mass balance across an AR on glucose carbon can

be written as follows:

ds L Reb A Ro 2 o
i = F (si - s) - ¥ © - ?E——— (15)
_ xb/s pb/s :
net rate of net rate of rate of rate of
glucose carbon glucose input glucose glucose
accumulation by flow removal for removal
in the liquid cellular for polymer
' reproduction - formation

in the biofilm in the biofilm

where,
be/S = yield coefficient of cellular -1
’ carbon from substrate (Mst )
Y b/s yield coefficient of polymer -1
P carbon from substrate o MM 7).

Note that the glucose removal term for liquid phase reproduction
and polymer formation have not been included in the substrate balance

since they were assumed to be negligible in the preceéding sectioms.
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Oxygen. A mass balance across an AR on oxygen can be written as

follows:
vdo, R A R A
T = F(0,, - 0,) + NA - g - —B—Y (16)
xb/o pb/o
net rate net rate net rate . mnet rate of net rate of
of oxygen of oxygen of oxygen oxygen removal oxygen removal
accumulation input transfer for cellular for polymer
in the by flow into the reproduction formation in
liquid reactor in the biofilm the biofilm
where,
02 = effluent oxygen concentration ' (MOLfB)
OZi = influent oxygen concentration- (MOL_S)
N0 = flux of oxygen into the annular reactor (MOL—zt_l)
Y b/o yield coefficient of polymer carbon -1
P from oxygen MM )
: ) p o
Y = yield coefficient of cellular carbon
xb/o _ ‘ -1
from ‘oxygen MM )
X 0
The diffusion flux can be estimated as (Appendix F):
x —
.o k, (0, 0,) v a”n
o A
where, -
kC = mass transfer coefficient: \ (t_l)
02* = saturated oxygen concentration ‘ (MOL_3)

The water input to the annular reactor was saturated (O2i = 02*).

Incorporating these conditions, Equation (16) can be written as:

dO2 Rxb A pr A

—% = (@+k) (0, -0) ~ = -
¢ 21 2 (Y be/o) (Y Ypb/o

dt )
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Note ‘that the oxygen removal term for liquid phase reproduction
and polymer formation have not been included in the oxygen balance

since they were assumed to be negligible in the preceding sections.

‘A\f
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EXPERIMENTAL APPARATUS AND METHODS

Annular reactor (AR) and tuBular reactor (TR) systems were used
for this research. The TR was only used for mixed culéure biofilms.
However, all the experiments in AR were conducted with Ps. aeruginosa
biofilms. A chemostat was used to supply the AR with Ps. aeruginosa

inoculum. Batch growth experiments were conducted in BOD Respirometer.

Experimental Apparatus

BOD Respirometer

A BOD respirometer is an apparatus to continuously monitor oxygen
uptake due to growth and reproduction of microorganisms. The respiro-
meter (Oceanography International Corporation, College Station, TX)
continuously replaces oxygen utilized by a manometer triggered eiec—
trolisis reaction.

It consists of a sample bottle and an electrolysis cell. A
schematic representation of the cell and some of the associated
components is shown in Figure 4. When electrolyte in the cell is in
contact with the switch electrode, oxygen is not produced at the oxygen
electrode. The 002 produced as a metabolic end product is removed from
the air space by KOH pellets. This results in a slight vacuum in the
air spéce. This causes a rise of electrolyte in the inner tube of the
"cell and a fall in electrolyte in annular space below the switch

electrode. When the contact with the switch is broken, oxygen gas is
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generated to fill the partial vacuum until the pressure deficit has
been satisfied. At such time the electrolyte again makes contact with
the switch electrode. The time during which the electrolysis cell was
generating oxygen to the sample was monitored electronically (Faraday's

Law) and displayed as oxygen uptake.

Chemostat System

Chemostat. A chemostat is a constant volume, coptinuously stirred
tank reactor for microbial growth. The purpose of the chemostat in
fhis study was to serve as a continuous source of microorganisms (at a
constant growth rate and uniform physiological state) for the annular
reactor in which experiments were conducted. The chemostat consists of
Berzelius Pyrex beaker with side arm and a rubber stopper (Figure 2).
Anti-backflow cylinders on the influent and effluent lines were used to
prevent contamination of ehe substrate feed solution and the reactor
solution due to backflow of microorganisms. Table 1 presents the

relevant characteristics and dimensions of chemostat,

Table 1. Relevant Characteristics and Dimensions of Chemostat.

Liquid volume = 4, 5E-4 m3
Operating height = 8.5E-2 m
Diameter _ = 8.,8E-2 m
Dilution rate = 2{4E'1 h—1
SuBstrate solution volumetric flow rate = l.8~E—4'm3 h'_1

Mean residence time = 4,2 h
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Substrate feed. Substrate solution was continuously‘fed to the
chemostat using a multi-channel peristaltic oump (Minarik Electric
Company, Los Angeles, CA, Model SL14P). The growth medium consisted of
glucose as a sole source of carbon and energy. Table 2 shows the
composition of .the growth medium which was prepared with distilled

water and sterilized by autoclaving (121°C for 40 minutes).

Table 2. Coﬁposition of Growth Medium for Chemostat and Annular

Reactor.

Influent Concentration (g m—3)

Constituent Chemostat AR
Glucose ‘ 10.0 1 10.0
NH4C1 3.6 3.6
MgSO, TH,O | 1.0 1.0
NazHPO (Buffer) 568.0 213.0
HZPO4 "(Buffer) ' 544 ,4 204.5
Calcium - #
Micronutriento * *
pH (pH units) ‘ 6.8 . 6.8

* For composition of the micronutrients see Table 3.

# Calcium was an experimental parameter. Hence, it is not included in
this table.

. . . -3 ,
NOTE: For glucose concentration other than 10 g m the concentration

of the nutrient and micronutrients were’ adjusted proportionally.
Medium prepared with distilled water.

The influent concentration was calculated after combination with
dilution water. Chemostat influyent glucose concentration was 10
mg 1=1 (Experiments 1 - 2) and 100 mg 1-1 (Experiments 3 - 7).
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Table 3. Composition of Micronutrients Calculated for a Glucose
Concentration of 1000 g m—3,.

Constituent Concentration

gm >
(HOCOCH,) ;N 20.00
(NH,) , Mo,0,, 4H,0 ' 0.05
FeSO, 7H,0 5.60
ZnS0,  7TH,0 5.00
MnSO, H,0 0.40
Cus0, 5H,0 0.10
Na2B4O7 lOHZO 0.05

NOTE: For glucose concentration other than 1000 g m-3, the concentra-=
tion of micronutrients was adjusted proportionally.

Air supply. Chemostat contents were continuously aerated with
‘filtered laboratory air fed into the reactor through the anti-backflow

device.

Microbial inoculum. The Ps. aeruginosa strain used for the pure

culture studies was obtained from Professor Nels Nelson, Department
of Microbiology, Montana State University, Bozeman, Montana. Ps.
aeruginosa was stored initially in a feffigerator on Trypticase giucose
agar extract (TGEA) plates and replated 2 to 3 weeks to maintain
viability. Later the organism was storedlat approximately -10°C %n a
15% glycerol suspending medium. Bacto Pseudomonas agar media was used

. for identification of Pseudomonas aeruginosa.
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Annular Reactor System

Annular reactors. The annular reactors (AR) were constructed of

acrylic plastic and consist of two concentric cylinders, a stationary
outer cylinder and a rotating inner cylinder. Figure 1 illustrates
details of ‘the reactor. Rotational velocity was controlled by a
fractional horsepower gear motor (Model No. NSHLID3 with éeries 200
speed controller, Bodine Electric Co., Chicago, IL) and continuously
monitored by a tachometer/torque transducer unit mounted on the shaft
between the rotating cylinder and the motor drive pulley assembly
(Bridger Scientific, Inc., Bozeman, MT). Each annular reactor con-
tained four removable slides which were used for biofilm sampling
and/or biofilm mass measurements. These slides formed an integral fit
with the inside wall of the outer cylinder. The reactor was completely
mixed (Trulear, 1983) by virtue of the recirculating action of a
peristaltic pump (Cole-Palmer Instrument Co., Chicago, IL, model No.
WZ1R057) which was used to pump the AR liquid solution from the bottom
to the top of each AR at volumetric flow rate approximately ten times
faster than the overall volumetric flow rate through each AR. Table 4
presents relevant characteristics and dimensions of the AR. Advantages
of the annular configuration include the following:

- Because of complete mixing, no concentration gradient exists in
the bulk fluid phaée, which simplifies sampling and mathematical
analysis.

- Fluid shear stress at the wall can be vatried independently of

reactor mean residence time.
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- High surface area to volume ratio.

Table 4. Relevant Characteristics and Dimensions of the Annular

Reactor.
Reactor
Liquid volume 6.00E-4 m3
Total wetted surface area . 1.49E-1 m?
Inner cylinder wetted surface area 7.30E-2 m2
Outer cylinder wetted surface area 7.60E-2 m2
Diameter of the inner cylinder 1.02E-1 m
Diameter of the outer cylinder 1.14E-1 m
Width of the annular gap _ 6.00E-5 m
Wetted height of the inner cylinder : 1.77E-1m
_Wetted height of the outer cylinder 1,84E-1 m
Total volumetric flow rate 3.60E~-3 m3 h_1
Mean residence time 1.67E-1 h
Rotational speed _ 250 rpm
Removable slides
Wetted surface area 2.94E-3 m3
Width 1.60E-2 m
Height 1.84E-1 m

Area used for biofilm sampling . 2.54E-3 m3

Dilution water. Distilled water was used as dilution water for

the annular reactors. The flow rate of the dilution water was
controlled at 60 ml min_l using a variable speed peristaltic pump
(Cole-Palmer Instrument Company, Chicago,.IL, model No. 7533-00). The
flow rate of the dilution water was monitored with an in-line flow
meter (éilmont Instrumentg Inc., Great Neck, NY, size No. 13). The
dilution water filtered through a 0.2 um filter (Gelman Sciences, Inc.,

"Ann Arbor, MI, product No. 12117) before entering the AR.
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Dilution water treatment. Dilution water treatment consisted of
passage through a filtration cascade (5.0 and 0.45 um filters, Gelman
Sciences, Inc., Ann Arbor, MI, products No. 12585 and 12581 respective-
1y). The calcium content of the dilution water was controlled by the
addition of CaCOB—HCl stock solution. The pH of the resulting mixture
was controlled using a pH controller (New.Brunswick Scientific Co.,

Inc., New Brunswick, NJ, model No. M1055-7000). Figure 5 shows a

simplified flow diagram of the annular reactor system.

Substrate feed. Sterile substrate solution was continuously fed

to the AR using a multichannel peristaltic pump (Minarik Electric
Company, Los Anggles, CA, model No. SL14P). Table 2 shows the composi-
tion of the substrate solution. Additional buffering capacity was
provided to the AR with fris—HCL buffer (10 mM; pH 7) during treatment

with chelant to maintain pH at a constant value.

Tubular Reactor System

Tubular reactor. The tubular reactor (TR) is a chemostat with an

external recycle loop as indicated in Figure 6. The external recycle
1dop cdnsisted of 1.45 cm I.D., Al-6X stainless steel heat exchange
tubing with a wall thickness of 0.07 cm. The influent flow rate, F,
(0.09 1 min_l) was smaller fhan the recycle flow rate, FR’ (9.1 1
min_l). At this relatively high recycle rate, the entire system
behaves as a continuous stirred tank reactor. The temperature inside

the reactor was maintained at 25°C wusing a concentric tube heat

exchanger installed in the recycle loop.
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Dilution water and substrate feed. Treated dilution water was

continuously fed into the TR using reduced tap water line pressure (AW
Cash Valve Mfg. Corp., Decatur, IL, type A-315 Pressure Regulator).
The dilution flow rate was controlled using a needle valve (Whitney
Co., Oakignd, CA,‘modeero} ORM2) and monitored with an in-line flow
meter (Gilmont Instrument Inc., Great Neck; NY, size No. 13). Sterile
growth medium was continuously fed to the TR by gravity flow. Flow
rate was controlled with a Dial-A-Flow Valvev(Sorenson Research Co.,
Salt Lake City, UT, catalog No.' DAF-30) and monitored with an in-line
flow meter (Gilmont Imstrument Inc., Great Neck, NY, siée No. li).

Table 5 shows thé'composition of the substrate solution used.

Table 5. Growth Medium Composition for Tubular Reactor Experiments.

Constituent . Concéntration
g m >
Glucose : 10.0
NH4C1 L 3.6 -
MgSO, 7H,0 \ . 1.0
KHZPO4 . » . . 3.0
K.HPO, - 18.0

2774

NOTE: For glucose concentration other than 10 g m_3 the concentration
"of the nutrients were adjusted préportionally. pH of the medium
was 7.5. :

Dilution water treatment. Bozeman City tap water was the source

of the dilution water. Dilution water treatment consisted of passage
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through a carbon adsorption column for the removal of residual chlorine

and soluble organics followed by filtration through a cascade of filter
(5.0 and 0.8 um; Gelman Sciences, Inc., Ann Arbor, MI, products No.
12585 and 12623 respectively) for the removal of particulate and

suspended cellular materials.

Microbial inoculum. The bacterial inocula for the experiments
were prepared from a single batch of secondary aerobic ;ewage sludge
from the treatment plant in Bozeman, MT.. The sludge was divided into
10 m1 aliquots, frozen in 15% glycerol with liquid nitrogen, and stored

at -=10°C until needed.

Experimental Procedure

Cleaning and Sterilization

Standard cleaning and sterilization procedures were established
for each experimental system to ensure uniform conditions for

experimental start-up.

BOD respirometer. The respirometer cleaning “and sterilization-

procedure was as follows:
1. . Following an experiment, the sample bottles were sterilized by

autoclaving.

2, The sample bottles were soaked in a warm soap.solution for a

minimum of 5 minutes.
3. The sample bottles were scrubbed with a soft bristle brush, rinsed

thoroughly, and dried.
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Preceding the experimeﬁt, the growth K medium (Table 6) was
preﬁgred, the sample bottles were filled with 1000 ml of growth
medium, ° . .
Teflon coated, magnetic stirring baré were placed in the sample
bottles.
Silicone grease was applied to the ground glass surfaces on the
sample bottles. The adaptor-alkali container was placed on the
sample bottle. |
The sample bottles were autoclayed (121°C for 25 minufes).
The sample bottles were allowed ‘to cool overnight in the incuEator

of the respirometer prior to initiating the experiment.

Table 6. Composition of Batch Growth ‘Medium for BOD Respirometer

Experiments.

Constituent Concentration
gm >

Glucose ) 1000
NH4C1 ' 360
MgSO4 7H20 - 100
NaZI-IPO‘4 (Buffer) 568
KH,PO, (Buffer) : 544

. Calcium i
Micronutrients *
pH (pH units) . 6.8

* For composition of the micronutrients see Table 3.

# Calcium was an experimental parameter. Hence it is mnot included in

this table.
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Chemostat system. The chemostat system cleaning and sterilization

procedure was as follows:

1.

was

Following an experiment, the chemostat was sterilized by auto-
claving. |

The chemostat was disassembled and soaked in a warm soap solution
for a minimum of 5 minutes. |

The surface of the chemostat was scrubbed:with a soft bristle
brush and rinsed thoroughly.

The chemostat was assembled.

Preceding the .experiment, the batch growth medium was prepared,
the chemostat was filled with 300 ml of batch growth medium (1 g
l-1 glucose). The chemostat and the substrate solution feed lines
were autoclaved.

The substrate feed stock solution was prepared and autoclaved
(121°C for 40 minutes).

The substrate feed lines -were connected to chemostat and the

solution was allowed to cool prior to initiating the experiment.

Annular reactor system. The AR system cleaning and sterilization

as follows:

Following an experiment, the AR was operated in a batch mode for

10 minutes. Fifteen milliliter of bleach (Purex) was added to the’

reactor.

The reactor was disassembled and soaked in a warm soap solution

for a minimum of 5 minutes..

4




10.

11,

12,

was
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The surface of the AR was scrubbed with a soft bristle brush and
rinsed.
The reactor was assembled.
Preceding an experiment, the dilution water 0.2 ym filter capsule,
substrate feed lines, and buffer feed lines were autoclaved.
The dilution water feed lines were connected to the pH controlling
reservoir. Twenty-five milliliter of bleach was added into the
cascade filters and the flow of dilution water was started,
The AR's were filled with, 10% bleach in distilled water and
operated in a batch mode for 1l hour.. |
The sterile capsule filter was connected to the AR and the flow of °
dilution water was started.
The substrate and buffer stock s6lutions were prepared and auto-
claved,
A minimum of 10-12 h (overnight) was allowed for residual chlorine
to be flushed out from the annular reactors.
After 12 h, the substrate and buffer feed lines were connected to
the AR's,

The experimental start-up procedure was initiated.

Tubular reactor system. The TR system cleaning and sterilization

as follows:

. Following an experiment, twenty milliliters of bleach was added to

the reactor and the TR was operated in the batch mode for 10

minutes.
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2. The reactor was disassembled and cleaned with a soft bristle
brush.

3. The reactor was assembled.

4. Before starting the experiment, stock solutions of glucose and
buffer were prepared. |

5. The dilution water and substrate feed lines were connected to the
TR.

6. The TR was filled with the medium, and the flow rate in the
recycle loop was adjusted.

Experimental Start~Up
BOD respirometer. The respirometer start-up procedure was as
follows:

1. The sample bottles were inoculated with 1 ml of batch culture of
Ps. aeruginosa through the septum on the bottles.

2. The electrolysis cell was filled with 2N HZSO4 to within 0.4 cm of
the switch electrode.

3. The outer ground glass surface of the electrolysis cell was
greased with silicone grease. |

4. A sterile glass wool filter was placed in the stgm‘of the electro-
1y;is cell,

5. Six grams of KOH pellets were added to the alkali-container.

6. Tﬁe electrolysis cell was placéd on the alkali-container.

7. The current of tbe electrolysisA'cell was adjusted at 200

milliamps.
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Chemostat. The experiment was started by inoculating the chemo-
stat with 1 ml of batch culture of Ps. aeruginosa. The chemostat was
operated in a batch mode for 10-12 h, This usually resulted in a
concentrated suspension of organisms in the “chemostat. Substrate
solution flow was then started at the desired dilution rate. The
chemostat was operated in the continuous flow mode for at least six
residence time prior fo use in AR to allow the reactor to reach steady

state.

Annular reactors. Two parallel annular reactors were used for

this study. The experiment was started by pumping organisms from a
steady state chemostat culture of Ps. aeruginosa (chemostat dilution
rate 0.24 h—l) into the AR's for a period of 20-24 h (Experiménts 1 &
2; 6 x lO6 cells ml_l) and for 8-10 h (Experiments 3-7; 108 cells
ml—l). This provided a defined microbial inoculum for the attachment
experiments. Organism flow rates were maintained at 0.55 * 0.05 ml
min—l. Substrate solution and dilution water were fed to the AR
throughout the experiment. Additional Euffering capacity was provided
with Tris-HCLl buffer (pH 7) during treatment with chelant to maintain
pH at a_constant value. EGTA or EDTA was added to the AR using step
input and the concentration was kept constant for 1 hour. Two hours
(twelve residence time) before chelant addition, the flow of calcium to

the AR was stopped. Hence, the chelant demand in the liquid phase was

negligible.

Tubular reactor. The experiment was started by inoculating thé TR

with a mixed microbial population. The TR was allowed to operate in
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the batch mode for 10-12 h. This usually resulted in a concentrated
suspension of organisms in the TR. The recirculating pump was then
started. The dilution water, substrate, and the buffer flow was also
started. A biofilm was allowed to form over a period of several days
before EGTA wés added to the system. Additional buffering capacity was
provided with Tris-HCl buffer (pH 7.5) dgring treatment with EGTA to"

maintain pH constant.

Sampling

Liquid samples. Liquid samples from AR, TR, and the chemostat

were directly collected from the effluent, prepared, and stored as

follows:

a) ‘glucose - filtered (Nuclepore Corp., Pleasanton,
CA, No. 111107, average pore size 0.45
um), samples were frozen until analysis

b) suspended solids ~ 25-100 ml samples were filtéred (Nucle~
pore Corp., Pleasanton, CA, No; 111107,
éverage pore size 0.45 ym), dried, and
weighed

c¢) acridine ‘orange .. — 4 ml samples were fixed in an direct

direcﬁ count equal volume of 4% sterile formalin,
(AODC) . homogenized (Du Pont Co., Instrument

Products Newton, CT, Sorvall Omni-
Mixer), and refrigerated until analysis

by the method of Hobbie et al. (1977)
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d) carbon - - filtered (Nuclepore Corp;, Pleasanton,
CA, No. 111107, average pore size 0.45
pym, 5 x 5 ml) and unfiltered samples (5

‘x 2 ml) were frozen until analysis. '

Biofilm samples. IBiofilm samples were obtained from the AR
removable slides. : Biofilm was scraped from the slide using a rubber
policeman into 30-35 ml carbon-free distilled water. The.resulting
solution was homogenized (Du Pont Co., Instrument Products, Newton, CT,

Sorvall Omni-Mixer) and subsamples‘werelprepared and stored as follows:

a) acridine orange - 2-4 ml samples were fixed in 4 ml of
direct count sterile 4% formalin, and refrigerated
(AODC) until analysis by the method of Hobbie

et al. (1977)

b) carbon samples -5 x 1 ml samples were frozen until
analysis
c¢) mass density - 15-25 ml samples were filtered (Nucle-

pore Corp., Pléasanton, CA, No. 11107,
average pore size 0.45 um) , dried, and

weighed.

Analytical Methods

The hierarchy of analytical procedures performed on biofiim or

reactor liquid are summarized in Figure 7.
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Suspended solids. Suspended solids concentration was determined

by filtering 20-100 ml of reactor effluent through predried (103°C for

1 hour), preweighed, Nuclepore membranes (Nuclepore Corp., Pleasanton,-

CA, No. 11107, average pore size 0.45 um). After filtration, the
filter was dried at 103°C for 1 hour and weighed (Mettler Instruments

Corp., Hightstown, NJ, Type H20 Digital Balance).

Acridine orange direct count., .Total number of cells in the

effluent or the biofilm sample was determined by enumerating cells.

stained with acridine orange using epifluorescence microscopy (Leitz
Wetzlar, Rochleigh, NJ, Ortholux II Universal Microscope) according to

the method of Hobbie et al. (1977).

Carbon measurements. Carbon was used as the basis for the

material balance relations which were used in this study. The
carbon-containing components were as follows: glucose carbon, liquid
phase cellular carbon, liquid phase polymer carbon, biofilm cellular

carbon, and biofilm polymer carbon.

Glucose carbon concentration. Glucose carbon concentration, s,

was determined by measuring glucose concentration enzymatically using
a modified version (Trulear, 1983) of Sigma 510 Glucose Analysis
Procedure (Sigma Chemical Co., St. Louis, MO). The measured glucose
concentration was multiplied by 0.4 g glucose carbon (g gluc:ose)—l to

determine glucose carbon concentration. -

Liquid phase cellular carbon concentration. The concentration of

the liquid phase cellular carbon concentration, X, was calculated by

7\
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multiplying the acridine orange cell count and the average volume of
the cell by the foilowing quantities: 1.07 g cell cm_3 (Doetsch et al.,
1973; Bakken and Olson, 1983), 0.22 dry cell weight (wet cell weight)_l
(Luria, 1960; ﬁakken and Olson, 1983), and 0.5 g cell carbon (g cell

dry Weight)_l (Doetsch et al., 19733 Luria, 1960).

Liquid phase polymer concentration. The concentration of liquid

phase polymer carbon, p, was calculated by measuring the total organic
carbon (TOC) of a reactor liquid sample, TOCsoln’ and performing the
following calculation: '

P = TOCS - s ~X

oln
TOC 'was determined using the ampule analysis module of the Oceanography

International Carbon Analyzer (Oceanography International Corp.,

College Station, TX, Total Carbon System, Cat. No. 0524B).

Biofilm cellular carbon.density. The density of biofilm cellular

carbon, X, » was determined by enumerating the total number of cells per
unit area using acridine orange cell count and performing calculations

analogous to those presented for x.

Biofilm polymer carbon density. The density of biofilm polymer

carbon, P . Was determined by measuring the TOC of a known volume of

biofilm suspension, TOC,, and performing the following calculation:

b

= TOC

Py b~ *b

Total carbohydrate. Total carbohydrate on filtered and/or

unfiltered effluent samplé was determined using the phenol reaction
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method of Hanson and Phillips (1981). These values were reported as

glucose equivalents. I

Total solids removed. Total amount of solids removed was deter-

mined by graphically integrating the curve describing the progression

of effluent suspended solids during chelant addition.

Dry biofilm mass. Dry biofilm mass was determiqed by filtering
15-25 ml of biofilm suspension through predried (103°C), preweighed,
Nuclepore membranes .(Nuclepore Corp., Pleasanton, CA, No. 11107,
average pore size 0.45 mym). After filtration, the filter was dried at
103°C for 1 hour and weighed (Mettler Instruments Corp., Hightstown,

NJ, Type H20 Digital Balance).

Total calcium. Total calcium in the influent and effluent samples

was determined by EDTA titration. Total calcium in the dry biofilm
sample was determined by the Chemistry Station-Analytical Lab (Montana

State University) using atomic adsorption.

Free calcium. Free calcium was determined with calcium activity

electrode (Orion Research, Inc., Cambridge, MA, CA No. 93-20-00).

C, H, and N analysis. Carbon, hydrogen, and nitrogen content of

the lyophilized biofilm samples were determined using a Carlo-Erba
elemental analyzer (Chemical Engiﬁeering ‘Department, Montana State .

University, Bozeman).
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Dissolved oxygen. Dissolved oxygen in the influent and effluent

was measured using a YSI model-54 oxygen meter (Yellow Springs

Instrument Co., Inc.).
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'RESULTS

Comprehensive listings of raw data for all annular reactor,
tubular reactor, and BOD respirometer experiments are listed in Appen-
dices A through E. The annular reactof was used for all studies
involving Ps. aeruginosa biofilms. The tubular reactor was used only
for mixed culture biofilms. The BOD respirometer was used for batch
growth of Ps. aeruginosa. Cellular, polymer, and substrate data are
reported as carbon equivalents. Substrate, glucose, was the sole
carbon and energy source and the expériments were operated under
substrate-limiting conditions. The annular reactor was operated at
three different calcium concentrations: 0.4 (no added calcium), 25, and
50 mg l—l. ‘Calcium concentration refers to total calcium and not freé

calcium, unless otherwise indicated.

Influence of Calcium on Biofilm Formation

The effeét of calcium on cellular reproduction and polymer
formation was measured by varying influent calcium concentration and
méasuging the changes in the following:

1. biofilm cellular carbon areai‘density, Xy

-2, biafilm polymer carbon areal density, Py,

3. biofilm mass ‘

4, immobilized‘calcium-

5. cellular carbon concentration, X
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6. polymer carbon concentration, P
7. glucose carbon concentration, s
8. oxygen concentration, O2
The effect of calcium on transformation or prbcess rate was
determined from the above measurements using the material balances

described earlier. Table 7 presents a summary of experimental

conditions for all AR experiments.

Table 7. Summary of Experimental Conditions of Annular Reactor Exper-

iments.
Expt AR D s, Calcium (mg l_l)
# # 1 ]
(h ) (mg 1 7) Total Free
1 7 6 " 4.00 9.0 WD
8 6 . 3.84 9.0 ND
2 7 6 4,16 . - 9.0 ND
8 6 3.84 9.0 ND
3 7 6 16.56 0.4 , 0.04
8 6 6.40 25.0 18.50
4o 7 6 . 4.83 . 0.4 0. 04
8 6 . 4.70° 50.0 44.00
5 7 6 6.16 . 25.0 18.50
8 6 6.00 . 25.0 18.50
6 7 6 6.32 50.0 44,00
8- 6 6.04 50.0 44,00
7T 6 6.40 0.4 0.04

ND = not determined.
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Effect of Calcium on Accumulation Rates

Biofilm Mass

The progression of biofilm mass for three different calcium
concentrations in the dilution water is presented in Figure 8. fhe
results indicate that the presence of calcium in the dilgtion water
increases the rate of biofilm accumulation. Ho&ever, there was no
detectable difference in biofilm mass at 48 h for all calcium concen-
trations. Tﬁe extent of biofilm accumulation at the end of six days as
a function of calcium in the dilution wa&er is presented in Figure 9.
Accumulation was highest for experiments with 50 mg 1%1 calcium. The
results indicate that calcium influences the rate and extent of biofilm
accumulation. The results suggest that calcium can be used for

controlling biofilm accumulation.

Biofilm Cellular Carbon

The progression of biofilm cellular carbdn for tﬁree different
calcium concentrations in the dilution water is presented in Figure 10,
The addition of calcium in the dilution water increases the accumula-
tion of biofilm cellular carbon. The extent of biofilm cellular
accumulation (ét the end of six days) increases with increasing calcium
concentration in the dilution water (Figure 11). The results suégest

that calcium can be used . .to attach more cells on a given surface.
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Biofilm Polymer Carbon

The amount of extracellular polymer accumulated within the reactor
at the end of the experimental period (six days) was not influenced by
calcium concentrations in the dilutiop water (Figure 11). There was no
significant difference in biofilm polymer carbon (betWeén experiments)

at any time during biofilm development.

Biofilm Calcium

Calcium concentration in the biofilm increases with increasing
calcium in the dilution water (Figure 12). Twelve residence times
before sampling biofilm for calcium analysis, the flow of CaCO3 + HCl
stock solution was stopped. Hence, there was no added calcium in the

dilution water during the sampling period.

Fixed and Volatile Bidmass

fixed and volatile contents of the biofilm (140-146 h) at differ-
ent calcium concentrations are presented in Table 8. The data indicate
that fixed and volatile biomass under different ca}dium concentrations
remained the same.

The fixed mass remaining after ignition generally represents the
inorganic component of the biofilm and may include potassium, calcium,
magnesium, sodium, iron, and trace amounts of cobalt, copper,
molybdenum, and zinc. These elements are known to be required for

metabolism.
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Table 8. Composition of Biofilm (Dry Weight Basis).

Fixed Volatile

Expt Calcium c H N Solids Solids
# mg 171 7 7 z 7 7

5 25.0 48.0 7.0 12.3 13.4 86.6
6 50.0 48.6 6.9 13.1 13.5 86.5
6% 50.0 47.8 6.9 12.8 12.8 87.2
7 0.4 47.5 6.9 12.4 13.6 86.4

* Analysis of biofilm left on the surface after EGTA additionm.

Biofilm Elemental Analysis

Carbon, nitrogen, and hydrogen contents of the lyophilized biofilm_
samples undef different calcium concentrations were determined using
the Carlo-Erba elemental analyzer (Table 8). The data inaicate that ~
the overall biofilm elemental composition under different calcium
conéentrations remained the same.

The results obtained are consiétentvwith C, H, and N content 6f
microbial cells reported in the literature, i.e., approximately 50%
carbon, 20% oxygen, 10-15% nitrogen, and 8-10% hydrogen on a dry weight

basis (Grady and Lim, 1980).

Effluent Glucose Concentration

Biofilm metabolic activity can be monitored indirectly by measur-
ing changes in effluent substrate (glucose) concentration. Figure 13
is a typical experimental. progression of éffluent glucose (carbon

equivalents). At time zero, the effluent glucose concentration equals

~




(

074

MRS

“(

"8 (& ¥ &<t

$"™* & & 4 <
I L@#% " 3% P2v4

#

37

M

7:<

&& !



64
the influent concentration. As the biofilm accumulates, there is a
rapid decrease in effluent glucose concentration. After 50 h, no
significant changes in effluent glucose concentration occur. .The
glucose is removed to support cellular metabolism in the biofilm.

Effluent glucose data from AR experiments are presented in Appendix D.

Effluent Oxygen Concentration

Metabolic activity in the biofilm can also be 'monitored by
measuring tﬁe changes in effluent oxygen concentration. Figure 14
shows a typical progression of effluent oxygen concentration. The
oxygen removed from the bulk fluid serves as the electron acceptor foy
glucose oxidation within the biofilm. Effluent oxygen data from AR

experiments are presented in Appendix D.

Effect of Calcium on Process Rates

Specific Substrate Removal Rate

Specific activity of cells within the biofilm can be monitored
indirectly by specific substrate removal rate (substrate removed per
cell per unit time). Equation 15 accounts for glucose utilization in
the annular reactor. This equation can be used to calculate the

specific substrate removal rate.

vg—st- - F (s, +s8) - xb . - _Pb (15)

Yxb/s Ypb/s

1
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Accumulation rate of substrate in the annular reactor was negligible
(ds/dt = 0) during the sampling period (48-146 h). Incorporating this
condition and substituting for RXb and pr, Equation 15 can be written

as:

— L
D(Si s)V . 1 ) kb . k b (19)-
%, A bl Yab/s Ypb/s Ypb/s

Specific substrate removal rate, 9 is defined as the left hand side
of Equation 19:
D(si - 8)V

qs = xb'A

(20)

The specific substrate removal rate; when compared at a specific
experimental run time, was highest for biofilm developed under 0.4 mg
l_1 calcium in the dilution water (Figﬁre 15). 'This difference in
specific substrate removal rate was due to less accumulated Eiofilm
cellular mass in the low (0.4 mg 1;1) calcium experiment. .As a result,
more substrate was available per cell. There was no significant
difference in specific substrate removal for biofilm developed under 25

and 50 mg l_1 calcium in the dilution water.

Specific Oxygen Removal Rate

Equation (18) accounts for oxygen utilization in the annular
reactor. - This equation was rearranged to calculate specific oxygen

removal rate:

- )
(D+k ) (0,;-0,)V 1 -k Ky (21)
x. A My

b Yxb/o _Ypb/o Ypb/o
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The specific oxygen removal rate,'qd, 1s defined as the left hand side .

of Equation 21:

D+ k)0, -0,V © (22)

qo - Xb A

Specific oxygen removal rate Wés ﬁighest for the biofilm developed
under 0.4 mg 1—l calcium in the dilution water (Figure 16). Again,
there was less attached cellular mass in the low calcium -experiment
which may account for higher specific oxygen removal rate. There was
no significant difference in the specific axygen removal ra£e ‘for

biofilm developed under 25 and 50 mg 1"1 calcium in the dilution water.

Specific Cellular Growth Rate in the Biofilm

The specific cellular growth rate in the biofilm was calculated by
dividing cellular carbon reproduction rate in the biofilm (Rxb) by
biofilm cellular carbon concentrafibn.(xg). 'During the initial period
of biofilm accumulation, the cells are growing near their maximum
growth rate (Figure 17). As reactorvsubstrate concentration decreases
(with increasing time), the specific cellular growth rate decreases as

expected,

Specific Cellular Detachment Rate

The specific cellular detachment rate was ‘calculated by dividing
‘cellular carbon detachment rate (Rdx) by biofilm cellular carbon (xb).
The specific cellular detachment rate also decreases with time (Figure

18), At the end of the experimental period; the specific cellular
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detachment rate aﬁproaches specific cellular growth rate and the system

approaches steady state.

Specific Polymer Production Rate

Specific polymer production rate was calculated by dividing

) by biofilm' cellular carbon

polymer carbon formation rate (pr

concentration (xb). Specific polymer production rate decreases with

time because substrate concentration decreases (Figure 19).

Specific Polymer Detachment Rate

Specific polymer detachment rate was calculated by dividing

polymer carbon detachment rate (R, ) by biofilm polymer carbon

dp
concentration (pb). Specific polymer detachment rate decreases with

time and appears to reach a steady state after 80 h (Figure 20).

Effect of Chelant on Biofilm

This section describes experiments wherein buffered EGTA and/or
EDTA was used to detach Ps. aeruginosa and mixed culture biofilms.
Results of detachment experiments with mixed culture biofilms were

published in Applied and Environmental Microbiology, December 1983,

Experimental conditions and summaries of the experimental results from
AR and TR are given in Tablee 9 and 10, respectively. Raw data from Aﬁ
and TR experimental studies with the addition of chelant are presented
in Appendices B and C.

Twelve éesidences time (AR experiments) before the addition of

EGTA, the flow of CaCO3 + HC1 stock solution was stopped. Hence, there
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Table 9. Summary of Annular Reactor Detachment Ekperiments.

Total calcium Chelant

Sy during biofilm (EGTA) Biofilm Biomass
Expt AR accumulation#* added mass detached
# # )
mng 1_1 mg l_1 mM mg m_2 . mg m—2
1 7 4,00 9.00 0.00 ND 0.0%%
8 3.84 9.00 0.25 ND 86.5
|
2 7 4b4.16 9.00 0.00 ND 0.0%*%
8 3.84 9,00 0.50 ND 260.0
3 7 6.56 0.40 1.00 919.5 116.3
8 6.40 . 25,00 - 1.00 1353.2 362.2
4 7 4,83 0.40 1.00@ 937.5 90.1
8 4,70 50.00 1.00 2772.53 313.0
. ) .
6 7 6.32 50.00 1.00 2403.8 318.7

ND = not determined.

@ Chelant was EDTA. ‘

* There was no added calcium in the dilutionh water during chelant
addition.

*% Control experiments; no additional removal of biomass from  the
surface.

For experiments 1 & 2, the biofilm was allowed to- accumulate for. four
and five days, respectively, before chelant was added.

For experiments 3, 4, & 6, chelant was added to the AR after six days
of accumulation.

Time of EGTA/EDTA addition was 60 min.
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Table 10. Expérimental Conditions and Summary of Tubular Reactor

Results.

Dilution rate (h—l)

Influent (mg 1_1)
substrate

Volume (1)
Surface area (m2)
Tris (mM)
EGTA (mM)

Total biomass (mg)
detached in one hour

Experiment #1

Experiment #2

0.50

17.60

10,49
0.80
10.00

1.00

325

0.50

17.60

7.80
0.77
10.00

1.00

865

Time of EGTA addition was 120 min,




77
was no added calcium in the dilution water during detachment studies;
Ope hour (two hours in case of TR experiments) before the addition of
EGTA or EDTA, sufficient Tris-HCl was added to the system to give a
final concentration of 10 mM Tris and the dilution water was also
buffered with 10 mM Tris. Cessation of calcium feed and buffer
addition did not perturb the system since.no significant changes in the
analytical characteristics of the effluent were detected (AR #7;
Experiments 1 & 2).
The experiment consists of adding a known concentration of EGTA or
EDTA (step input) to the bioreéctor and monitoring the changes in the
following quantities in the effluent:
suspended solids
suspended cells
glucose
total carbohydrate
Experimental progressions are presented in which time zero is

defined as time at which EDTA or EGTA was added.

Suspended Solids

The effect of EGTA and/or EDTA on the biofilm was monitored by
measuring changes in effluent suspended solids. The' response of a
biofouled annular reactor to the addition of a known concentration of
EGTA (1.0 and 0.5 mM, respectively) is presented in Figﬁres 21 and 22.
The addition of EGTA resulted in the detachment of a portion of the
biofilm as reflected by an increase in effluent suspended solids,

Similar results were obtained with all other AR experiments with Ps.
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aeruginosa biofilms. These results suggest that free calcium (of
- calcium—-associated ligands of lower_affinity than that of calcium for -
EGTA) is essential to the structural integrity qf the Eg; aeruginosa
biofilms.

EGTA waé also added to the tubular reactor containing a mixed
culture biofilm. The addition of EGTA resulted in the removal of mixed F
culture biofilm as reflected by the increase in suspended solids in the
effluent (Figure 23). Similar results'(Figure 24) were also obtained
in a second experiment, where the biofilm mass was tenfold éreater than
in the first experiment. Thus, calcium is also. essential to the
structural integrity of mixed culture biofiims.

A contiguous portion of the mixed culture biofilm from the tubular
reactor was scraped from the surface and suspended in the growth media.
Disaggregation of the biofloc was obsefved under a phase contrast

microscope when EGTA was added.

Detachment Rate

A material balance approach was used to determine biofilm
detachment rate from the surface. A mass balance (for suspended

solids) across the reactor is as follows:

A de _ ' : ,
dt T T * R, A ‘ (23)
net rate of net rate of net rate of
accumulation output by flow detachment
in the reactor
where,
3

v = volume of the system ' (L
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A = gurface area (LZ)

Xp = suspeyded biomass concentration (ML—B)

t = time (t)

Ry, = net detachment rate (ML—zt 1)
F = dinfluent flow rate : (L3t_l)

-The detachment rate can be calculated by rearranging Equation 23

as follows:
RD = (Vv de/dt = F xT) / A . (24)

The detachment rate, RD’ in these experiments (AR's and TR's) was
calculated using Equation 24.
The addition of chelant resulted in the removal of Ps. aeruginosa

and mixed culture biofilm in the first 5-10 minutes (Figures 21-24).

Suspended Cells and Polymers

The suspended biomass resulting from detachment was composed of
cellular and polymer biomass. The addition of EGTA to annular reactors
containing Ps. aeruginosa biofilm resulted in partial removal of
cellular and polymer components of the biofilm as ﬁeasured by the
increase in their respective constituents (Figures 25 and 26) in the
effluent. Total carbohydrate was used to estimate the extracellular
polymer content in the effluent. Similar results were obtained with
all Ps. aeruginosa biofilms (AR experiments) and mixed culturé biofilms

(TR experiments).
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