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Abstract:
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ABSTRACT

The constitutive response of an aerobic/anaerobic composite annular
biofilm reactor was modeled with fundamental kinetic parameters obtained
independently from a completely aerobic. reactor utilizing glucose, a
completely anaerobic reactor utilizing glucose, and a completely aerobic
reactor utilizing products formed in the anaerobic reactor. The model
satisfactorily predicted the biofilm areal carbon density dependence of
the specific glucose removal rate, the gpecific suspended biomass pro-
duction rate, and the specific oxygen removal rate. Specific product
formation rate and specific biofilm accumulation rate were not predicted
satisfactorily as a function of biofilm areal carbon density.




INTRODUCTION

Background

A biofilm 1is an attached microbial mat which is composed of both
cells and an adhesive polyséccharide material termed glycocalyx. 1In
natural environments such as rivers and streams, the reiative number of
attached cells per square centimeter of biofilm is as much as 3 to 4
orders of magnitude greater than the number of suspended ce;ls per
cubic centimeter of liquid. In a polluted stream, the attached bac-
terial areal density is as much as 4 orders of magnitude greater than
in an unpolluted stream (Costerton, et al, 1978).

Therefore, due to the relatively enormous cell density, biofilm
process rates are much greater than suspended cell process rates. The
wastewater treatment industry has taken advantage of these high process
‘rates through the use of fixed film reactors such as trickling filters
(Eckenfelder, 1961) and rotating biological contactors (Bunch, 1976).
Trickling filters and rotating biological contactors (RBC's) receive
oxygen from air. In some casés, the effluent is recycled to reduce
the likelihood of oxygen limitations within the biofilm. Recycling,
then increases the amount of waste removed.

In previous studies using fixed.film reactors (Eckenfelder, 1961;
Antonie et al, 1971; Wu et al, 1980; Yeun et al, 1981), measurement of

influent and effluent organih carbon was done on the basis of BOD, COD,




2
or TOC. However, these ana}ytical methods provided only a gross measure
of the biological processes occurring. Only by accounting for the in-
dividual components of the influent (and effluent) can a quantitative

evaluation of fixed film processes be made.

Preliminary Studies

A more quantitative evaluation of fixed film processes was com-
pleted as a preliminary study to aid in experimental design. (The
tabular data is presented in Appendix E). Lactate was used as the sole
carbon and energy source. After 100 hours, lactate consumption rate.
increased to a plateau value approximately 75% of the feed rate (Figure
1.1, In all figures error bars indicate one standard deviation.).
However, lactate consumption rate increased again at approximately 120 ﬁ
‘until all lactate in the reactor was coﬁsumed. Though several explan-
ations are possible, the second phase of growth was probably due to
lactate consumption within a developing anaerobic region'of the biofilm.

Further evidence of a developing anaerobic region was observed in
the progressioﬁ of biofilm thickness (Figure 1.2). The rate of biofilm
accumulation appeared to slow at approximately 120 h. This observation
could be accounted for by anaerobic biofilm development because anaero-
bic processes are typically less efficient than aerobic processes and
would result in slower biofilm growth..

Anaerobic biofilm development was also the probable reason for
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detection of soluble organic products in the reacto; effluent (Figure
1.3).

The best evidence for the initiation of anaerobic biofilm develop-
ment at about 120 h was the ratio of oxygen consumed to lactate con-
sumed (Figure 1.4). At about 120 h tﬁis ratio dropped from 1.0 to 0.5.
A ratio of i.O indicates complete aerobic utilization of lactate based
on the following theoretical stoichiometry:

CBH6O3 + 1.1 02 + 0.3 NH3 1.3 CH1.800.5N0.2 + 1.7 CO2 + 1.5 H20

where 1.3 moles biomass per mole lactate represents a reasonable aerobic
yield (Grady and Lim, 1980). The.observed decrease in the oxygen con-
sumption ratio indicates that lactate was being removed anaerobically
and aerob;cally.- v

From the experimental evidence presented above, there is strong

indication for the following:

1) the biofilm initially developed aerobically during which time
lactate was completely oxidized to 002 and H20;

2) anaerobic activity was significant after 120 h as indicated
by production of soluble organic products as well as a re-
~ duction in the overall stoichiometric oxygen consumption
ratio;

3) biofilm accumulation was slower in the anaerobic layers than
in the aerobic layers, as evidenced by the steeper slope
during aerobic biofilm development (Figure 1.2).

Though oxygen limitations with resulting anaerobic activity have

been observed before (Trulear, 1980; Harris and Hansford, 1976; Tomlin~-
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8
son and Snaddon, 1966), a composite system (aerobic/anaerobic) has not
been analyzed so as to differentiate between aerobic and anaerobic
biofilm development rates. The lactate experimental results indicate
that such a discriminating analysis is necessary for a fundamental
understanding of fixed film reactor processes.

An understanding of aerobic/anaerobic interactions and rates would
benefit both wastewater treatment, where oxygen limitation may reduce
efficiency of aerobic fixed film processes, and other industries such
as the pharmaceutical and food industries which engineer specific mic-
robial transformations of specific organic substrates.

This research was undertaken to identify fundamental kinetic para-
meters for aerobic and anaerobic biofilm processes and then to apply
these kinetic parameters to an aerobic/anaerobic composite biofilm
system in order to predict the constitutive nature of biofilm develop-

ment in the composite system.




THEORY

A biofilm exposed to oxygen and a stoichiometric excess of sub-
strate will develop to the point at which oxygen becomes limiting in
the lower layers of the biofilm, provided development is not first
limited by shear stress at the biofilm surface. Despite the oxygen
limitation, the biofilm continues to accumulate because the aerobic
and anaerobic regions continue to metabolize substrate. As a result
of anaerobic activity, soluble organic products are released and may
be consumed within the aerobic region as they diffuse outward. There-
fore, three processes presumably occur over two regions (Figure 2.1):

(1) aerobic substrate removal,

(2) anaerobic substrate removal and product formation, and

(3) aerobic removal of the products formed in the anaerobic
film environment.

Hypothesis:

The development of an aerobic/anaerobic biofilm can be
modeled with the fundamental kinetic parameters deter-
mined from completely aerobic and completely anaerobic
biofilm reactors.

To test this hypothesis, it is convenient to mathematically model
the system as a continuous stirred tank fixed film reactor (CSTFFR)

(Figure 2.2). Biofilm stoichiometries and reaction rates can be deter-
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mined by applying the principle of mass conservation. Reactions in the
bulk liquid can be shown to be negligible. These stoichiometries and
reaction rates are presented in Table 2.1 Notation is described in the

Appendix A.

Organization of Material Balances

A material balance for any component, C, across a CSTFFR results

in the following:

Net Rate of Net Rate of Net Rate of
Accumulation = Transport + Transformation
or
n
dC .
Ve = BUE <C) Ail=1 Ry 2.4

Dividing through by V yields:

dcC
d—t- = D(Ci—C) +

<[>
Bt 1=
7o)
N
N

1

i

To obtain Equation 2.2 for each parameter in Table 2.1, it is

convenient to use matrix notation (Aris, 1969). In matrix form, the

i
element qc s @ component of the vector

n
the vector T; Z Ri’ is a component of the vector X -+ R
i=1

dC, :
T (Ci C) is a component of
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TABLE 2.1

Reaction Rates and Stoichiometries

Description Stoichiometry Process Rate
Biomass formed Y Dk Y i X ghex el g
x/p x/s x/s b pPX X X
Product formed Y S—>p R
p/s P
Biofilm detached X —>X, Rd
+
Oxygen consumed Ye/p p it Ye/s 8 —>Xy Re Rep
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Table 2.1 continued

s

R
e

o o'

el
Py

>

e/p

e/s

p/s
x/p
x/s
an

x/s

x/s

biofilm detachment rate

oxygen removal rate because of glucose
consumption

oxygen removal rate because of anaerobic
product consumption

biofilm growth rate from product consumption
anaerobic biofilm growth rate

aerobic biofilm growth rate

AR glucose concentration

biofilm carbon mass per unit of biofilm
biofilm areal carbon density

reactor concentration of suspended biomass
carbon

the mass ratio of oxygen consumed to product
consumed in the aerobic biofilm layer

the mass ratio of oxygen consumed to substrate
consumed in the aerobic biofilm layer

product yield from glucose
biomass yield from product
biomass yield from glucose
anaerobic biomass yield from glucose

aerobic biomass yield from glucose
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where,

T = transport vector
k.a

i I
= - Pk el - it |
{si S, P;P> 0, xRi X (ei e) + > (e*—=e) },y

X = stoichiometry matrix

i iy
e an -1
&Y o ~
2 Yx/s 0 Yp/s 0 0 0
-1
0 - 1 0 0 0
x/p
% 1 1 1 0 -1 0 0|
0 0 0 0 1 0 0
0 0 0 0 0 -1 -1
R = reaction rate vector
2 e an A
{RX, R Rpx, Ry» Ry Rep}
The general mass balance equation is:
dC A
dt—DT+XRV 2.3

Equation 2.3 is expanded for the composite reactor in Table 2.2

to show all the material balances.
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TABLE 2.2

Equation 2.3 Expanded to Show all the Material

Balances That Presumably Apply to the Composite AR

I, A _r® RaD
i S T
Yx/s Yan
x/s
R
Py 7B R _Px
P
Y
x/p
p il 0 +| g® + g3
X X
Xi - X Rd
(e.-e) + kla (e*-e) - R -
u b r e

AR =R
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