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- Abstract

Harder, A. (1979) Structured model of bacterial growth and tests with activated sludge in
a one-stage and two~stape chemogtat. Agric. Res. Rep. (Versl. landbouwk. Onderz,) 886,
ISBN-90 220 0702 2, (vii) + t14 p., 38 figs, 16 tables, 164 refs, Eng. and Dutch summaries.
Also: Doctoral thesis, Wageningen.

A kinetic model for a growing culture of micro-organisms was developed that
correlated the biochemical structure of cells with quantitative physiological behaviour.
The three-compartment model was adequate for simulation of continucus, batch and
transient experiments with activated sludge fed on vanillin. The model assumed three
basic compartments in a cell: (1) a building-block for synthesis of energy-rich
compounds, small metabolites, DNA and storage materials; (2) the protein-synthesizing
machinery; (3) the pool of enzymes and other proteins. The concept of visbility was
incorporated by postulating irreversible conversions of the three compartments to
inert fractions. . -

The two~stege activated-sludge process was improved and a mathematical model was
developed for kinetic optimalization of the process. The two-atage process was better
than the one~stage process in rate of vanillin breakdown. The kinetic coefficients of
the second stage were affected by concentratrion and composition of intermediate sub-—
-8trate. Increase of maximum yield coefficient and simultaneous decrease of maintenance
coefficient of the second stage with decreasing concentration of intermediate substrate
were predicted by fitting the biochemical data of the second stage to the model. The
production of biomass in the two-stage system under optimum kinetics was always greater
than that of the one-atage system. The presence of acetate allowed higher rates at low
concentrations of substrate, reducing the kimetic advantage of the two-stage process.

The predominant populations of bacteria in the chemostat altered if the specific
growth rate was increased by a factor 4 or when acetate was added to the vanillin-basal
medium. Much of the sludge flocs were built up by fibrillar cellulosz-like exopolymers
and may play an essential role in the mechanism of flocculation,

Free descri?tors:-acetate, activated-sludge process, floc structure, identification of
micro-organisms, intermediate substrate, optimalization of the two~stage activated—

;Bl?gff Process, structured model of microbial growth. the three-compartment model,
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Stelling_en

1. De toepassing van de zgn. Monod-kinetiek op mengkulturen van micro-organismen is
twijfelachtig.

Dit proefschrift.

2. Het gestructureerde model van Brown en Fitzpatrick houdt geen rekening met de ver-
dunning van de .biotische componenten in het systeem door groei van de biomassa.

D.E. Brown & S.W. Fitzpatrick, 1979. A structured model for the kinetics of fungal
amylase production. Biotechnol, Letters. 1: 3-8.

3. In de door Dahiem afgeleide formule voor de berekening van de optimale werkingsgraad
van de eerste trap van een tweetraps-actiefslib-proces wordt geen rekening gehouden met
de concentraties van actiefsiib in beide trappen noch met de invloed van het interme-

diaire substraat op de kinetische coéffiénten van de tweede trap. '

H, Dahlem, 1978, Biologische Mehrétufigkeit zur Behandlung Organisch Verschmutzter
Industrieller Abwisser. B.A.S. 4th European Sewage and Refuse Symposium. Munnich.
p. 180-205.

4. Het valt voor industriegn te overwegen om de kinetische voordelen'van een tweetraps-
actiefslib-proces te benutten door reeds een voorzuivering van afvalwater toe te passen
in een hoogbelaste actiefslibinstallatie alvorens dit wordt geloosd op een centrale
rioolwaterzuiveringsinstallatie.

5. De methode van ATP bepaling in actiefslib als maat voor de metabolische activiteit
van de biomassa is dubieus omdat veelal de experimentele condities niet &&nduidig zijn
‘te definiéren.

6. Onderzock naar de verandering van het substraatverbruik van micro-organismen voor
cellulair onderhoud bij zeer lage specifieke groeisnclheden dient te gebeuren op basis
van het gehalte aan levende cellen in de biomassa.

W. Verstraete, 1977. Fundamentele studie van de opbouw— en omzettingsprocessen in
microbiéle gemeenschappen. Proefschrift tot het verkrijgen van de graad van Ge-
aggregeerde voor het Hoger Onderwijs. Rijksuniversiteit Gent. Gent., p., 218-219.



7. De door Yagi uitgevoerde metingen van de operationele stabiliteit van geimmobiliseerd
hydrogenase zijn nawwelijks relevant omdat de activiteit van het enzym wordt weergegeven
in umol H2 geproduceerd per minuut per ml oplessing. ’

T. Yagi, 1977. Use of an enzymic electric cell and immobilized hydrogenase in the
study of the biophotolyses of water to produce hydrogen. Biol. Solar Energy Con-
version. Acad, Press. p. 61-63,

8. Het is een hardnekkig misverstand dat de remming van NHZ op het proces van de Nj-
fixatie in Azotobacter wordt veroorzaakt door een verlaagde ATP/ADP ratio (Kleiner).

D. Kleiner, 1975, Ammonium uvptake by nitrogen fixing bacteria. I. Azotobacter
vinelandii, Arch. Microbiol. 104: 163-169.

9, Het begrip 'the molecular logic of the 1living state' (Lehninger), em het veelvuldig
in de literatuur gebruikte begrip 'Nature' dragen een magisch-religieus karakter.

A.L. Lehn:.nger, 1975. Introduction: The molecular logiec of lJ.vmg organisms.
In: Biochemistry. Worth Publishers Inc,

10. De oorsprong van Einstein's relativiteitstheorie kan niet alleen worden verklaard
uit de neo~kantiaanse filosofie van de relatieve natuur-orde (Aalders) maar moet ook
gezocht worden in het natuurwetenschappelijke werk van H.A. Lorentz (1853-1928).

W. Aalders, 1977. Theocratie of ideologie., Voorhoeve. Den Haag. p. 244.

11. Promovendi bevestigen de keuze van sommige overheidsinstanties om academcl en
artiesten in dezelfde afdeling van beroepsgroepen in te delen.

Gewestelijk Arbeidsbureau Ede.
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1 General introduction

l.1 TG A STRUCTURED MODEL FOR THE ACTIVATED-SLUDGE PROCESS

1,1.1 Presuppositions; a persomal statement

When scientists develop models of that aspect of reality which they normally call
nature they assume the existence of physical, chemical and biochemical principles, which
can be formulated in a verbal or mathematical way and which are discovered by means of
measurements. The same truth has been expressed poetically im the following words:

'"What has been, that will be;
what has been done that will be done.
Nothing is new under the sun’.
(Ecclesiastes 1:9)

The search for and discovery of these principles lead to the joy of man for

"Great are the works of the Lord,
‘exquisite in all their delight'.
: {(Psalms 111:2)

What is more, in this search for, ultimate discovery and use of those principles
enbedded in nature, man fulfils his dual cultural vocation 'to cultivate and care for’
the earth (Genesis 2:16; 3:15-19). However the 'fear of the Lord is the beginning of wis-
dom: a good understanding have all they that do his commandments' (Psalms 111:10).

The spiritual motivation behind the research in this thesis, lies in the second of

the dual cultural vocation.
1.1.2 Critictem of activated-sludge models

A model is a simplified image of reality that describes only restricted aspects of
a system or process. It is based on a set of hypotheses which seem important according
to our present knowledge. By manipulating and testing the model, one hopes to gain an
insight and a grasp of the real system. - ) _ B

In the microbial world, verbal and mathematical models of growth are genera'ted by o
a combination of three principles: (Fredrickson et al., 1970): 'First, well-established

physical, chemical and biological principles may provide certain'parts of the model.
Second, some hypotheses of the model may be plausible inferences from existing data,



Finally, the remaining part of the model arc guesses but one hopes educated ones'.

On these principles, Monod (1942) and Herbert et al. (1956) formulated models for
microbial growth on which most published models of growth of activated sludge have been
based. Classically two relationships were defined by Monod and extended by Herbert for
growth of mi.cro—orga.nisms in relation to a limiting nutrient. First

= — )
W7 VPnax Bg v 0 4 :

Where i, the specific growth rate, is the production of biomass per unit time and biomass,
;.lm'ax is the maximm specific growth rate obt_ained when the nutrient factor, CS/ (Ks + CS)_
approaches 1, X; is the half-velocity constant and & is a decay term. Second, by defini-
tion 1 relates through the yield factor, ¥, to the specific rate of substrate consumption

per unit biomass, 4gs 35
p= Y.qs ) ' _ . . ) {2)

Wlth Eqn 1-and Eqn 2, it is possible to deduce all the models for the kinetics of ‘acti-
vated sludge found in the literature. Several investigators use Egqn 1 (for example,
Ramanathan & Gaudy, 1971; Chiu et al., 1972; Srinivasaraghavan & Gaudy, 1875; Bonotan-
Dura & Young, 1976; Marais & Ekama, 1976; Ekama & Marais, 1977; Daigger & Grady, 1977).

The model of Lawrence & P&cCaﬁrfy (1970} is obtained by substituting Eqn 1 for u in
Eqn 2. . . . . . o
Independently Eckenfelder (1961) and McKinney (1962) postulated that the kinetic
process of substrate removal in activated sludge may be approximated by pseudo-first
order kinetics. Recently Goodman & Englande (1974) reviewed the approaches of Eckenfelder
and McKinney and concluded that they were the same, and that only the nomenclature was
different. By assuming that in pract.ice kg »> Cg, the Eckenfelder/McKinney model may be
derived from the lLawrence/McCarty model by 1gnor1ng Cg in the denominator.

However, there are many objections to the use of these simple models and the rele-
varice of the coefficients in the equatiens, i.e. . and K . Some obJectmns are as fol-
lows: . .

Equatlon 1, minus the k term was orlgmally used to descrlbe the relatmnshlp
between the substrate concentratlon, S, and the velocity of a single enzymatic reaction.
This equation has been successfully applied to growth of micro-organisms, because the
specific growth rate, w, may be proporticnal to the rate of a single enzymatic reaction
which forms a bottle-neck in metabolism (Ierusalimskii, 1967; Dabes et al., 1973), The
values of the coefficients, W and K reflect this rate limiting step, In activated
sludge however, we are concemed w11:h an undefined mixed culture of flocculently growing
m1cm-0rgan15ms and the specific growth rate would be proportional te the combined result

of a mmber of different bottle-necks. Figure 1 is a graphical representatlon of p0551ble
bottle-necks (Q] : Q4) m activated sludge

Q] .-, a bottle-neck in the diffusion of nutrients into the floc, which means there are

less nutrients in the immerpart of the flocs -than would be expected from the con-
centrauons out51de (Bailled & Boyle, 1970 Sladki &.Zahrddka, 1871; Krul, 1977)-.



environment

Fig. 1. Craphical representation of possible bottle-necks in an activated=-sludge floc.
S., incoming substrate; 5, substrate in the system, X, biomass} Q., diffusion limitation;
Q2, _limiting steps of transport of nutrient into a cell} Q3, limixl:ing step in metabolism
and Qq’ limitation caused by bacterial interaction.

'Qz, Gy limiting steps in the transpert of the nutrients into the cell (by diffusion
or active transport) and in the cellular metabolic activity, respectively
(van Uden, 1967; Dawes et al., 1976).
2, limitation caused by interaction of different kinds of organisms in the acti-
' . vated sludge for instance inhibition, competition for nutrients, predation, pa-
rasitism and synergism (Gall, 1970; Painter & Bungay, 1971; Veldkamp & Jammasch,
1972; Veldkamp, 1976). : , : o
Relevant envirommental conditions include temperature, pH, shear force (Morand, 1964},
residence time of sludge, the method used to mix substrate and sludge (Rensink, 1974;
19773, ratio of food to micro-organism (Downing, 1966}, camposition and concentration
of limiting nutrients. They determine for instance the microbial species in the culture,
floc formation and the geometry of the floc. In other words, the bottle-necks in the bio-
system are also determined by the envirommental conditions. Thus whether the kinetic )
coefficients in the activated-sludge models are constant is uncertain. They camnot repre-
sent a limiting step because there are several, they occur at different levels and they
may be expected to shift as a result of phyéico—chemical,biochemical and population
changes (Jones, 1973; Chudoba et al., 1973). o .

The cellular compesition of any micro-organism is influenced markedly by the growth-
supporting envirommental conditions and it may be expected that the micro-organisms will
behave differently under the different conditions (Herbert, 19481; Neidthart, 1563; .
Maalge & Kjeldgaard, 1966; Tempest & Dicks, 1967).

Medels that do not account for cellular composition expressed in the "physiological state'
of the culture will only be adequate if the physiological state is balanced, i.e. in
steady state, or does not effect the phenomenon studied. T
But in unbalanced growth as occurs, for example, after a nutriticnal shock, the cellular
composition of the various micro-organisms changes in time, and the dynamic behaviour
~is poorly explained by the models of Eqns -1 and Z (George & Gaudy, 1973; Chi & Howell,
1976; Krishnan & Gaudy, 1976). Therefore, during the last ten years,' models that take
accotﬁlt for the structure of bacterial cells were developed (Powell, 1969; Young et al.,
1970 van Dedem & Moo-Young, 1973; Chase, 1977; Roels, 1978}, ' ' ‘
A structured model (Chapter 2) was developed to take account of such criticism. It
" models the dynamics of microbial composition and formulates an n-th order equation (for



substrate consumption) as is extensively used in chemical reactor kinetics {Levenspiel,
1971). Meaningful quantitative studies on microbial cultures generally can only be made
with cultures growing under rigidly controlled conditions (Tempest, 1970). "An adequate
chemostat for research on cultivation of activated sludge was therefore developed
{Chapter 3). Equipment and analytical methods are described. Chapter 4 summarizes a first
approach of experimental verification of the proposed structured model.

1.2 DUAL-STAGE ACTIVATED-SLUDGE PROCESS

Special attention has been paid in this thesis to the two-stage activated-sludge
process.. In the last two decades, the conventional activated-sludge system has been modi-
fied in several ways as a consequence of the need for the treatment of specific wastes
and of the high quality of effluents required. Several arguments for the use of the dual-
stage system have been mentioned in the literature.

1.2.1 When and where dual-stage systems are used

At least two biological stages are required for the optimum treatment of highly
concentrated sewage and industrial waste waters {Cg, > 0.5 ¢ B0D5/1, Imhoff, 1977),
wastes difficult to degrade biologically and liquors contaiming substances which are
degradable but toxic to activated sludge (Lindner, 1957; Imhoff, 1955; Dietrich, 1968;,
Paul, 1969; Brouzes, 1973, Klapproth, 1976; Irhoff, 1977; Iligs, 1977).

Two-stage activated-sludge systems do an excellent job on wastes from yeast indus-
try (Wu & Xao, 1976), sulphite-pulping industry with lignin derivatives (Dubach, 1966,
1968), kraft bleachery industry (Liao & Dawson, 1975}, food industries such as cider .
meking, slaughterhouse (Imhoff, 1977), and dairy factories {Paul, 1969), chemical indus-
tries with organic compounds such as methanol, formaldehyde, methylene chloride, formate,
trioxane, citric acid, and pigments (Heinicke, 1967), coke ovens and gas works with phe-
nels, thiocyanates, thiosulphates and cyanides (Abson & Todhmter, 1961). The metabolism -
_ of compounds difficult to degrade occurs especially at the second stage (Heinicke, 1967).
Moreover variations in inlet concentrations of substrate are smoothed out af this stage
and a high quality of effluent can be achieved (Klee, 1970; Lohmann, 1975).

1.2.2 Appropriate culturee in both atagee

In a two-stage activated sludge process it is possible to maintain appropriate
Cultures in both stages. The population in the first stage is high-loaded and metabolizes
energy-rich organic compounds that are easily metabolized. The population in the secend
stage is low loaded and cxidizes energy-poor organic compounds that are more difficult
to degrade (Jarmasch & Mateles, 1974). In general, therefore the first—.stage. and J
second-stage populations are characterized by fast growers and slow growers, Tespective-
ly. An example of this is given by Heinicke (1967). Trioxane was metabolized for 25% in.
& one-stage process, but for 70% in the second stage of a two-stage system, because of
the low 1oa.dmg of this gtage.



)’\ second example of population differentiation, not directly related to 6ur preblem,
is to build up a two-sludge system with preliminary denitrification in the first stage
(Klapwijk, 1978) to maintain a predcminatel}; protozoal sludge in the second phase for pos-
sible improvement of the quality of effluent (Dubach, 1966, 1968). Toxic interactions
between some of the bacteria and organic material present in the waste can also be eli-
minated by isolation of appropriate cultures at the different stages. Phenols are toxic
for thiobacilli. To purify a mixture of phenols, thiocyanates, thiosulphates and cyanides,
impurities of coke-ovens and gas-works waste, Abson & Todhunter (1961) used a three-stage
system. In the first stage phenols were metabolized by Vibrio, Pseudomonas and Actinomy—
ces species and in the second stage Thiobactilius species were present to eliminate the
thiocyanates, thiosulphates and cyanides. The third stage was used for nitrification of
ammonia. Inherent to the two-stage activated-sludge process, the amount of sludge pro-
duced will be less than that produced by conventional one-stage systems, because of low
cell efficiency of biomass production and high overall specific maintenance/decay rates
(Downing, 1966; Wu & Kao, 1976).

1.2, 3 Dimensioning of two—-stage activated-sludge plants

The dimensioning of five two-stage activated sludge plants are summarized in
Table 1. The first stage is high loaded with qgs 1.e. met consumption rate of substrate
(of BOD.) divided by the concentration of biomass (of dry matter) of 0.011 - 0.040 g/g.h.
In contrast, the second stage is low loaded and has net consumption rates of 0.002 -
0.006 g/g.h. To obtain high qualities of effluent of BOD,, (¢4 0.015 = 0.040 g/1), Imhoff
{1977) prefers a net consumption rate for the second stage of less than 0.006 g/g.h.

In spite of high loading at the first stage, in the Giitersloh plant for example (Table 1),
a fractional reduction of 0.84 is achieved with a net consumption rate of 0.028 g/g.h.

In general, a conventional single-stage activated-sludge plant is low loaded and a
fractional reduction of 0.95 may be expected with a mean net consumption rate, g of
0.008 g/g.h. When comparing the net consumption rates of the two systems based on the
same mass of activated sludge, for example in the Glitersloh plant (Table 1), the rate
in the first stage of the dual system might be three times that in the conventional sys-
tem (0.028/ 0.008 = 3.5}. In other words depending on the size of the second stage, a
two-stage activated-sludge system may be designed smaller or it can be used to purify
more waste water (Imhoff, 1955; Heinicke, 1967; Dietrich, 1968; Paul, 1969; Klee, 1970;
Lohmann, 1975). : :

However, the use of a high rate of substrate removal in waste treatment is inherently un-
stable and requires close and accurate process control (Bargman et al., 1957; Jung, 1960,
van Luven, 1972).

1. 2.4 Research on the iwo-siage system

Thus little fundamental work has been done to improve the two-stage process. For
' example, the total net consumption rates of the plants summarized in Table 1 have not
been optimalized (Wuhrmann, 1968).



Table l. Design of two—stage activated—~sludge systems; CSO’ incoming substrate of BODS;
CS’ gubatrate concentration of BODS; dg» rate of consumption of substrate; ¢, hydraulic
retention time; Cx, concentration of biomass; n, fracticnal reduction of substrate; V,
and Vﬁ, working volumes of first and second stages, respectively; (1) Imhoff (1977);
(2) Paul (196%)}; (3) Klapproth (1976).

Giiteraloh (1)  Osnabriick (1). Leverkusen (1) Haldem (2) Ingelheim (3)

Stage 1 .
Cy (g/1) 7.3° 6.0 6.8 4,1 7.4
Cso (/1) 0.600 0.380 0.750 1.28 2.440
t (h) 2.5 1.3 6.0 23.4 13.2
ag (g/g.h) 0.028 0.040 0.012 0.011 0.024
€y (g/1) 0.096  D.065 0.250 0.256 0.122
n, 0.84 0.83 0.67 0.80 0.95
Stage 2
Cy {(g/1} 2.6 6.2 8.6 5.5 ' 5.5
o {g/1) 0.096 0,065 0.250 0.256 0.122
* (h) 4.5 2.3 12 22 9
g (g/g.h) 0.006 0.003 0.002 0.002 0.002
- Cg (g/1) 0.030 : 0,016 . 0.050 0.009 0.045
n, 0.69 0.75 . 0.80 0.95 0.58
In 0.95 - 0.96 0.94 0.99 0,98
v v, . ‘ 0.5 0.5 . 0.5 .o 1.5

To tackle this problem a mathematical model optimalizing the kinetic design of a two-
_ Stage process was formulated and tested (Chapter 5}. In our experiments a single organic
compound was used as limiting substrate. Chapter 5 describes also the influence of ace-
tate on the biodegradation of the mbdel compound used in the two-stage system; acetate
is assumed to be representative for easily bicdegradable compounds.

Finally, the microbiology of the high-lcaded first stage of the two-stage system.
They clarify the building up of the floc structure, and the interrelationships betwzen .

the different microbial species in the activated sludge durlng their composition for the
substrate (Chapter 6).



2 sMatei"ial_s and methods

2,1 ACTIVATED SLUDGE

The original mass culture was obtained from the ﬁnmicipal waste treatment plant
at Zeist near Utrecht. The organic loading rate of COD in mixed liquid suspended solids
(MLSS) of this plant was 0.5 g/g.d. For 4 weeks, the activated Sludge was continuously
adapted to the basal medium with vanillin as carbon and enefgy source (organic loading
rate of carbon 0.01 g/g.h). A slightly vellow well-settling sludge was cbtained. )

For the continuous flow expei‘iments described in Chapter 6, sodium acetate and
ammonium sulphate were added to the vanillin~basal medium and the activated sludge was
‘again adapted to this new medium for 4 weeks. A grey well-settling sludge was achieved.

2.2 VANILLIN-BASAL MEDIUM

Experiments (Chap. 4 and 5} were conducted in a basal medium used By Gaudy et al,
(1967) in slightly modified form with added vanillin, Vanillin (C8H803) was purchased
from Merck (Germany). The composition per litre demineralized water was as follows
vanillin 1.0 g; (NH4)2504 0.5 g; MgS0,.7H,0 0.1 g; MnS0,.H,0 0.01 g; FeC13.6H20 0.015 g3
CaCl 0.025 g; KZHPO4 1.070 g; KI-IZPO4 0.527 g; and tap water 100 ml.

The ingredients of the basal medium were prepared in the four following stock -
solutions to prevent prec1p1tat10n in storage. .
buffer solution: KZHPO4, KH,PO, ; (NH4}ZSO4
salt solution 1: FeCl;.CH0

salt solution 3: CatCl2 )
The mass ratio of carbon to nitrogen in this medium was calculated as 6.0,

The mutrient solution was not sterilized but every day freshly prepared in 30-litre
batches to prevent initial bacterial degradation of the limiting nutrients, '

2.3 SODIUM ACETATE-VANILLIN-BASAL MEDIUM
In the experiments described in Chapter 6, sodium acetate trihydrate was added

to the vanillin-basal medium (Section 2.2). The ammonium sulphate concentration was
increased too in order to keep constant the carbon to nitrogen ratio at 6.0.

2.4 MEASUREMENTS IN THE SUSPENDED MATTER

Generally 30-ml or 50-ml samples of the acuvated sludge, qulckly cooled down
to 0 C were centrifuged in a Sorval Highspeed centrifuge (15 000 x g, 15 min, o .



The precipitate was. washed by resuspending in phosphate buffer of 50 mmol/1 0 0C,
adjusted to pH = 7,2 and recentrifuging. After three washings, the biomass suspension
30-ml or 50-ml was used for the different assays. Dry mass and protein determinations
were carried out immediately after sampling and washing of the biomass.

The rest of the biomass suspensmn was stored at -20 °C for estimation of DNA, RNA and
total carbohydrate.

2.4.1 Total dry weight ) !

Washed biomass suspension, 10 ml, was transferred to small weighing bottles and
dried at 105 °C, 15 h. The dry mass was corrected for the phosphate buffer salts.
Contanination of salts out of the medium could be neglected after washing three times. .

2.4.2 Concentration of DNA ( deoa:y_z*ibonualéic actd)

The extraction of DNA out of actwated sludge was used according to Speece et al.
(1973). Washed cell suspension, 15 ml, was centrifuged (25 000 x gy» 15 min, OC) and
resuspended in distilled water, 0 °C. This suspension was centrifuged (25 000 x g,

15 min, 0 °C) and resuspended in 15 ml of NaCl (cold) 1.5 mol/1. Subsequently the
suspension was sonified (20 kHz, 40 W, 5 min, 0 °C) using a Branson Sonifier.

Duplo samples of 4 ml were mixed with 0.2 ml of HC10, 0. 5 mol/1 and heated at
70 °C for 15 min, sha.klng the tubes intermittently. After coolmg in cold tap-water,
the samples were centrifuged (50 000 x g_, 60 min, 0 °C). The supernatant liquor of 4
every sample was refrigerated at 0 oC and the precipitate resuspended in 4 ml of HC10,
0.5 mol/1: Subsequently the same procedure of heating and centrifuging was repeated and
both supernatant liquors of the first and seccnd extraction were collected and well
mixed.

The concentration of DNA in the extracted samples was determined by the method of
Burton (1956). ' ' ‘
The method is based on a colour reaction of the deoxypentose moieties of DNA with
diphenylamine in a mixture of acetic and sulphuric acid at 100 °C (Dische reaction).
The sensitivity of the method is increased by addition of acetaldehyde to the
diphenyIlamine reagent.

Acetaldehyde-diphenylamine reagent: :
Diphenylamine (Merck) 1.5 g is dissolved in 100 ml of concentrated acetic acid and 1.5 ml
of H,80, (concentrated) added. This reagent must be stored in the dark. Just before
starting the colour reaction 0.5 ml acetaldehyde (0.2 acetaldehyde, concentrated, diluted
in 10 ml distilled water) is added to the reagent. ,

To a Z2-ml aliquot (in duplicate) of the combined supernatant 11quor5 4 ml of
freshly prepared acetaldehyde—dlphenylamme reagent was adced, thoroughly mixed and
the colour was developed at 30 °C for 16 h.

Standard solutions of DNA {calf thymus, Merck, Batch 6407936) of flve concentra-
tions (0 - 200 mg/1) had been included in duplicate in every experiment and prepared
as the combined supematant 11quors of the actwated-sludge samples. The absorbance

.



was read at 600 nm wavelength (Cecil CE 272 Spectrophotometer).

A straight line through the origin for concentration of biomass DNA versus
different dilutions of an-activated-sludge sample was obtained. Results were expressed
as mass fraction of DNA in dry mass.

2.4, 3 Concentration of RNA (ribonuclele acid)

The concentration of RNA in samples of activated sludge had been measured by the
method of Herbert et al. (1971).

To 5 ml of washed cell suspension, 2.5 ml of NaOH 3,0 mol/1 was added. In a
stoppered tube, the mixture was heated for 10 min in a boiling waterbath and cooled in
cold tap-water. Sonification (20 Kz, 40 W, 10 min, 0 °C) of the washed cell suspensicn
instead of hydrolysaticn with NaOH resulted in equal amounts of RNA in the samples.

Estimation of RNA in extracted samples of activated sludge was based on a colour
reaction of the pentose meieties of RNA. In the reaction pentose is converted to
furfural on treatment with HCL at 100 °C which produces a green complex with orcinol
_ catalysed by FeCls.

‘ Orcinol reagent:

FeCl 6H20 0.90 g is dissolved in 1 litre of HCl (concentrated).

Orcmol (BDH) 1.0 g is dissolved in 100 ml distilled water and kept at 0 °C. The
orcinol reagent immediately prepared before use is obtained when 1 volume orcinol
solution is added to 4 volumes of FeC13/HCI solution. '

Duplicate aliquot volumes of 0.5 ml of hydrolysed samples were taken and made up
to 1 ml with distilled water. Then 3 ml freshly prepared orcinol reagent was added and
well mixed. The mixtures were heated for 10 min in a boiling waterbath and cooled in
tap water. The absorbance was measured at 670 mm wavelength.

A reagent blank and standard RNA (sodium ribonucleate, pure extract of yeast,
Koch-Light Lahoratories LTD, Batch 4946t) were put up simaltaneously. Linear dependency
was observed between RNA concentrétion in sludge and dilution of one sample of activated
sludge. Interference of DNA and hexoses with RNA could be neglected.

2.4.4 Concentration of protein

Activated-sludge protein was estimated by the Felin-Ciocalteu methed as described
by Lowry et al. (1951). In applying it to total protein in whole micro-organisms, the -
modification of Herbert et al. {1971) was used. At high concentrations of protein in the
- samples (> 0.5 g/1), the simpler biuret method of Robinson & Hogden was used as
described by Herbert et al. (1971). ' |

The first step in both assays must be the quantitative solubilization of protéin -
from the cells. Therefore 10 ml of washed cells suspension was mixed with 10 ml of NaCH
1.0 mol/1 (Folin-Ciocalteu assay) or 5 ml of NaOH 3.0 mol/1 biuret assay). The mixture
was heated to 100 °C for 5 min, cooled in cold water and the protem could be assayed.
Egg albumin (Merck) was used as reference. :



2.4.5 Total concentration of carbokydf'af;e

_ Total carbohydrate was estimated by the Anthrone method of Scott & Melvin as
described by Hodge & Hofreiter (1962}. :

To 5.0 ml of a washed cell suspension, 2.5 ml of NaOH 3.0 mol/1 was added and
heated in a hoiling waterbath for 10 min. After cooling in tap water, a sample of 0.5 ml
was used for estimation of total carbohydrate (anthrone, Merck).

A Teagent blank and a set of reference carbohydrate solutions (D(+)= glucose, Merck) were
treated in the same way.

2.4.8 Rate of consumption of oxygen

Oxygen consimption of the activated sludge fed on vanillin, vanillic acid or
protocatechuic acid was measured in a Voith Sapromat by the method of Liebmann & Ofthaus
{1966). .

2.5 CHEMICAL ASSAYS IN THE SUPERNATANT

" 2.5.1 Total ovganic earbon. TOC

Supernatant liquor of a centrifuged sample {25 000 x Gy 15 min, 0 9C) was acidi-
fied to pH 2-3 with 0.5 ml of HCl (concentrated) and 3 min flushed with Nz to blow out
all the inorganic carbon compounds. Aliquots of 50 ul were converted in an oven to CO,
at 870 °C with Co on pumice-stone as a catalyst. The produced 0, could be detected in
an infrared analyser (Beckman Infrared Analyser, Model 865).

A set of reference solutions of potassium hydrogen phthalate, (Merck) were treated
in the same way as the samples.

2.5.2 Total concentrations of aromatics

The total aromatic concentration of supernatant liquor acedified to pH 2.0 with
HCL (concentrated) could be photometrically measured at 280 nm wavelength. Vanillin was
used as the reference compound at 280 nm wavelength, pH 2.0,

2.5.8 Vanillin, vanillie acid and protocatechuiec gqoid

Generally organic compounds solved in aqueous solution are poorly detected by
gas-liquid 'chromatographic (GLC)__ due to the large interference of water in the column. .
However, as the use of GIC is limited to volatile samples, it is not applicabe in direct
analysis of most substituted, non-volatile and thermally unstable phenols. :

Therefore in our experiments, samples were freezo-dried and subsequently N,N-bis
(trlmethylsllylj trifluoroacetamide. (BSTFA)} derivatives were prepared by the method of

van de Casteele et al. .(1976) in order to improve GLC of phenolic. compomds in .the .-°
effluent. The procedure was as follows:
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Samples {100 - 1000 ml) of actlvated-sludge culture were centrifuged (25 000 x Gpe
15 min, 0 CJ and acidified to pH 2 with HC1 5 mol/1. . , |

After freeze-drymg (New Brunswick), the residue was silylated with BSTFA {Pierce).
First, 500 pl of gallic acid in methanol 0.6 g/l was injected into a reaction vial of
1 ml and subsequently the methanol was evaporated. Gallic acid was used as a tracer in
the trimethylsilylation of the residues.

Then duplicate portions of the homogenized freeze-dried residue with 0.4 - 0.8 mg of c
were weighed and 300 ul BSTFA added. Then the mixture was maintained for 10 min at

125 °%C in a sealed vial. After cooling, 10-pl samples of the reaction mixture were in-
jected directly into the gas-liquid chrematograph (Hewlett Packard 5700 A).

The GLC was equipped with a metal column and flame icnization detector. The
colum {length 2.0 m; inner diam. 3.175 mm) was packed with 2.3 g Chromosorb W HP
100/120 coated with 8 % Dow Chemical - 430.
© Volume flow rates of the carrier gas n1trogen of hydrogen and of air were 30, 30 and
300 ml/min, respectively.

" The injection port temperature and the detector temperature were 250 9. The colum
oven temperature was programmed as a function of time (isothemm initai period 160 °C,
4 min; 160 - 240 °C, programme power 4 °C/min; isotherm final period 240 °C, 2 min).
The ana1y51s time amounted to 26 min. - _

" A standard micture of vanillin, 0.1 mg; vanillic acid (Merck), 0.1 mg; proto-
catechuic acid (Merck), 0.1 mg and gallic acid (Merck), 0.7 mg and 350 w1l BSTFA was
always simultanecusly silylated and analysed.

The peak areas were calculated with a Spectra Physics Autolab Cmnputmg Integrator.

A V.G. MM 70 - 70 gas chromatograph- mass spectrometer was used to determine the
mass of the parent ion of the BSTFA derivatives in the samples (by the Laborartory of
Organic Chemistry of the Agricultural Universityj. :

2.5.4 Acetie acid

Acetic acid could be assayed directly from the aqueous phase of centrifuged

(25 000 x A 15 min, 0 °C) samples of activated-sludge culture.

. The analyses were performed on a Becker Gas Chromatograph Model 417 equipped with
a glass column and flame-ionization detector. The glass column '(length 1.0 m, inner
diam. 4.0 mm) was packed with Chromosorb W - AW (80 - 100 mesh) coated with 20 % Tween
80. Volume flow rates of the carrier gas nitrogen saturated with fornuc acid of hydrogen
and of air were 60, 45 and 350 ml/min, respectively. .
The injection port temperature and the detector temperature were 170 _°C. The column

temperature was 115 0p
2.5.5 Admmonia, nitrite and nitrate

Ammonia in the supernatant liquor of samples centrifuged (25 000 x gy» 15min O °0)
samples was.estimated by the method of Nessler (NEN'3235, Part 6.1.1). Nitrite was assayed
by the method of Griess-Romijn-van Eck, (NEN 3235, Part. 6.3). Nitrate was measured by

" the sodium salicylate method, (NEN 3235, Part 6.4). X
' 11



2.5.6 Digsolved oxygen

Concentration of dissolved oxygen in the mixed culture was monitared with a galvanic
cell oxygen analyser (PS5 Scientific Co.}.
’ s

2.5.7 pi

A Knick pH-meter was used for pH measurements. For autematic control of pH during
experiments (pH 7.2), a Knick pH-meter could be comnected through a relay (Shinko) with
a pump dosing NaQH or HC1 both 3.0 mol/1 into- the culture. '

g

2.6  EXPERIMENTAL EQUIPMENT

2.6.1 Batch ecjuipment

The batch experiments used the experimental equipment shown in Figure 2. This uvnit
provided a working volume of 15 1.

The temperature was 20 %c, deviating 0,5 °C and the pH was adjusted automtlcall}f
to 7.2, deviating 0.2 by adding the NaOH or HCI. .
The rotational speed {Heidolph stirrer) was maintained at 250 min_1 and the air

flow rate to the reactor was so maintained to keep volume fraction of dissolved oxygen
in the culture fluid at 3 mg/1 or larger. '

2.6.2 Aotivated-eludge chemostat with recyeling of biomass

The chemostat of activated sludge employed in this research consisted of a comple-
tely-mixed reactor and a separator, as shown in Figure 3.

. The reactor (A) and the separator (B) were made from poly{methylmethacrylate)
(PMMA) tubing, of inmer diam. 190 mm and 75 mm respectively. It could be used because
sterilization of the equipmen; was not necessary. The reactor tube is embedded in a box

Fig. 2. Pu:toral diagram of the batch system. 1,

waterbath 2a, pH-meter; 2b, rela
2c, base or acid reservoir; 2d, Len T y,

base or acid pump and 3, Oz-meter.
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feed
NaOH/ HCI -

recycling studge A

S5a

Fig. 3. Diagram of the activated-sludge chemostat with recycling of biomass. A, reactor;
B, separator; !, waterbath; 2a, feed reservoir; 2b, feed pump; 3a, pH-meter, 3b, relay;
3¢, base or acid reservoir; 3d, base or acid pump; 5a, magnetic valve; 5b, pulse/pause
switch; 6, cryostat/thermostat; 7, recycling pump and 8, feed pump.

of PMMA sheet (10 mm). In this way, distilled water could be circulated through the
double wall by using a cryostat/thermostat (Haake) and the reactor temperature maintained
at 20 %, deviating 0.5 °C.

‘ It was observed that by stirring and vigorous aerating, activated sludge in the
reactor precipitated on the wall just above the surface of the culture liquor. It was’
partially dried up and could be hardly resuspended in the ‘culture. The problem has been
solved by covering the reactor in order to increase the relative hmmidity.

Figure 4 shows that the cover (E) lies on a PMMA ring (D) which can be fixed at
different levels in the reactor tube. So the working capacity of the reactor could be
varied from 1.0 - 6.0 litres.

Continuous discharge of activated sludge was hampered by flocculent growth of the
micro-organisms. The measured concentration of the wasted biomass was always less than

L—‘_'*—"_—'——-___FJ
Fig. 4. Construction of the cover of the reactor tube (C) E, cover; D, PMMA ring which
can be fixed at different levels in the reactor tube (S}.
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in the reactor. The only satisfactory solution was to discharge the biomass by gravity -
through a magnetic valve of 16 mi orifice (ASVA) connected with a pulse-pause switch
{Schleicher). A continuous way of wasting off biomass could be well approached by short
pulse-pause time intervals.

pH 7.2 could be automatically controlled (Chap. 2.5.7). .

The rotational speed (Heidolph stirrer) was maintained at 250 min_"1 and the daily
controlled concentration of dissolved oxygen was always 3 mg/l or larger. The complete -
mixing of fluid in the reactor was checked by periodically checking that substrate con-
centration in the reactor and the separator were equal.

The feed of the culture was pumped {Heidolph/WAB pump) continucusly into the
chemostat. The reactor effluent flowed near the bottom of the reactor tube in order to
prevent short circuiting, by gravity to the separator (volume 1.7 1). The precipitated
activated sludge was pumped back continuously into the reactor.

Every day, reactors and separators were cleaned to prevent growth on walls, becauéé
this could effect the rate of reaction, especially in the continuous-flow experiments at
dilution rates near wash-out. The silicon tubes for feeding medium were cleaned daily -
and the other tubes weckly. In our two-stage experiments the feed of the second stage was
obtained by pumping effluent continuously from the separator of the first-stage.
The second-stage chemostat was a duplicate of the unit described above.

2.7  PARAMETER ESTIMATION

A Hewlett Packard 65 pocket calculator with prerecorded programs (HP 65 Stat Pac 1)
was used for fitting straight line-, power- and exponential relationships by the least
squares method. Balance equations of the three-compartment model and the partial differ-
ential equation of the two-stage model were solved on the DEC -SYSTEM-1090 TIMESHARING
of the Agricultural University, Wageningen, The Netherlands.. '
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3 Three-compartment model

3.1  INTRODUCTION.

In this chapter a structured model for a growing culture of activated sludge which
‘takes account for the dynamics of biochemical composition of the micro-organism will be
develgped. As described in Section 3.2 this model can be envisaged as an extension of a
two-compartment model developed by Williams (1967, 1975} and recently discussed and fun- .
damentally improved by Roels & Kossen (1978) and Roels (1978). Problematically in the
formulation of two-compartment models is, that they are lacking in biochemical back-
ground of the subdivision of both compartments. Defining a three-compartment model such
a problem may be overcome.

' A set of mass-conservation equations was developed (Section 3.3.1). The constitu-
tive'equations, i.e. expressions for the rates of the conversion processes, were defined
(Section 3.3.2) and the model was applied to a chemostat with recycling of biomass (Sec-
tion 3.3.3). Conclusions, i.e. the complete set of differential and steady-state equa-

tions, are summarized in Section 3.4.

3.2 VERBAL DESCRIPTION OF THE THREE-COMPARTMENT MODEL

The proposed three-campartment model can be expressed schematically (Fig. 5). The
fundamenta) assumption of this model is that a cell comprises three basic compartments:
(1) a building-block for synthesis, for instance of energy-rich compounds (ATP, GIP),
small metabolites (amine acids), DNA and sforage materials. This section of the cell is

called, the R Compartment

Fig, 5. Diagram of the three~compartment model. S, growth-limiting nutrient; MP, excreted
metabolic products; LP, excreted lysis products; NR, loss of R Compartment; NK, lLoss of

K Compartment and NG, loss of G Compartment.
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(2) the protein-synthesizing machinery of the cell denoted as the K Compartment
(3) the pool of enzymes and other proteins; the G Compartment.

The main item of this structured model is the K Compartment, which consists mainly ‘
of ribosomal-ribonucleic acid (r-RNA), 80-83% and converts R Component (i.e. amino acids)
to G Component (i.e. enzymes and other proteins).

Koch (1971) analysed the energy requirements for protein synthesis in bacteria and
concluded that the ribosome is the most expensive item in the protein-synthesizing ma-
chinery. Therefore Koch argued that ribosomes (80-83% of K Compartment) should he used
at highest efficiency. So it has to be expected generally that the net content of proka-
ryotic RNA is proportional to the growth rate of the micro-organisms and increases with
increasing growth rate (Maalge & Kjeldgaard, 1966; Pace, 1973; Nierlich, 1978). A graphi-
cal representation of this physiological phenomenon is shown in Fig. 6, using data from
Table 2. 4 '

This RNA synthesis is all the more remarkable for its non-specificity. It matters
little whether the medium is rich in RNA precursors, carbohydrates or amino acids: the ‘
initial response to a change in the nutritional composition of the medium is frequently a
changed rate of RNA accumulation (Neidthard, 1963; Koch, 1970; Tempest, 1970).

Interpreting these observaticns in our model (Fig. 5), with a shift in growth rate,
a faster response of the K Component would precede the changing conversion rate from R Comr
ponent to G Component (i.e. shift in pool of enzymes).

Fig. 6 shows that independent on the species of micro-organisms the K content of
cells will be a linear function of the specific growth rate (u) which depends fully upon
the general growth-supporting ability of the environment. From this it may be expected

x  Azotobacter chroococcum
® Aercbacter oerogenes
&  Salmonella typhimurium o b
©  Bacillus megaterium
+ Candida utilis
RNA in dry mass (%) X Escherichia col .
40
30 a x
& . |
204 A 0
% *
x L4 o]
a
104 x® + [+]
.4 : a
+
v T T T ™ T T T T T T T T e |
o 05 1.0 15
: win

Fig. 6. Growth of different micro~oxgan

6 £ d isms in contifuous’ 2, i '
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Table 2. Biochemical composition (DNA, RNA and protein) of species of micro-organisms

and the mass fractions Wps W and w. in dry mass at different specific growth rates

K G
Organisms Limiting n ¢ pya’ RNA(wK)1 Protein (n:'G)t r..JR1 Reference
substrate (h'—] }
Azotobacter mannitol 0.0 30 - 5.4 57 37.6 Dalton &
vinelandii .or ammonia 0.15 2.0 10,2 57 ©  32.8 Postgate
0.27 T 1.8 13.8 63 23.2  (1969)
Aerobacter glycerol 0.10 35 4.2 9.4 73 17.6 - Tempest
agrogenes i 0.20 4.4 10.5 72 .. 17.5 et al.
0.40 4.3 14,1 73 12,9 (1965)
0.80 3.1 18.3 68 . 13,7
E’sohemﬁcflia acetate/ - 0.38 37 3.2 16.3 80 3,7 Forchham -~
eolt glucose/ 1.05 2.3 22.9 75 2.1 mer &
broth 1.73 2.6 30.7 67 2.3 Lindahl
(1967)
Salmonella glucase/ 0.25 37 4.0 12.0 83 5.0 Maalde &
typhimurivm broth 0.29 3.7 18.0 78 4.0 Kjeldgaard
0.56 3.7 . 22.0 74 4.0 (1966)
1.15 3.5 31.0 67 2.0
Baciliue casein/ 0.20 35 3.1 8.0 . ~ Herbert
megateriun mannitol 0.50 2.8 10.8 (1961)
0.80 2.5 14.0
1.20 2.3 . 20.0
Candidt;‘t glucose 0.05 3¢ 0.35 4.2 35.2 ~ 60.6 Brown &
| utilis o 0.10 0.30 6.8 34,4  58.B Rose
0.20 0.30 7.6 30.0 62.4  (1969)
0.35 . 0,52 9.5 30.6 59,9

1. ag % of dry mass.

that also a mixture of micro-organisms, for example activated sludge will respond in the

same way. : . .
The R Compartment is produced by uptake of externally available nutrients s)
which can be a mixture of fresh medium, excreted metabolic intermediates {MP) and pro-

ducts of cells lysis (LP).
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Part of it may also function as a store for materials. For example when nitrogen limits
growth and carbon is in excess, the conversion from R Component to G Component is inhi-
bited. Then in the R Compartment, the carbon surplus will be transformed to polysaccha-
rides or lipids, or both (Dawes & Senior, 1973). ' .

Of the total energy consumed by prokaryotes, the maintenance energy can be an impor- -
tant fraction especially at low specific growth rates (Pirt, 1975; Stouthamer, 1976,
1977). It has to be supplied to maintain the ordered state of micro-organisms, even when
growth stops. In the proposed model, one can to distinguish the two rates i.e. the energy
Tequirements in turnover of proteins (G Components) and RNA (K Components). Both compo-
nents are assumed to degrade to R Component by a quantitative process of for example de-
polymerisation.

The viability (ability to grow) of a culture of micro-organisms and thus its meta- -
belic activity depends upon the range of specific growth rate (u) {Tempest et al., 1967;

“b; Weddle & Jenkins, 1971; Grady & Roper, 1974; Rawlings & Woods, 1977). For activated
sludge in laboratory culture, Weddle & Jenkins found the increasing viability to be
we 0.04 b1, 20 - 708; 0.04 <u< 0.08 h™', 70-100% and w> 0.08 h™', 100%.

The conversion of viable cells to non-viable (i.e. inability to grow) or dead cells
can be incorporated in our medel by postulating conversions considered irreversible from.
cemponents R, K and G to the components NR, NK and NG, respectively. o

. In activated sludge, loss of active biomass may also occur by consumption by predators. =

3.3 - MATHEMATICAL APPROACH

3.3.1 The balance equations

Modelling a bio-engineering system, our mathematical approach is based on matrix
representation which provide a well-ordered and systematic analysis of the biosystem
(Fredrickson et al., 1970; Roels & Kossen, 1978, Roels, 1978), ’

The system of a growing microbial culture is thought to be a collection of whole
microbial cells, the biotic phase, growing in a groivth—supporting environment, the abio-
tic phase. The growth-limiting nutrient in this system is assumed to be the carbon and |
energy source, (S).

Let us assume that the system is built up by seven components (Fig. 5). This biosystem |
can be represented by a general state vector T of seventh order. ' ‘

. Recently Fredrickson {1976} and Roels & Kossen {1978) pointed ouf that thé dilhlt.i’on
of intracellular components brought about by expansion {growth) of the biomass has been |
overlooked in some structured growth models. For example, Roels & Kossen calculated from
the model of Williams (1967, 1975) that the rate of synthesis of the structural/genetic .

compartment would be propertional to the second power of the number of cells. A fourfold

11-1crease in the rate of synthesis of that compartment is-then predicted if the mmber of
micro-organisms has been doubled,

Roels and Kossen (1978) concluded this to be inconsistent

wi c . .
ith existing experimental evidence, and showed this to result from an incorrect model
structure. ' ; : o Lo

Recently Chase (1977) developed a dynamic kinetic model of the éctivated sludge
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process in which the rate of substrate utilization is contrelled by the concentration of
enzymes in the biomass. However, according to the formalism of Fredrickson (1976) the
model of Chase is not intrinsic: the term representing the dilution of the pool of
enzymes brought about by growth of the biomass is absent in the dynamic equations for
enzyme concentration. The equilibrium rate of synthesis of enzyme in batch is in the
model of Chase given as (hls notation): :

k .z (3a)

( -(E )synthesis ® ®2%equilibrium

in which z is the specific concentration of enzymes, (mass fraction of enzymic protein)

in the cells and k is a Tate constant. If intrinsic variables be used, Equation 3a
should be written as (notation of Chase): {(d(z.X)/dt) syn~ k2 Zqquil. .X where ¥ is the
concentration of biomass. After partial differentiation of the left side of this intrinsic
equation, writing (dz/dt)syn explicitly, we have

- (3b)

ds -
(x: szn - l“":Z'Zequil. *Baquil.

in which “'zequil. tepresents the dilution of the mass fraction of enzymes, for example
in dry matter, caused by growth. _ . )
In order to overcome the problems discussed above Fredrickson and Roels & Kossen
proposed to distinguish two types of reactions in a bioclogical system:
(1) Reactions of the biotic components, i.e. compenents within the microbial cells,
which are governed by the mass fractions of the components in dry mass, thus expressed
as intrinsic variables . : . . ‘
(2) Reactions of the abiotic components, i.e. components outside the microbial cells,
vhich are controlled by the mass concentrations of it in culture fluid. In dense
cultures, however, the concentration of abiotic components in culture fluid must in fact
be taken as the concentration of abiotic components per unit volume of abiotic medium.
To define the two types of reactions in a micrcbial culture, the general state
vector ¢ of the biosystem must be divided into a state vector of abiotic components ¥
and a state vector of biotic components X. In our specific model only in the abiotic
phase, one component S has been defined and thus Y is of the first order. In the biotic
phase six compenents R, K, G, NR, NK and NG have been defined resulting in a biotic state
vector X of sixth order.
In vector notation we obtain:

c={77] - @)

In unstructured models it is assumed that conversions take place between biotic com=
ponents in terms, for instance of dry mass or protein and the abiotic components in the
medium. However, in structured models, mutual conversions between biotic components can.

be distinguished too.
In our model, eight types of conversion proeesses will be dlstmgulshed and are

graphically shown in Fig. 5:
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1. Conversion of S to R 8~ YSRR rate PSR' (5)
2, Conversion of R to K: RNA

synthesis R'» YRKK rate ro. . (6)
3. Conversion of R to G governed .
by the K Compartment: protein R+ Y. .G  rate rp. ‘ (7)
synthesis
4. Turnover of K to R _ . K+R rate Prr 8
5. Turnover of G to R G+ R rate Tar (9
6. Loss of R by conversion to NR: .
shift to non-viability or R+ NR Tate ro an
death
7. Loss of K by conversion to NK:
shift to non-viability or K-+ NK rate PR an
death
8. Loss of G by conversicn to NG:
shift to non-viability or G + NG rate ry, . (12)
death

In the first three conversion processes (Eqns 5-7), allowances are made for sub-
strate consumed in energy supplying reactions or substrate mass given off as €05, HZO or
other metabolites. The yield coefficients Yors 1’ and :r’ are defined as amount of 2
biotic compenent divided by substrate or component converted and are expressed as mass
ratios,

The tumover processes (Eqns 8 and 9) are assumed to be pure depolymerization reac-
tions in one-to-one relaticnships. Quantitative conversions for the loss or decay process
{Eqns 10-12) are assumed too. The stoichiometric coefficients of the components on the
left of Eqns 5-1Z are considered negative.

The rates of the B conversion reactions in the microbial system may be presented
by a vector r of eight order:

re= [rSR Pex Pre Yer Txr Tyk TRR rNG} o . ’ {13)

"The stoichiometric matrix of the abiotic components of the defined conversion reac-

tions (Eqns 5-12) o' will be of order 8 x 1 and can be written in the form
[-1]

(14)

cCOoOo0oDoOoOQ

Subsequently the stoichiometric matrlx of the biotic components s of the order 8 x 6 (1 e
8 conversion reactions and 6 components) is given by:
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SR 0 g 0 (4]
-1 YRK 0 0 0 0
-1 0 '?RG i 0 0
o= +1 ¢ -1 0 o -0 (15)
+1 -1 0 0 0 0
-1 0 0 +1 0 0
-1 0 0+ 0

l o 0o -1 o 0 +1]

Finally we have to define the vectors of flow rates of the different components in-
to the system after which the different balance equations of mass of the six compo-
hents can be formulated.

First, the vector of flow rate of the abiotic component S can be expressed as

By = logl - - | (16)

The expression for bg (g/1.h) depends on the technical system defined. For example,
in a batch system ¢g = 0. In Section 3.3.3 ¢g will be defined for a chet?osj:at with re-
cycling of biomass. )

The increase in the abiotic component $ in the system is given by the abiotic ba-

lance.
Accumulation of S . Conversion of § Net flow of S
per unit time # = per unit time # + per unit time £ an
per unit volume per unit volume per unit volume

The kinetics of the abioctic processes are completely defined by the vector of reaction
rates (Eqn 13) and the stoichiometric matrix of the abiotic components «' (Eqn 14).
Using matrix notation, Equation 17 can now be reformilated and the balance equation

of S becomes:

= F.a' + $Y (18)

&8

Substituting for r, Eqn 13; for «', Eqn 14 and for ‘PY’ Eqn 16 in Egn 18 and the balance
equation of S in the culture is given by

dcs o X S - : ) (19)

—— = -n +¢

where Cq is the concentration of comportent S in culture.

Secondly the vector of flow rates of the biotic components in the system ¢, ¢K,'
LI ¢NR, - and NG has to be formulated. However, we must bear in mind that the biotic
phase of the system is thought to be a collection of whole m1crob1a1 cells. So biotic

substances entities can enter or leave the system only as components of the cells, In a
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distributed model, the biotic components may be expressed in organic dry mass of the cul-

ture (g/g).
To express the biotic components in temms of fractions of dry mass, the state vec-
tor of these compcnents ¥ in Equation 4 may be reformulated as follows

¥-7.c (20)

- _KG z1)
T, 0. 6. T, T, T
ar : ] '
T oo . ) (22
W [”R U ¥ Yyr Ywx "’NG] _

where »; is the mass fraction in dry mass of a biotic component i.
The elements of ¥ are not fully independent because

. ¢}
Ug T g Y ¥g T Ugg T Vg T UG 1 o

The vector of flow rates of the biotic components as mass fractions of dry mass into the
system can be written now as

L . y
By = by | | (20

where ¢x is the flow rate of whole cells mto the culture.

Using again the principle of balance equation for each of the b10t1c—phase CompcnentS,
the balance for the biotic component is '

Accumtlation of a- - Conversion of a

Net flow of a :
biotic component biotic component biotic component - (25)
per unit time ¢ per unit =

Per umit time ¢ per unit + per unit time ¢ per umit
volume volume '

volume

The kinetics of any process in which the biotic components of the system participate are
completely defined by the vector of reactions rates (Ban 13) and the matrix of steichio-
metric coefficients of the biotic components a (Eqn 15).
Using matrix notation, Equation 25 can now be reformulated as follows

& 4w Cy)

= p.a + EX i ' : (26)
dt dt

Partial differentiation of the 1eft of Eqn 26 and substltutmg Eqn 24 for ¢x, the balance B
equation of the biotic components becomes

€, —+ W —2=TF.a+¢..7 o L@

X 3t 9% . S o i . .
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If the balance equations of each of the elements of biotic state vector ¥ are ;added. we
may then.write the balance equation of biotic components in the system as

aw o ow 15 . B ' 18
R Wy g NR . UNK e X
Clor *sg *t5e * ot o 3t b lwg + g +wg + gy +uge v o) =
= (F.a).T + gl * e +ug * o, +ug + ] {28)

where 7 is the unit column vector of order 6.

There the sum of the elements of W is egual to unity (Eqn 23), the overall change in time
will be zero. Then Equation 28 can be simplified and the balance equation of dry mass in-
the system in vector notation becomes ‘ '

ol : . . .
o= Fo) T+ : : . _ (29)

t
This vector notation can be transformed back into a balance equation -for dry mass by
'multiplying out the matrix and substituting for » and o, with Equations 13 and 15, re-
spectively,
The result of this operation is

52,

37 = YspPsr * TreTax © W * Trglfre -V * (30)
The series of biotic components expressed as mass fractions of dry mass in the culture is
found by substituting Equation 29 for acX/ 3t into Eqn 27. In matrix notation the balance
equations of biotic components as mass fractions of dry mass are given by

% = %X{F.u - ((r.a) W} . : ' (31)

This compact notation can be transformed back into the different balance equations
of each of the biotic components by multiplying out the matrix and writing separate ex-
pressions for the elements of the state vecter W. These operations result in the follo-
wing series of equations .

. 3w ) ' ac

R_ 1 - _ _ - X _
e T T {¥opPor ~ T ~ Pre " Tor T kg T TR Gz - ¢xdwg! (32)
3w, C.
K_ 1 _ X _
3t = C"—‘X {.?RK.I'RK - r'KR - rNK (at ¢X)wK} (33}
) o 3C
G _ 1 - - - _x' - ' 24
3t O {YpaPrg = Tor ~ Twe = GE - 40! (34)
w h ac, : : i .
KR _ 1 X _ - 35
%Gy ryg = Gy = ogdiyg? (35)
| dw, al o : . :
_Ng 1 X _ . : i oo 36
RS S e & S (36)
e %{ . 8y * ' : C ’ a7
5T, lryg = Gz = ox)¥ng! _ : _ e _
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Now that we have derived a set of balance equations of a growing culture of
micro-organisms based on the postulates of the three compartment model (Section 3.2}
(Eqns 19, 29 and 32-37), we must postulate constitutive equations for the rates of the
biochemical processes {Eqn 13) and define flow rates of substrate g and biomass 9x

8.3.2 The eomstitutive equations

3.3.2.1 Rate of conversion of substrate S to component R: rg

Constitutive equations are expressions for the rates of conversion processes in
the biosystem in terms of the elements of the biotic and abiotic state vector and other
intensive variables like pH and temperature. For example, in order to describe substrate
kinetics in activated sludge, Monod-like relationships are commonly used in sanitary
engineering. However, these relationships are only of limited use (Section 1.1.2) and
would be inadequate, as will be shown in Chapter 4 if for example, population shifts
occur. (Jones, 1973) or if enzymatic shifts in metabolism of the micro-organisms occur at
fast growth rates (Shehata & Marr , 1871).

Complicated sequences of biochemical processes may be approached classically by
transforming to a set of linear constitutive equations. _
. However, this linearization procedure for modelling a conversion process at different sub-
strate concentrations will be only a good approximation in a small region of the sub-
strate concentration. Savageau (1976) therefore, proposed to approximate the constitutive
equation of a rate of a conversion by taking the natural logarithm of this rate and to
develop this function with the Taylor series method. Postulating rgp to be a function of

Cg and Cy, In rep(Co, €p) may be expanded in a Taylor series about a concentration C

S!
taken as ¢
g and CX

_ » taken as E‘x - The tilde denotes a steady-state quantity. The Taylor
series of In Por (CS,CX) is now given by

31lnp

- - SR -
1n g, (64,C,) = 1n rgp(CqsCy) *(TE“(,T)_ . +(ncg-Ing)
CgsCy
3 1nr '
SR -
+ (—__a e, )~ . -(nc -m ¢y) (38)
520y
If 1n kSR is defined as
. - . 3 In rg, . » In Pop ~
In kgp = In rep(65,0,) Twr) g o), oy o9
CgrCy X Cgily

where kSR is denoted as the rate constant of the sub

strate utilization process about Cq
and Cg. The ordinary derivatives of In »

; 0 SR with respect to Cg and Cy Tespectively, about
Cg» taken as Cg and Cy, taken as €y may be defined as
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§Inr
4 <G, ), (10)

' : 57X
and

. alnr
o G ) 1)

Corly

whereas ag and ay are denoted as the formal orders of the substrate utilization reaction.
Substituting Equations 39-41 into the Taylor series of In Psp {Eqn 38), we have

In rop = in kSR *ag In CS +ay In Cx (42)

or

ro = k.. B0 X (43)

If rgg is assumed to be independent of limitation of substrate diffusion to the micro-
organisms, for example by flocculent growth or high concentration of the growing culture,
Pgg 18 proportional to Cy, i.e. ay =1 and we may define the constitutive equation of the

conversion of component S to component R in the culture as

. ag 4
rep = kSR'CS - Oy (44)
The boundary conditions of the Equation 44 can be defined if Cy is increased until the
derivative of In rep with respect to CS (Eqn 40) at Oy constant, becomes equal to zero
i.e. as= 0, above a fixed concentration of Cj. This means that ro, approaches its maxi-

. and becomes only dependent on the concentration of dry mass Cy. With

mam PSR = 1’15
R,max_
a-nd QS = 0, Bquatim 39 can be

Tespect to these boumdary conditions, i.e. Og = Cg .o
1]

written as:
1n kSR = 1n PeR,max " In &y (45)
or
= 46
sk = Pr,max / ©x (46

In fact, by the method of Savageau a ™ order rate equation' (Eqn 44) has been
obtained which is extensively used in chemical reactor design {Levenspiel, 1971). This
type of constitutive equation for substrate utilization by micro-organisms was already
adopted by Grau et al. .(1975) and by Benefield & Randall (1977) to fit their kinetic
experiments. The reasoning presented here can be assumed a rational for the application

of such an equation in the present case.
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3.3.2.2 Rate of conversion of R Component to K Component and G Component, respectively:
g and rpo - '
In the two-compartment model of Roels & Kossen (1978) and Roels (1978), the kine-
tic expression for the conversion rate of the synthetic section (K Corpartment) to the
structural genetic section (G Compartment) is thought to be a bimolecular reaction:

Peo = kKG'wK""G'CX 47) -

in which w,, w, are the mass' fractions of K and G Components. With this constitutive
equation, their model predicts a linear relationship between the steady state of the K
Component and specific growth rate (u). It shows a strong resemblance to Figure 6.
However a quantitative verification with data from Table 2 shows that the increase in K
Component as a function of w, as predicted by the model of Roels & Kossen (1978) and.
Roels (1978) is too pronoumced. In actual practice a slower increase is found. Further the
" 'maintenance factor' of G Compartment, M, Was calculated to be a factor 10 or more as
high as that experimentally found (Pirt, 1975).
So it is uncertain whether Ppg A rp. in our model are simply proportior}al' to

- Wp» We and », in such complicated metabolically regulated comversion processes between
the compartments as assumed by Roels & Kossen (1978) and Roels (1978). Therefore in the
model proposed: : '

1} TR is postulated to be a function of the mass fraction of R Component in cells,
representing the content of building block for synthesis, for instance of macromelecular -
compounds (RNA, DNA, enzymes), and of the mass fraction of K Component, i.e. the protéin-
synthesizing machinery. Presumably RNA synthesis will be governed by the contents of

R Component and K Component in cells {Section 3.2). Mathematically

= Eovd 6 o N
2. reg i.e. rate of synthesis of enzymes and other proteins, is thought to be go-

verned by the protein-synthesizing machinery and the pool of enzymes itself (Section 3.2)-
‘This hypothesis may be formilated as '

oo = £, wg) Cy. _ ‘ (49)
3. The idea in this model is to approach both functions flwg, ) and £(uy, v
with the Taylor series method for functions of two variables, The functions have to be
defined with derivatives of Znd order at least. If the net increase of biotic components
is proportional to the growth rate (Table 2; Fig. 6), then the rate of synthesis of
biotic components must be proportional to the second power of » or second power of the
net increase in a biotic component {Koch, 1971). _ ' o
The Taylor series for f(wR, wK) and for f [wK, "’G) are expanded about wenr ¥go

cg» 1.€. the content of a biotic component in cells when growth stops (u = 0), and
substituted in the Fquations 48 and 49, respectivel

and w

. as
» Ppy and Ppe €an be formulated
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oy = £ (wpgs vyl * fw.R("’Ro’ weo) Wg-ipg) * fwK(‘“’Ro' Wgo) (W tge)d +
1 2
7 [wawR(”RO’ Vo) (g ivgg) ™ + 2£waK(wR s Uyo) (Wpvipe) Wpwgy) +

. 2

fwKwK(wRO' Vo) Wy o) ] (50)

where f " and £ . are the partial derivates of first order evaluated at (wm, wKo). Simi-

larly thi partiaE derivates of second order are denoted by fw o
R

y £ and £ . ? also
R KK
evaluated at (w

YRR

R0* Yol

Ppg = £ (ggs wgp) * fwK(”Ko’ wgo) logmidgg) * wa(“’xo’ ugo) (Wggp) *

1 2
7 [fmeK(”K » Wgo) Wgiige) ™ * 2 fwKwG(“’Ko' Wao) Wy i) Wg0g0) *

2
wawG(wKO’ Vgg) (g™ ¥go) :| 6N

Whe're: £ " and fw are the partial derivatives of first order evaluated at (UKO’ "’GO) and’
the part‘fal deri\cf;'atives of second order are denoted by £ " lec’ f g and fw w.? evaluated at

GG
(o ) too.

3.3.2.3 Rates of turnover of K Component and G Component respectively: rKﬁ and r..

According to Roels & Kossen (1978) and Roels (1978) a turmmover of the compart-
ments is assumed in order to give Tise to maintenance processes in the microbial cells.
Allowance for this featyre can be made by assuming a first-order degradation of K and G
Components to R Component. The two constitutive equations become

g = Pt 52

and

- (53)
Pop = mG.wG. CX

in which the specific maintenance rate; m, and Mg WAy be regarded as turnover rates of

K Component and G Component, respectively.

3.3.2.4 Rates of loss of R, K, and G Components in NR, NK, and NG Components respectively:
&’ TRR and Tya
Loss of viability of organisms in activated sludge (Weddle & Jenkins, 19713

Grady & Roper, 1974) causes a reduction in the active cell fraction of the biomass, espe-

cially with decreasing growth rate (Section 3.2). _
In accordance with the concept of Sinclair & Topiwala (1970),
lity is assumed to follow first-order kinetics with rate constants: Ke,, Kge and Ky

the loss of viabi-
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‘

The proposed constitutive equations for loss"'of cell components may be written as

c o (54)
R T kNR‘”R' X _ . :
o (55)

g = KoY Cx
| (56)

g = Kygr¥g-Cy

.

where the rates are again proportional to.mass fractions of whole cells in dry mass.
: After defining the series of constitutive equations (Eqns 44, 50-56), the last
step is to formulate expressions for the flow rates 95 and by

: with
8.3.5 Formulation of the flow rates of substrate ¢g and dry mass Py a chemostat
recyeling of biomass

Highest efficiency of conventional purification of waste water can be achieved

by increasing the rate of purification Per unit reactorvolume. This is possible if the
biomass concentration is increased above the value possible in an once-through chemostat,
that is YSR[CSO = Cg). The optimum concentration within envirorment limits is achieved
- by concentrating the biomass in a separator outside the reactor. Conventionally, the
c;)ncentrated stream is fed back to the reactor and a part of it is discharged as surplus
sludge. In this way, retention time of biomass and of medium can be regulated independently.
For better control of bicmass cancentration in the reactor, surplus sludge was removed
from the reactor directly rather than out of the recycling stream of biomass. The chemostat
with activated sludge was stirred and acrated. Figure 7 shows the chemostat with recycling
of biomass and its parameters.

The net flow rate of substrate into the system, 't.'s’ will be

rate of rate of Tate of rate of
incoming feedback outflow waste '
$¢ = substrate  + substate - substrate ~  substrate (57}
per unit ©  per unit per wnit per unit
volume Volume volure volume
bg = WgeCgo * w304).C - 4,0, - By -bg-Cgd/V (8)

where ¢y 1s the inflow rate of incoming substrate ¢

g0’ %) is the outflow rate of sub-
strate in the reactor ¢

g} Wy is the mass fraction of #, fed back and w, is the mass frac-

tion of o discharged from the reactor as waste biomass; v is the working volume of the
reactor.

The outflow rate %, can be written as
$p 70 Y gt wey - . (55)
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tled sludge

Fig. 7. Chemostat with recycling of biomass. A, reactor; B, separator; V, working volume
of reactor; C'X, concentration of biomass; CSO’ concentration of incoming substrate; US'
concentration of substrate in reactor; ¢0, flow rate of incoming substrate; ¢l' outflow

rate of substrate in reactor; Ws Wys Wy and w,, mass fractions.

and writing %, explicitly.

_(-wy) (60)

¢, = .}
ey 0

Substituting Eqn 60 for ¢ in Equation 38, where ¢o / V = D and D is the dilution rate of
the reactor, we obtain

3 Pat 1 @) %) he D.c, (61)
= D0, = DCq -~ — = oL -u,.0
s P00t T S0 T Ty 8010

and after rearrangenent we can define ¢, as:

b5 = D(Cgq ~ Cy) (62)

In the same way the net flow rate of biomass ¢, can be formulated. It will be

for our system (Fig. 7)

rate of incoming rate of waste rate of outflow
¢y = biomass per. - of biomass per - of biomass per (63)
unit volume wnit volume unit volume
by = @yebya0y-Cy = 0yebgeCy = 8OV (64)
where w,.Cy 1is the fraction of biomass fed back into the reactor. Substituting Equation

60 for ¢ into Equation 64 we have
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wyll-w) 0 -w)
3 ] - - DO
B rr——— .D.Cx b)l .D.Cx

(65)
(1-u,) (t-w) ¥

¢X
. 3 3

The Bimnss balance for the separator is given by
: (66)
¢].Cx =(1- w1)¢0.w4.CX + w3.¢].w2.6'x

defining w,.Cy a@s the fraction of bicmass in the liquid stream leaving the separator.

Substituting again for ¢ {Bqn 60) and after rearrangement, ‘_"2 may be written explicitly
as
) 1~ uy + wy. v, 7
Y2 . |
"3

Stgbstituting Equation 67 in Equation 65 and rewriting the right side of it, we obtain }

- - : (68)
by == {wi + (1 "’1) w4}D'CX :
or
= - {69)
¢x WQ'D‘CX _
where wy is called the hold-up factor, defined as wD + (1 -w ) w,

It is the addition of the fraction rate of total di

scharge of b1umass Ieaving the system
with the effluent stream, w

w, (1 - w ) and the fraction rate of discharge of biomass taken
from the reactor directly as dlscharged activated sludge, w, .

The factor w, defines the settlmg of activated sludge and can be 0 < w, < I. If
w, = 0, there is 1dea1 settling and if w, = 1 there is no settlmg at all in the separa-
tor. In practice, intermediate values are obtained.
Finally W defmes the technical system used. If Wy = |, & once-through systeém is design-
ed and 1f vy = 0, 4 batch system.
3.4 SUMMARY OF THE COMPLETE SET OF DIFFERENTIAL-

AND STEADY-STATE EQUATIONS OF THE
THREE-COMPARTMENT MODEL ) : : .

Scheme 1 represents the mathemat1ca1 development of the three-compartment model.

The final result of this approach is the definition of the set of state and steady-state
equations. In a Steady state of the culture R

the mass concentration of blomass, ¥ of
- growth-limiting substrate Cg and biotic mass

fractlons remain constant,

30



(L5-1¢ ubg)

X

- : 0 2e ¥ i€ . 186 4 S P
[ (»D) - 02] - = — (6Z ubg) ¢ + z(0°8) = — (6L uwba)"¢ + "u. o —
i \M.m Hbm w.umv
: sTunuoduon
Jo sUoT1enbs eJUe[Rq JO 195 :ssewt AIp yo uoTIENDS @dUeTRq Jueuodiiod STI0TqR Jo UoTIEnbd adurteq
I

(b2 ubg) u-X6 = X5 (02 vba) Xpoy = 5
PesSN aJB SITQRTILA DTSUTIIUT .

T iP915eM STTS2 oTouM S8  syusuoduod OTI0Tqe JO X03ISA 93BI MOTJ

(¢-g¢ uoT198g)

(g-¢-¢ uoTadeg)
w3545 Jurzasurius-orq Fo adTOR

uw1sds Furassutdus-o1q Jo sotoyd

. (2*¢*¢ uotIneg) . _
(51 ubg) » :s3usucduod TIOIQ JO HIMOTWOD . 207 suotssardxe +a'T ‘SuoTyEnbo (g1 ubz) ,» :s3uoucduod STIOIqE Jo
XTITEUL DTIISUOTYITOIS SATINITISUOD FO pow Jo uotyeTnysod XTIJEU DTITSUOTYDTOLS
huﬂm..._.u.nmsouz..u . z _—
p 3 P
(oz ubg) e + (@) = — (gL ubm) "¢ + (,0'e) =
_ P P
"s7ustedmon 21301q FO uotrienbe ezurTeq . ' s1usuxding 9T30Tqe Jo uorienbs anteTEq
I I

I
(v ubg) [ 1]

n
L&}

X txoloaa a1ers feseyd STI0Tq + 4 1203094 23els ‘oseyd J110Tqe

2 1103D9A 91e3s [ersusd a3
Aq pourysp wesdsorg

*Topoll paanionIls ayl Jo jusukioTorsp TeodTIvuOyIEK .m SUBYOG

kY|



3.4.1 State equation of the limiting substrate concentration: Cq

If Equation 44 and 62 are respecﬁvely substituted for Top and ¢, in Equation
19, the state equation of Cg can be defined as o

de a
5 _ _ 5 _ : 70
&t— kopeCg “+Cy * D (Cgq = Cg) (70)

2.4.3 Rate of uptake of subatrate by R Compartment: qgp

In steady state, deg/dt = 0 and the state equation of ¢g (Eqn 70) can be reformu-
lated as follows ‘ '
D, - T a -
_“\go " bg) 5 7
9sr ksn‘a‘s (71)

X

s

in which ESR is defined as the total c0nsumpti0n'rate of substrate divided by the con-
centration of biomass. The tilde denotes a steady-state quantity. 7'

For quantitative kinetic analysis, the effect of altering ('35 an 35R is deter-
mined at different steady states of the culture. Then 1ln ESR may be plotted_againsf in
ES and kSR and aé determined. These calculated values of kSR and ag will be mean values
of a series taken on the curve of "}JSR against E‘S (Ean 39}. ‘

3.4.3 Steady-state equation of the eoncentration of biomass: EX

If steady state in a culture is assumed, dcg/dt = 0 and ?,‘x in Fquation 70, writ-
ten explicitly, becomes
N o b(Cgy - Cg)
< ____._a : . (72)
kep-Uo’s . :

3.4.4 State and steady-state equations of the mass fraction of K Component in dry mase:

Substituting into the balance equation for w, in the reactor (Eqn 33), Equation

48 for Trx and Equaticn 69 for bx» this balance equation can be reformulated as

Swy _ -
-;;—- = [‘YRK'f("’R' k) Oy - Mg g« Cy = Ry .y = Pyl — ; (73)

Sy

In steady state when du,fat = 0, the rate of conv_ersioﬁ of R Component to X Com-
ponent, £(wp,u.) can be formilated from Equation 73 as

%



- - . " " ‘
Bl = ~— [mK.wK Rty + (o) /r:x] | (74)
RK

where the tilde denotes assumtion of steady state.
' The rate of conversion of R Component to X Oomponent,anK = f(“’n’wﬂ)cx is approxi-
mated with a second-order Taylor series for functions of two variables (Section 3.3.2.2;
Egn 50). This general definition of the constitutive equation of rpr Was used because
of the uncertainty in regulation by wy and vy in such a complicated metabolically regula-
ted conversion process. However experimentally it is difficult to determine the constants
of the Taylor series. Therefore in the three-compartment model, the following assumption
was made.

For growth in non-steady state rp, is assumed to be a small oscillation about
oy in steady state: Tpg ® f (wR, “’K)cx (Eqn 74). Then Pok = f(wR, wK)Ux in non-steady
State may be well approximated by the second-order Tayler series of the steady-state
equivalent, i.e. Tre = %(mR,wK) Cye The balance equation of Wy in the reactor (Eqn 73)
can then be refornulated as

W [

K y - - I
=" I:_YRK.f(uR, W) Cy = Myt Cy = KOy rx.wK] A {75

In Equation 75, the Taylor series of f’(mR,uK) as developed in Equation 50, can be solved
by using the steady-state assumptions.

. From experimental evidence (Table 2; Section 4,2.2.3) linear relationships be-
tween mass fractions of cells, wp, wy, u; and specific growth rate may be assumed in
steady state. The increase in mass fraction with increasing specific growth rate for ﬁR,

Wy and w2, Tespectively, becomes

- - (76)
Up T ¥pg T Op-¥ : '

. e . 77
Wg = gy = el

- . ' (78)

e~ Yo “_“G‘“
vhere o and . ave rate constants. Substituting Bquations 76-78 into the formal
R % e - 7 ¢,, we should have
Taylor series of e (Eqn 50) where now f(wR:wK)'Cx = £log,ue) COys
g . . ' - 2 1 E a2y w2le. (79
R T I:EEI"RO!WRK)_ + (Bgeog + fgeogu * (3-fgp-0f * Speopok * bty "] x 79

7 . . hyd 5 o - by
The 0 th order derivative for f(wR,wK) with respect to &y and &y about wg = wp, can be

derived from Equation 74 if rx.mK / Ux. = u. p,ﬁK = “"“‘;K' is set to zero. Then we may formulate
£ I ko (80)

R0*¥go) = 7
RK
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Substituting Equation 80 for £(w R0*Pgo) 1nte E('.[Uﬂtlon 78, the rate of conversmn of R
Component to K Component becomes '

% * Fad ko

Trr

Tox +(f g +f oy +

(ol + fana + ) fKK.aIZ()u’-] ¢, B3

The state equatlon of w, can be developed by substituting Equations 81 for
Pog = f(wR,wK) CX f (wR, K) C 1nto Equation 73 and after rewriting the right we obta:m

- W 1 (m, + k) w p p
K _ —_[YRK{ K NKS RO, (fR.aR + fK.aK)u +
at CX ¥

RK

+ (1. fRR o2 + a0, + b Eg a2 du2} Gy

Oy~ Ry Oy = rx‘”&] (82)

Equation 82 can be solved by carrying out contimuous-culture experiments.

The coefficients Ypgr Mgs Kygs Wggr ®g @d o can be determined. The two Taylor-series
constants in Fquation 82 associated mth u and u? respectnrely, can be easily calculatEd
as shown in Appendix C. : :

3.4.6 State and steady-state equations Jor mase fracticn of G Component in dry masd: ¥

-

The same mathematical procedure can be followed as used in Section 3.4.4 if we
start with Equations 34, 49 and 69. Here only the final resulits w111 be given.

me *+ ]w - -
rRG =[—(——i~__ + (fz.ul{ + fg_aG)u +

Yee

- - - . .
+ (1.E, .02 + f .a .0 + 1 f* x2)p2 ' 83)

KR T ket %kte *o2-tgge Sghut[ oy . S (

- 34



(g + kye) ¥

3w i . . -
S L PR . G- I S
at - G - Y
X TR
+ (%'%*KK'GEZ( + fI:G'uK ag + %‘F(;G‘m(;) w2} ¢
= Maauige Oy = Ko 150y = I'X.wG] (84)

3.4.6  State and steady-state equatioms of the non-viable or dead mass fractions In dry
MARE! Uyps Wy and Ye
The state equations of the net productions of NR, NK and NG in time are found if
Fquations 54-57 are substituted for Pyps Py and r., respectively, and ¢y = - wy. 0.0y
_(Baqn 69), into Equations 35-37, respectively, we may write

BwNR 1 a5
v = lkypwg Oy = ryetoygp?t e ' ' (85)
X
C W 1 :
MK - _ 86
” {kNK.w WOy = Py e _ (86)
X
aw, : 1
NG _ 87)
— = {k, w..C, - r,u0,, } — (
3t kNG G"'X X*UNG Cx

In steady state if dp/dt = 05 duy /3t = 0 and 3Cy/3t = 0, Equations 85-87 may be writ-
ten, writing the non-viable or dead mass fractions explicitly

. 1

kygevg o (88)

v _ "N 1 (89)
wN'K kNK-&JK. TJ-

~ Ao (90)
WNG kNG'wG' —_

374.? State equation for mass concentration of biomass: Cy

If Tquations 81 and 83 are substituted respectively for rp, and ry, into Equation

30 ad ¢, = - wy.D. Cy (Eqn 60) the state equation of Cy can be expressed as

7
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i O N i Sl ol
% SR""SR'“S ‘"X

P + (fR'GE; + fK.uK) u+
RK

1 ¥ 2 . 1 ¢ 2y .2 -

"'fRR'aR + fKR'uR'uK + 1, KK'GK] n :I[YRK 13 Cg +

R X N :
[m'b(f*_u +f*_aG)]_|+

k% * i
Tra
P 2 4 f 1 F 2y .2 ‘
(3. Ep0? + f;c.ak.occ + i.fgc.uc) u :l(rm - 1) ¢y - w00y (91}

$.4.8 Steady-state equation for mass concentration of limiting substrate: BS

In steady state, 3C,/3¢ = 0 and dividing the terms of Equation 91 by Cy» we ob-
tain for the concentration of E"s in the culture

% \% E(’"K * o) Vo

5
J!'RK

* (peag * freog) ¥

+(§.fRR.uI"’{ + frpopaoy + 1.fpp.0) w2} Q1 - Vo)

bmg *+ Fyg) @ y
0 “
+ {T + [f;:.GK + fE.H.G) U+

+ (dofea2 + 'f"KG.aK.uG + ;.%;G.ag) w2} (1 - 1)

I |
* "’n'D]/ Tor-ksg (92)

3. _4°9 State and steady-state equations for rass fraction of R Component in dry mass: ¥

Finally the change of wy in time, 3w /o¢, will be zero minus the sun of changes

in mass fractions of all the other components in time. For steady state, it is unity mi-

nus Fhe sum of the mass fractions of all the other components, respectively.



4 Experiments with activated sludge for
testing of the three-compartment model

4.1 VANILLIN AS CARBON AND ENERGY SOURCE

In our experiments, vanillin (3-methoxy-4-hydroxy-benzaldehyde) (molecular mass
152.14, white crystalline needles, solubility in cold water 10 g/1) was chosen as carbon
and energy source. Vanillin is a metabolic intermediate in the breakdown of lignin
(Dagley, 1971) which for example may be found in waste waters of paper pulp factories
(Dubach, 1966; 1968). Vanillin may be regarded as a representative organic compound for
many aromatics. By feeding activated sludge on the vanillin-basal medium {Section 2.2),

a well-settling sludge was obtained that consisted of a variety of micro-organisms and
some protozoa (Chap. 6).

Toms & Wood (1970) established both chemically and enzymically vanillin, vanillic
acid (3-methoxy-4-hydroxy-benzoic acid) and protocatechuic acid (3,4-dihydroxy-benzoic
acid) as definite intermediates in the degradation of trans-ferulic acid found in lignin.
Qur results confirmed these observations of Toms & Wood (1970).

Washed cell suspensions of vanillin-grown activated sludge (x = 0.08 h
pronat flasks (Section 2.4.6) oxidized vanillin, vanillic acid and protocatechuic acid
at respective rates of 2.5 mmol/g.h, 2.2 mmol/g.h and 1.9 mol/g.h. The substance mass
ratio of vanillin to dry mass was 2.5 mmol/g. Catechol was oxidized after a lag-phase of
2.0 h (Fig. 8). :

From these results (Fig. 8), it can be calculated that each mole of vaniilin con-
sured 1.5 mol 0, more than the consumption of 1 mol of protocatechuic acid; 0.5 mol for
carboxylation and 1 mol for demethoxylation (Toms & Wood, 1970). Vanillic acid constmed
1 mol of 0, more than 1 mol of protocatechuic acid for demethoxylation. Protocatechuic
acid was rapidly oxidized with consumption of 3.6 mmol of 0, per mwol of substrate to
give 3-carboxy-cis-cis-muconate as the first aliphatic intermediate (Ag,, = 270 nm}
(Fujisawa & Hayaishi, 1968). ' .

The activity content of EC 1.13.11.3-protocatechuate 3,4-dioxygenase in crude
extracts was determined according to Fujisawa (1970) and found to be 35-36 ymol proto-
catechuic acid converted per mg protein per minute and of EC 1.13.11.8- protocatechuate
4,5-dioxygenase (Wheelis et al., 1967) 0.0 ymoles/mg.min. Toms & Wood (1970) observed
¢leavage between carbon atoms 4 and 5 {meta cleavage) which _is characteristic of Pseudo—
monas actdovorans and Peeudomonas tegtosteront (Wheelis et al,, 1967). Cleavage between
carbon atoms 3 and 4 (ortho cleavage), also found in the activated sludge, is observed

of all other species that oxidize protocatechuic acid (Stanier et al., 1577).
It may be suggested that the metabolic pathway in the activated sludge for con-
& Wood (1970). The further metabo-

version of vanillin be according to the view of Toms : : 10 1o
lism of protacatechuic acid by a 3,4-oxygenase would be expected to give rise o 1.0 m0

1y in Sa-
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Plg. 8. Oxidation of aromatic compounds by washed cell suspensions of vanlllng;gri‘m
activated sludge in Sapromat flasks. Each flask contained a final volume of 1 .. t; ol
made up of basal medium minum (NHt,)zS , .cell suspenslon 0.44 g and substrate

Results were corrected for endogeroiis respiration in the absence of substrate.o,
vam.llm, » vanillic acid; e , protocatechuic acid; t , catechol,

of acetyl-CoA and 1.0 mol of succinic acid, both of which can J.mmedlately enter the tri-

carboxylic acid (TCA) cycle. Scheme 2 sutmiarized the metabolic pathway of the conversion
of vanillin into acetyl-CoA and succinic acid, )

[©] HO
H0 - [0]
NADH NAD" NADH NAD
NADH HCOON=HCHO ——_CH:,OH : : ' o
H o E o '
\ 4’"
HO-C=0 HO~C= =0 . HO-C=0
! ) (@) { 2[0]
. | ucetyi-CoA
40-'- ot
succinic acid
. OCH3 /C\C\ .
vanillin : - vanilic acid . protocatecm'c . Y-tarboxy-cis, cis-
. acid : rmuconic  acid

Scheme 2. Conversion of vanillin into Protocatechuic acid as suggested by Toms & Wood

(1970) with vanillin-grown activated sludge. Protocatechuic ac1d was found to be cleaved
by EC 1.13:11.8 protecatechuate 4 s3~dioxygenase {I). . .
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_ Phenomenon of substrate inhibition or toxicity of vanillin at higher concentra-
tions would complicate the kinetic studies of vanillin-grown activated sludge. Therefore
the influence was examined of the initial concentration of vanillin on the rate of con-
sumption. A series of Sapromat experiments {Section Z.4.6) was carried out, in which the
rate of oxygen consunption was measured at different substance-mass ratios of aromatics
to dry mass (Fig. 9). ‘

' Above aromatic substance-mass ratio of 3.0 nmol/g, the rate of oxygen consumption
approached maximum, but no inhibition of consumption of vanillin was measured. In the
experiments, such high aromatic loadings of the activated sludge occurred only near wash-
out. :

4,2 STEADY~STATE BEHAVIOUR OF ACTIVATED SLUDGE FED WITH VANILLIN IN THE CHEMOSTAT
WITH RECYCLING OF BIOMASS

4.8.1 Procedures

. The activated-sludge chemostat employed in this research (Section 2.6.2) was in-
oculated with activated sludge (Section 2.1) and adapted to the vanillin-basal medium
(Section 2.2). Concentration of incoming substrate in carbon was: Cgq = 0.631 g/1. The
‘Teactor volume was 4 1. The oxygen concentration was maintained at 0.003 g/1 or more
(Section 2.5.6) and pil 7.2, by adding NeOH 3.0 mol/1 automstically (Section 2.5.7). Main-
tenance of temperature 20°C, cleaning of the equipment and approached continuous dis-
charge of biomass are described in Section 2.6.2.

The flow rate of recycling of biomass wy9, was always equal to the flow rate of

do,(mmai [ g.n)

5M

& e = =0
.-

401 ' /‘:/#_ —
0] /:‘i. |
w4
101 °/ '
Z/

0 ! ! ! T T T T T T 1
- 20 40 B0 . 80 ,100
CaofCx (mmol [g)

._..._———.

) by washed cell suspensions

Fig. 9. Rate of oxygen consumption of aromatic compounds (2 i
te (Cso)' in biomass

i 2
of vanillin-grown activated sludge. The substance content of substra

(CX) increased from 1.0 to 8.0 mmol/g. Sapromat flasks contained a fx‘
(pH 7.2), cell suspension 0.44 g and

nal volume of

- 166 ml made up of basal medium miﬂ‘l.s (NHJ.) ZSO"

substrate ag indicated. Results were corrected for en

dogenous respiration. o ., vanillin; -
‘A . .

» vanillic acid; # , protocatechuic acid.
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incoming substrate-¢0 (Fig. ;!). During the experiments, no accumilation of activated
sludge was observed in the separator B (Fig. 7) and all biomass in the system could be
assumed to be in the reactor. ' ' B

The specific growth rate y ranged from low 0,02 ! where endogenous metabolism
was appreciable to high 0.19 h'1 near washout, by increasing the dilution rate b from
0.064 to 0.608 h™ and similtaneously increasing the flow of discharge of biomass Wi
(Fig. 7). The hold-up factor w, could be maintained at 0.31, deviating 0.10. After an
interval greater than three times the reciprocal of u, reliable estimates of a steady
state could be made. .

Samples 30-ml or 50-ml of the contents of the reactor and separator units (Fig. 3)
were cooled immediately in ice to stop the metabolic processes. :
The samples were pre-conditioned (Section‘ 2,4) and the suspended matter analysed for
total dry mass (Section 2.4.1), DNA (Section 2.4.2), RNA (Section 2.4.3), protein (Sec-
tion 2.4.4) and total carbohydrates ({Section 2.4.5), The culture liquor was analysed for
total organic carbon (Section 2.5.1).

4.2.8 Results and discussiom

4.2.2.1 Influence of population or metabolic shifts on the Moned coefficients

Jones (1973) showed theoretically, using a hypothetical culture of ten micro-
organisms each with its own particular substrate and kinetics (Table 3), that it may be
possible to obtain straight-line relationships when using the Lineweaver-Burk method,
1/u is plotted against 1/6‘S in order to calculate the Monod coefficients Mo and Ks
(Eqn 1). In discussing Monod kinetics, Jones concluded that the obtained values of the
coefficients are determined by Vnax and KS of the individual species. However, the kine-
tic coefficients calculated were only based on data in the flat region of the growth
curve ( = 0.001 - 0.0083 h™ 1), and an overall Moo O 0.31 07! was found, vhile eight
species could grow with much higher specific growth rates (Table 3). :

In their study of statistical analysis of optimun design of continuous-flow ex-
periments, Johnson & Berthouex (1975) pointed out the necessity of obtaining data on the
upswing of the growth curve if precise estimates of the kinetic coefficients and verifi-
cation of usefulness of the model are required. In particular, data on the flat region

of the grawth curve are weighted much too heavy statistically if the Lineweaver-Burk
method is used for determination of Mgy 30d Kg. .

Using the values of ¥oax a0 Ko of "Jones mixed culture' (Table 3), data in the
upswing of the growth curve could be calculated if Equation 1 (k, = 0) was used. The
calculated results are represented in a Lineweaver-Burk plot' and shown in Figure 10. The
arrow in Figure 10 indicates the total substrate concentration :
species starts. This Lineweaver-Burk plot is onl
strate concentrations of carbon (cs
obviously departs from linearity,
out.

where washing out of some
¥ linear over the lower range of sub-

= 0.0004 - 0.093 g/1). At higher concentrations, it
because the slowly growing micro-organisms are washed

Actually these tailing-off phenomena in mixed cultures were reported, for instancé
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Table 3 Kinetic coeffiencts used for caleulation of substrate removal curves for a ten—
.comporent mixture of micro-organisms according to Jomea (1973). Initial total substrate
concentration in carboen: CSU = 0,234 gfl; system yield coefficient in dry mass prediced

per unit mass of carbon consumed, ¥ = 0.38 g/g

Organism Cso . Yo umz;x ' ‘ Eg
. » :
(e/1) (8/8) @h g/l
A 36 0.27 0.90 0.015
B, 42 0.47 ' 0.78 0.017
¢ 18 0.46 0.3 0.019
D 39 049 017 0.009
E 3% 0.11 0.39 0.007
F 18 0.46 0.17 0.006
G 5 ' 0.41 " 0.64 0.017
H 13 0.49 0.50 0.003
I 6 0.38 0.62 0.017
g 23 0.41 0.63 0.009
e (i)t
" 25]
204
- 15“_
104
5—'/,
1’”“’\:1;&;:- x8
4 2.%4
! T T T T T ] T T 1
s O 002 004 006 oos 01
' S . . —_ - afCiafty

c growth rate against the
lculated with data about the
jzed in Table 3. Numbers
¢.as calculated

Fig. 10. Lineveaver-Burk plot of the reciprocal of specifi

Ee::]:.ro?al of concentration of substrate, The curve was ca :
indi etical culture of ten species of micro-organilsms as summal‘d lee
b 1tate bacterial species remaining in the culture. The soll

¥ Jones (1973). ) ‘ S _
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by Gaudy et al. (1967), Ramanathan & Gaudy' (1969) and Gosh & Pohland (1972). Gosh
& Pohland approximated their results by arbitrarily distribution of the culture in slow
and fast growers, each with specific values of the Monod coefficients.

This departure from linearity is also what we observed from our own experiments
with activated sludge in the chemostat with recycling of biomass (Fig. 11}. Linear re-~
gression analysis of the data in the linear part of the Lineweaver-Burk plot where
w < 0,100 b7 resulted in kg = 0.141 g/1, b, = 0.133 b, mmber of data points 19;
coefficient of determination 0.95 and standard error of estimate 0.08. However specific
growth rates in the region where u = 0.189 ntat E's = 0.423 g/1 could be moa-
sured,

The plausible assumption of a shift from slow to fast ZTOWers ﬁould not be the
only explanation of the results. In the region of the specific growth rates of 0.189 h'1,
the dispersion of the culture increased. Sladki & Zahradka (1971) found a correlation
between the activity and the total free surface of activated sludge. Thus the rate of
consumption of substrate might increase by increased dispersion of the activated sludge.
Further, wall growth of biomass causes tailing-off from the growth curve at higher speci-
fic growth rates as emphasized by Topiwala & Hamer {1971}. However, in our experiments,
wall growth could be prevented by cleaning the reactor daily (Section 2.6.2). Finally,
identical kinetic results were also be found in pure cultures (Herbert et al., 1956;
Wargel et al., 1970; Shehata & Marr, 1971). Shehata & Marr explained their results by
assuming an enzymic shift from a specific enzyme, for exanple a permease, with high affi-
nity at low substrate concentrations to a non-specific enzyme with low affinity at higher
substrate concentration, _ c .

Thus explaining our observations (Fig. 11}, the departure from linearity might be
ascribed to (1) decreasing diffusion limitations of nutrients by increasingly dispersed

W (v
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30_
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'
xX
1/;1' 104 /
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Fig. 11. Li . DR

regiprocall:?i:x:;l:::tiziozfo:ul::: rec:Lpro(.:al.of specific growth rate against the

culture fed on vanillin, i) - { M{r)a;gldur;ng PZlgneed growth of the activated-sludge
max . an KS = 0.155 g/1. -
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growth, (2) washing out of slowly growing micro-organisms and relative increase of fast
growers with lower substrate affinity, i.e. increase in g and Mona? {3} enzymic
shifts to non-specific enzymic systems at higher growth 'rates

In Figure 12, our experimental data are fitted to the power-llke relationship of
rate of uptake of substrate by R Component g, developed in Section 3.3.2.1
and resulting in the steady-state Equation 71. The calculated values of the kinetic co-
efficients are kg, = 0.308 (g/g.h. (2/1)%s and ag = 0.71, where = 0.89.

The Monod-1ike relationship for the consumption of substrate can be derived from Egquation
2 by substituting Equation 1 for y. Then the rate of consumption of substrate by R Com-
partment will be dgp = Tnax’ .C /[K + L, )

Fitting our data of the lmear part of the Lineweaver-Burk plot (Fig. 11). to the Monod-
like relationship we find the following q___ = 0.100 g/g.h, K5 = 0.056 g/1, » 2=0m,

and the standard erroi of estimate -s(qSR/CS) = 0.03. .

The calculated curve is also presented in Figure 12.

Obviously the power-like relationship (Eqn 71) is far better in fitting also the
'tailing-off' phenomenon of the mixed culture at higher growth rates than the Monod-1ike
relationship. Further data near wash-out are especially relevant for verification of the
usefulness of a Monod-like relationship and precise estimates of the mode} coefficients,
as also statistically proved by Johnson & Berthouex (1975). The far-reaching conclusions
of Grady & Williams (1975) and Benefield & Randall (1977) about the influence of
concentration of incoming substrate on the kinetic coefficients are doubtful because
they performed their experiments in the flat regions of the growth curves. ;
4.2.2.2 Influence of incoming substrate concentratiom, Cg, on the coefficients u_,  and
g
type kinetics predict that the concentration of

Classical dispersed-growth Monod-
depends only upon. the :pec1f1c growth rate .

SUbStraFe in the effluent from a reactor, ¢

Gspe D(C ¢y /e h
oa00s 2 /Cx (gfg.n)

osa o5 08 07
B Calgfl)

anillin-grown actlvated sludge’ at different

Pig,
Stgadli Rate of consumption of substrate by Vv
Y-state concentrations of substrate.-C s0 = O 631 g/l
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of the micre-organisms in the reactor (Herbert et al., 1956; Lawrence & McCarty, 1970; ‘
Grady et al., 1972; Goodman & Englande, 1974). -
The only variable that would be expected to change would be the biomass present in the
chemostat, reacting on actual amounts of substrate. .

Recently Grady & Williams (1975), Grau et al. (1975), Benefield & Randall (1977)
and Daigger & Grady (1977) presented data which indicate that in mixed cultures growing
on multicomponent substrates, the apparent kinetic coefficients may be affected by Cs0°
Using unspecific parameters such as TOC or COD, Grau et al. (1975) argued that, if the
amount of intermediates with low rates of breakdown were to build up in the medium by
increasing the initial substrate concentration, the saturation coefficient, Ky would
increase too. Grady & Williams (1975) interpreted their experimental data by an empirical
modification of the linear approximation of the Lawrence & McCarty medel (Section 1.1.2).
Benefield & Randall (1977), following the propositions of Grau et al. {19875) accepted
also on empirical grounds, an »~ -order Tate equation for which a rationale is given in
Section 3.3.2.1. : o

However, Howell (1976} proved mathematically that if wail growth was assumed to
occur in microbial-kinetic experiments and bso >> E'S, the specific growth rate would not
depend only on E‘S but alse on the inverse of Cag :

In fact, every mixing effect may influence the basic dependence.of p on E‘S (Herbert et
al., 1956; Tempest, 1970; Topiwala & Hamer, 1971; Pirt, -1975). Further the kinetic expe- -
riments of Grady & Williams and the others were carried out in the flat region of. the
growth curve, so that the estimates of the kinetic coefficients are doubtful (Section
4.2.2.1). Nevertheless it can easily be proved that for mixed bacterial cultures with

some Species washed out, the concentration of incoming substrate affects the total
kinetic coefficients.

If a mixed culture of ten micro-organisms be assumed with defined values of the
kinetic coefficients (Table 3), the total concentration of substrate, E‘S at different
specific growth rates, u was calculated with Equation 1 for k 4 = 0. Three series were
calculated, in which the initial substrate concentrations of individual organisms in-
creased by a factor 2 and 3, respectively.
Burk plot (Fig. 13).

The following conclusions may be drawn °

The results are represented in a Lineweaver-

(1) The increased initial substrate concentrations of individual micro-
in increased critical dilution rates, i.e.

centration is zero,

organisms result
‘values at which the steady-state biomass con-
as long as the maximm specific growth rate is not approached. Then
a species will be washed out at a higher total specific growth rate of the mixed culture
and thus affect the total saturation coefficient
given specific growth rate.

(2) There is no reason to believe that the basic asé’umption of independence of u and
¢

30 is not \_ralid as long as no microbial species of the mixed culture have been washed

out. At the low specific growth rates usual in activated-sludge engineering, the con- -
;entration of incoming substrate, Cgo Will not influence g but rather the composition of
the substrate. : '

(3) The Lineweaver-

and total biomass concentration at a

Burk method is not an adequate method of calculating the coéfficients
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Fig. ; s ’ .
g. 13. Lineweaver-Burk plots of data of the theoretical culture of ten specle
concentrations of incoming

s of
micro-organisms as summarized in Table 3 at three different

= 0.234 g/l 8 , Cgy = 0.468 gfl; and ® , CSO = 0,702 g/l. Numbers
1id line is as calculated

substrate.x ,
ndi * Us0
ing : s . .

lcate bacterial species remaining in the culture and the so

by Jones ¢1973).

of i .
a mixed culture. Figure 13 shows that u and K. cannot be calculated by extrapola-
tion, . . nax 5 -
(4) The l'k)Il(;g—derl\.'ed relationships are not adequate in describing the influence of Cgy
on y. R : . :
12)“ The »“"-order rate equation is more adequate (Sections 3.3,2.1 and 4.2.2.1; Fig.
u In order to avoid complications caused by a changed initial substrate concentra-
iocn X ;

» the concentration of carbon Cgo = 0.631 g/1 was used in our kinetic experiments.

1.2.2, ' i
2.3 Macramolecular composition of vanillin-grown activated sludge during balanced
growth at different growth rates ' 4

millin'fhe Cmos%tion of macromolecular components, as mass fraction? of dry mass, of
is shown grown activated sludge at different specific growth ratz.as during l?alanced. growth
(Section :n Figure 14. Laboratory experiments in ,the_ghemostat 1.f'1th recyclmg'of biomass
fitted to .2.1)- covered the range of u 0.02 - 0.19 h " The series of data points wezd
depicteq .Str?I@t'line relationships (Eqn 76-78) by using the least-.-SL':_uares method :
nation in Figure 14. The calculated regression coefficients, coefficients of determi-
and standard errors of estimate are swwarized in Table 4.
incmas-Figure 14 and Table 4 show that the RNA content of the bimlua?s increased w1th .
cantly n;i growth rate but the protein content decreased. Cell DNA did not vary 51@1f1—
(1965 - These results are broadly similar to data of Herbert (1961), Tempest et al.;
55), Maalge & Kjeldgaard (1966), Morowitz (1968), te (1969), Brown &

Ro Dalton & Postgal
¢ (1969) and Forchhammer & Lindahl (1971), which are sunmmarized in Table Z. For
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Fig, 14, Mass fractions of DNA, RNA
sludge, continuously fed on vanilli
state grawth,

» protein and carbohydrate in dry mass of activagei
n at different specific growth rates during steady

changes in protein content of activated sludge they resemble those of Weddle & Jenkins -
(1971). The total carbohydrate content of the activated sludge decreased a little with
increasing growth rate using a carbon to nitrogen subtance-mass ratio of C/N = 6.0.
However, it can vary significantly when higher carbon to nitrogen ratios and carbohy-

drates as substrates are used as limiting nutrients (Weddle & Jenkins, 1971; Dawes &
Senior, 1973) instead of, for example aromatics.

. . . . 2
Table 4. Regression coefficients wid' 3wi/3u;_coefficients of determindation »“; and

standard errors of estimates s (/1) of straight~line fits by the least squares method of

the series of data points of the different macromolecular components i, in the activated

sludge at different specific growth rates.

DNA © RNA . Protein ' .. Carbohydrate
Wio(l-l = 0) 0.02 - 0410 520,59 < ) 0.16
al‘z’i"?“ LT 0.056 . 0.459 ... -p, 298 : 1 =0.120
T e s 0.81.° 0.38 . ©o 0
s@/u). : -0.008 <. 0,013 o022 ., 0.017
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4.2.2.4 Lincar law of substrate consumption and biomass growth in relation to the concept
of maintenance L e ‘

Viable and non-viable micro-organisms require a certain amount of energy for
mintenance processes-like all ordered open systems. Pirt {1965) related substrate con-
swmption and biomass growth to the concept of maintenance, and assumed that during growth
consumption of the energy source was partly growth-dependent and partly growth-indepen-
dent. Substituting Equation 1 for u in Equation 2 (Pirt, 1965), we obtain

1 o - (93)

where mg =k, /v, defined as the maintenance coeffiqient,_li.e. consumption of substrate

for maintenance purposes divided by biomass and by time.

Specific maintenance functions so far recognized (Stouthamer & Bettenhausen, 1973)
are: . :

1) turnover of cell materials .

2) osmotic work to maintain concentration gradients o
right ionic composition between the cell and its exterior

3} cell motility o

4) maintenance of membrane energization, driving force of transport processes (van Verse-
veld & Stouthamer, 1978) o _ -

5} maintenance of a pool of energy-rich compounds for the creation of entropy in the sys-
tem, because micro-organisms are open systems, i.e. represent thernodynanic states of
non~equilibrium and thus tend to a state of maximm entropy oF disorder (Morowitz,
1969; Roels & Kossen, 1978) . '

6) maintenance of growth-structure, for example flocculent growth of activated sludge.

The linear law (Eqn 93) has as yet been extensively used in the study of the
metabolism of micro-organisms (Righelato et al., 1968; van Uden, 1969; Nagai & Aiba,

1972; Stouthamer & Bettenhausen, 1973; Henpfling % Mainzer, 1975; Gons, 1977; Verstraete,

1977; Roels & Kossen, 1978; van Verseveld & Stouthamer 1978). It has also been frequent-

ly used in ‘the study of substrate conswmption by activated sludge (Lawrence & McCart).*,

1970; Gosh & Pohland, 1972; Jones, -1973) and cxygen consumption of activated sludge in

relation to sludge growth (Benefield et al., 1976).

However in some experiments, no straight line was
3ainst y, which was shown to be due to an influence of u on the fementation pattemn
ad ATP yield of the organism (Stouthamer & Bettenhausen, 1973)- Therefore Stouthamer

* Bettenhausen used the concept of TP (Bauchop & Elsden, 1960) and reformilated che

Pirt equation (Eqn 93) as follows - - o R .

qATP'='Y_A'fF°u'+me . - S sl o o |

£ intracellular metabolites and

obtained by plotting dg

R SR B At A divided
where drp 15 the specific rate of ATP production. (amount pf. substance of ATP by
) 47



dry mass and time); 1/1’:: Zf: is the productioh of dry mass divided by amount of substance
of ATP corrected for energy of maintenance and m, is the substance consumption of ATP
divided by dry mass and time for maintenance purposes. o

Now the 'linear' equation of the three-compartment model will be derived and dis-
cussed in relation to the Pirt equation (Eqn 93) and the equation of Stouthamer & -
.Bettenhausen (Eqn 94). The starting point is the equation of the rate of biomass pro-
duction (Eqn 91). If steady state is assumed, (aCX/at =0; 3w /ot =0 and awG/at =:0),
Equation 91 can be simplified by substituting from Equation 82, the explicitly written
term, {mK.ﬁK +k .BK * (n .1'3K/Cx} for the terms between the first braces and from
Equation 84, {mG.wG + kNG'”G + (rx.mc)lcx} for the terms between the second braces. Then
if all terms are divided by Cy we obtain

_ . "as ~ ['YRK - )
0 = Ygpokgp-Cg~ + {mg + Iy + (rypn /Oyt ———
Y
RK
Fo - 1)
$lmg + ko + (g B /C,) —E‘;——__ - wy.D ' | (95)
- .

In balanced growth, [rx.ﬁK)lcx) = u.gK; ¥ = w0 and (E'SR = kSR.E:S {Eqn 71}. Theg Equa-
tion 95 can be reformulated to the 'linear' law of the three-component model if Qgn is
is written explicitly and the right of the new equation worked out in a growth-dependent
part and g maintenance/decay-dependent one. The 'linear' law of the three compartment
model can be written as

L -rg) . (1-r)
N
qSRL;_E“ e B = ‘gc]Lu
SR Tex Yoo
1 (1~-r.) i (t-r.) - . .
+ e | R N RG n
7 [ " (g + kg + ~ (mG+_kNGJwG]_ . (96)
5R RK RG

In a biochemically well-regulated biosystem, the production of ATP equals the consumption
of ATP. In such a balanced system the consumption of ATP can be written as

1

1 : :
Tare " e Ts P Yo o _ €]
SR

1 .

s Lo b, . | JE—

R TSR COATE * TRkt TRk T ATE ¢ YRe * The
R BG .

where r ATP'is the rate of consumption of-ATP per unit volume (mol/1.h), Y., . o, i the
production of R Compartment per unit volume per unit time, ¥.. . o is tlsxg proflﬁction
of K Cmmf_tri-:ment per unit volume per unit time, ¥, . e ismt‘he Pf'léduction o Compart-
f:t;e; :1;2:;3? Titjr ﬁ;tizmt::; T.E%:ris the mo%azdgr:vvth yield of R.Compartmz.ent f:r
1 ATP and yMF ; thkg 1 g' * yield of K Compartment 'for ATP in g
i:: me ) gc 15 U molar growth yield of G Compartment for ATP in g G per mol
- Bquation 9? can be solved if Equation 96 is substituted foi"rskf Cyi
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http://prote.cn

N o . . n - i
[’"1{ kg * u)wK/.YRK is substituted for rRK/ Cy and {mG + kNG + u)wG/YRG is substituted
for PRG/CX . The final result becomes :

o oA - T oA 1
t g = [ 1+ { ————e—+ — 1 @ +[__---£‘——+—'-}w p o+
ATE  ATP yATP v K FATP ¥ G

SR RK - RK RG RG

I (yg§P - Yg.:tr(P) 1 n,
+ { + o— ) {m, + kNK)w +
TP KX X
o [ ¥ ¥

RK RK

TP TP,
(YgR B ch )

1 TP
Y

1
b} (mg km)?sc] (97a)
RG -

in which EATP is defined as the rate of ATP consumption per unit dry mass (mol ATP/g.h).
COT"PaTing Equation 97a and the linear equation of Stouthamer & Bettenhausen (Eqn 94) ve
¢en conclude that

1 ‘ TP _ ATP YATP _ IATP 1
AT S ‘1T1’|:1+{£Y2R i’%x}+_"__}$K+{(sn YATI;G)"‘—]C"G](%)
max ng Yi:x Tex e Yre
? .
_ 1 (YATP _ YATP) 1 : N
= SR RK :
L { +— ) (m, * Ky *
e T? TP K
wl o

. (JATP TP
. { (Ign - ch;]
TP

T

+ —} (mG + kNG)[BG] (99}
RG

From equations ‘98 and 99 both coefficients Y:]‘:i and m,, of the linear equation

of Stouthanier & Bettenhausen (1975) and also of the Pirt equation, aré predicted.by the
?hree_c""'PaTment model to be functions of mass fractions of RNA and protein, Whidl o
inluenced by growth rate (Tables 2 and 4) and thus by the gm“fh'suPporth;% ablhty.Of
e enviroment, However, the influence of ’”\‘K and n’\fg on the theoretical Y;Anax values 18

*Mall, which can be explained as follows. : ' .
From Table 5 (Stouthamer, 1977), ATP i-e'quirerrents for synthesis of RNA (X Cm:;em

ent} and protein (G Component) are almost equal. Then the plausi_ble assumptu'm can

"de that in general under aerobic conditions, ATP requirement may be proportionsl. £0

the 3 ,
Tequirement of carbon. Mathematically

¥..q

R s |

AP ATP o R - (100)
IR L



Table 5. Utilization of ATP for the formation of cellular components in a glucose-

inorganic salts medium (Stouthamer, 1977).

Macromolecule ATP requirement relative to

mass of product (umol/g)

RNA 37.32
Protein 39.11
Polysaccharides 12.36
Lipid 1.48
DNA, ' 33.00
R Compenent (polysaccharides, lipid and DNA) 46.84

. .o JATP P ' ‘
From Bquatlon-mo, if Yﬁx equals yﬁc (Table 5) then Yo equals Yoo Subsequently no
great error will be made if the turnover rate of K Component and G Component, e and Mgs
are assumed to be equal {(Mandelstam, 1960). Finally in general, whole cells are measured

and the decay rates kyg @d Ky, may be expected to equal to the overall decay rate of the
whole. cell L

With these assumptions, Equations 96 and 97 can be simplified, respectively, to

TP TP
a‘ATP = _leP [‘[ + { {YQR - ":]%]( ) + _1...} (I'SK + 33(;)] p+
SR Yﬁx Yok
1 (_Yg;P S AT .
* = | Pt — ) lm v k) (s ) (101
ey [ Y&T(P Yo ic- ) (g G_]

Lr K
1 «01-7) i

*y—[ " = (my + K) (ﬁx+asc)] - (102)
SR RK _ : S -

mwh&rﬁ”:ygg?; T = Tpgh M = mg and kg = kg = K
From Table 2 and Table 4, the sum of ?:‘J'K and 36 may generally be assumed to be constant
@nd thus the influence of the changs of the composition of microbial cells on Y, o and
M (also on ¥ . and mg) should be very small, as concluded by Stouthamer (1977?.

If large amounts of storage materials in cells, such as 1ipids, polysaccharides
or both, are formed, for example, by a high carbon to nitrogen ratio (Watlers et al.,

1968; Dawes & Senior, 1973), then the production of R Component per mol ATP, ¥ag® OF
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Yo is increasing. This results in an increase in m_ (Eqn 99) or mg. Qualitatively, the . '
ATP requirement for the formation of 1ipids or polysaccharides is much smaller than
for K Component (RMA) or G Component (protein) which can be concluded from Table 5.

The 'linear' equation of the three-compartment model in reduced form (Eqn 102) -
and the Pirt equation (Eqn 93) can be solved by plotting ESR ‘agaj.nst u. The results are
shoun in Figure 15. A straight-line relationship has been found and the best-fit was cal-
allated by the least-squares method. To calculate Fg. and Yo = Ypoo values of m, = m,
and kNK = kNG = Ky had to be assumed (Table 6). The calculated results are summarized in
Table 6 too. .

It may be concluded from Table 6 that the value of my obtained_ for vanillin-grown
activated sludge agrees well with data summarized by Verstracte (1977, Table ILL. 13) for
nixed cultures and Verstraete (1977, Table IIT.10) for pure cultures. Assuming that the
mss fraction of carbon in the cells is 50%, the dimensionless’values of ¥ .« 0,50 &nd
Yo, 0,62, 0.65 and 0.62 are also plausible results (Verstraste, 1977; Table 1I1.10).

From Table 6, the parameters mK(= mG) and kg are relatively insensitive in influencing
st a’ﬁ T = Yog Increasing the specific maintenance rates, My and m., an increased
part of R Component will be converted to G Component and K Component, which Tesults in a

decreas' - .
g Yo, and increasing ¥ . and Yo ..

4225 Viability

cells may be inca- -

When micro-organisms are grown at low specific growth rates,
r may die as a

Pable of division but can replenish maintenance energy requirements O
Tesult of a toxic chemical, starvation or 'mistakes' in autosynthesis.

~ Experinents of Postgate & Hunter (1962), Tempest et al. (1967) and Sinclair &
Topivala {1970) with Aerobacter aerogenes, and Weddle & Jenkins (1971) and Halker &

8 (arg.n)
QQOOW

Q100

x
% X X
odb -
0 T T . 15 0_20
005 010 0 e
Fig, 5. : ﬁ-groﬁ'n activated sludge

. Ra ‘ : ! iq14

%aingy spez‘;f‘?f uptake of substrate by R Compartment of vapilli
1¢ growth rate at different steady states.
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Table 6. Calculated coefficients of the linear law of the three—compartment model (Eqn
102) and of the linear law of Pirt (1965). The sum of mass fractions of K Component and.

G Component in the range of growth ratea could be estimated from (wK + g }y = 0.70,
deviating 0.01 (Table &4). The coefficieats my = m and kNK = kNG = k were assumed to be
as indicated but of the magnitude estimated by Mandelsram {1960) and Weddle & Jenkins (1971

respectively. The values of the regression coefficients were rz = 0,94 and s(qSRlu) = 0.014

n y

T? kE] (wK + mG) YSR . YRK mg Ymax
(h ) ¢(th V) (g/g) (g/g) (g/g.h) (z/g)
0.04 0.01 0,70 1.37 0.68 0.012 1.03
0.05 0.0% 0.70 §.29 0.73
0.06 0.01 0.70 1.25 0,77

Davigs (1977) with activated sivdge, showed that at very low growth rates (w < 0.05 h_I]v
the viability, i.e. capability of growth, falls. The concept of viability was incorpo-
Tated in kinetic models of pure cultures by Powell (1967) and Sinclair & Topiwala (1971).
Recently Grady & Roper (1974) added to the unified model of Lawrence & McCarty (1370}

by incorporating a first-order cell death rate (Sinclair & Topiwala, 1971) and by assu-
ming that both viable and non-viable cells are lost from the system by decay.

T the three-compartment model, first-order kinetics of rate of loss of viability
or death rate of cells is also assumed; state equations and steady-state equations are
formulated {Eqn 85-90). In steady state, the total non—v1ab1e or dead mass fraction,

N’ may be the summation of the partial mass fractions: wNR, u and w (Eqn 88-90).

If it is assumed that whole cells become non-viable or dead, kNR kNK = k and we ob-
tain

By Gpede e g ' (10%)
where ky is the total specific non-viable or death rate, and there

$R+¥K+€;G+3K=1 ‘ ' (104)
we may substitute for aa, Equation 104 into Equation 103 and obtain

Bk 0301 . )

N
If v, is the mass fraction of non-viable or dead biomass, (1 -3 ) can be defined as
the \uable—mass fraction.
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Reformulating Equation 105, we find

(- ﬁN] = K“:—u {106)
The specific non-viable or death rate, kN, may be calculated from a double reciprocal
plot 1/{1 - %N] against 1/p. Cur model is fitted to viability data of Postgate & Hunter
(1962) with Aercbacter aerpgenes and of Weddle & Jenkins (1971) with activated sludge.
The plot is given in Figure 16 and it may be concluded that the three-compartment model
is found to be capable of simulating the changes in viability within a continuous culture
of micro-organisms. Now it may be concluded too that the calculated coefficients "’Ko and
,“GO are extrapolated values because the viable-mass fractions in total dry mass wK and
9, will decrease sharply at low specific growth rates. However, the relationship is
llnear if the fractions are calculated in terms of viable dry mass.

Practically, activated sludge systems operate at very low growth rates (<< 0.01
h ) Figure 16 shows that in such systems only a small mass fraction of the organisms
-is viable, Increasing u by a factor 2 or 3, for example from 0.005 to 0.015 h™ i , the
viability increases by a factor 2 (kN = 0.01 h ) and a more efficient system in sub-
strate consumption is obtained. The idea can well be used, in the kinetic improvement of

® two-stage activated-sludge system (Chap. 5).

viability (1- v, )
1.04

oo . 005 010 015 020
pi{h"

Fig. 16, Total mass fraction of viable mass (1 - u ) against specific growth rate. Two
tUrves were calculated from experimental data of ?ostgate & Hunter (1962) (O ) and of
Weddle & Jenkins (1971) (© ). The third curve was calculated from Kk = 0.01 b

Shadowed area indicates operational conditioms and resulting viability, normal for

activated-sludge plants.
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4.2.2.6 Steady-state growth curve of the activated sludge fed on vanillin

-In Appendix C, a method is given for calculation of the Taylor-series constants
of the balance and steady-state equations (Eqns 82, 84, 91 and 92). The censtants were
calculated on the data of the coefficients sumarized En Table t_l and Table 6,~first line.
The calculated values are (ER.aR + %K:aKl = 0.181, (3 fRR.nE{": Fo- ety * 3 Fegeodl=
0.68, (fr.ap + £ag) = 0.890 and (3 frge0d + f;{;.aK.aG + 4 fo.02) = - 0.438.

From Section 4.2.2.1 ko = 0.308 g/g.h. (¢/1)%s and ag = 0.71.

By substitution of the calculated constants and coefficients into the steady-state
equations for substrate and biomass (Eqns 72 and 92), the growth curve of the activated
sludge fed on vanillin could be simulated. The calculated curves are shown in Figure 17
and the experimental data are plotted too. The three-compartment model gives a reasonal_ale

good fit of the experimental data.

4.3 BATCH AND TRANSIENT KINETICS OF THE ACTIVATED SLUDGCE FED ON VANILLIN
4.3.1  Procedures
The batch experiment with activated sludge, used the equipment described in

- Section 2.6.1. Activated sludge was taken from the chemostat fed on vanillin—bgsal
mediun (Section 4.2.1) where u = 0.030 h™', b = 0.100 1™, Cy = 0.015 g/1 and €y = 1.5

ﬁx(g/” ) /

204

020
a(h™)

growth rate n, ¥

» total organic carbon; @

» dry mass. The solid lines are the curves ]
- predicted by the three-compartment model,
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¢/1. At the start ¢y = 1.0 g/1. .

. One of the transient experiments with activated sludge fed on vanillin is

given here and was with the equipment described in Section 2.6.2 Procedures of main-
taining steady-states are given in Section 4. 2 1. The initial steady—state conditions
were D = 0.065 h™, vy = 0.31, w=0020h", 0 = 001081, ¢ =1.0g/land V=41
. In the experiment shown, the chemostat steady—state was perturbed by a step increase of
b from 0.065 to 0.267 h_1. The flow tate of discharge of sludge was proportionally
increased to maintain w, = 0.31. The perturbation was followed over a period of 38 h and
a final 4 = 0.083 h~' was measured. Samples of 30 ml or 50 ml of the contents of the
reactor were cooled immediately in ice and analysed for total dry mass, RNA, protein and
the culture liquor for total organic carbon {(Sections 2.4 and 4.2.7}.

The balance equations of Cy, wy, W,, ¥y and . were solved on the DEC SYSTEM ~

E090 TIMESHARING of the Agricultural Univer51ty, Wagen1ngen, using the International
Mathematical & Statistical Libraries - program DVOGER. The subroutine DVOGER is given in
Appendix A. '
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Fig. 18. Consumption of vanillin in the batch system with activated sludge, obtained

from the culture with vanillin ip the chemostat with recycling of biomass. At the start,

CSO = 0,147 g/l measuréd in terms of total organic carbon, Cx = 1.0 g/1 in dry mass,

-G = 0,50, , = 0.10 and &, = 0.40, The curves are simulations of the three-compar tment
R

K ous
model using values of the coefficients and the constants as determined in the continu

tulture experiments.
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4.3.2 Simulation of the batoh and tranetent experiments

The dynamic behaviour of the three-cumpartment model was on the steady-state
values of the coefficients (ksg = 0.308 g/g.h.(g/l)as,as = 0.71, Table 4 and Table 6
first row) and on the Taylor-series constants given in Section 4.2.2.6. Results of the
experiments and the simulations are shown in Figures 18 and 19. In the batch experiment
and transient experiment, the three-compartment model was quantitatively accurate in
simlating the dynamic responses of the biosystem. ‘

We Wi W
063002, -—t 0 wg .
. - 7
G
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Fig. 19. Response of specific growth rate ¥, biomass CX’ limiting substrate CS’ and

mass fractions of G, R and K Compartment to an increase of the hydraulic dilution

-1
rate D from 0.065 to 0.267 h . The specific growth rate increased from 0.020 to

~1 s
0.083 b~ during the experiment,
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5 Kinetics and biochemical aspects of
oxidation of vanillin and mixtures of vanillin
and acetate in the two-stage activated-sludge
chemostat with recycling of biomass

5.1 INTROBUCTION

Because of the need for treatment of specific wastes and because of the high
quality required of effluents, two-stage activated-sludge plants will be used more and
more in the future (Section 1.2). However, less fundamental work has been done on impro-
ving the system and on the influence of the intermediate substrate on the behaviour of
the second stage. Existing two-stage plants differ considerably in design of the reducing
capacity of the first stage and in volume ratios of the first and second stage (Table 1).

The purpose of Section 5,2 is to formulate a mathematical model for kinetic opti-
malization of the dimensioning of the two-stage process. The model was tested, feeding a
two-stage activated-sludge system on vanillin (Section 5.3.2.1). In Section 5.3.2.2, the
biochemical and physiological aspects of the second-stage are discussed. The production
of vanillin-grown activated sludge with optimm kinetic dimensioning of both systems has
been compared in Section 5.3.2.3. Secticn 5.3.2.4 discuss the viability of bicmass in a

System with one and two stages.
Results of a mixture of vanillin and acetate are sumnarized in Section 5.4. They

are also compared with those in the one-stage system.
5.2 MODELLING QPTIMUM KINETICS OF A TWO-STAGE PROCESS

The state equation of the rate of substrate consumption (Eqn 70} of the three-
compartment model (Chap. 3) will be the starting point of this kinetic study.

A completely mixed two-stage reactor with separate recycling of biomass for each
stage, is schematically represented in Figure 20. The state equation of the limiting sub~
strate concentration in the first-stage reactor, &g, if Bquation 70 is used, may be writ-
ten as

“ ' (103)

de
81 __ 51 -c
& kspi-fs1 - +Cxn * P Cs0 ~ %)

where the subscript 1 denotes the first-stage Teactor and Dy = ¢o/¥ ' _
In the second stage, the flow rate ¢, is reduced by the flow rate of discharge of biomass

out of the first-stage reactor, LA (Fig. 20). Therefore the flow rate of the second-
Stage reactor have to be (1 - z.;]')q: 0 and the state equation for it becomes

de a (104)
—S2 o ka0, 0y, + (1= 9]0,y = Cep)
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Fig. 20.Two-stage chemostat with recycling of biomass.
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stage 2.

A, reactor of the first stage;

B, separator of the first stage; C, reactor of the second stage; D, separator of the

second stage; V] and Vé, working volumes of the two reactors; C NE and C.
of biomass in both reactors; CSD’ concentration of incoming substrate; ('

of intermediate substrate; C 327 concentration of substrate of the second stage;

0 concentrations

g1 concentration

¢0, flow

rate of incoming substrate; ¢l’ flow rate of substrate out of the first-stage reactor;

¢2, flow rate of substrate out of the second-stage reactor; Wi W

w7, mass fractions.

2’ 1'}3’ wal wsi wﬁ and

in which the concentration of incoming substrate of the second-stage will be the concen-
tration of effluent out of the separator of the first stage. The mean hydraulic retention
time in a chemostat, t, is the reciprocal of the dilution rate, D. So for the two-stage
system, they are given by t 1/D and t, = 1/D . If steady state is assumed in both
Stages, then Equations 103 and 104 can be wntten out for ¢, and t,, respectively, as

(g - Tq))
¢, = —20__SI _ : (105)
- 5] ~
kSR] CSI 'CXI
and
(-w) @, -8
1
ty = o —32 (106).
KeooolonS2. 0 '

SRZ s2 X2

In activated-sludge plants, biomass is dlscharged from the concentrated stream of settled
activated sludge which is fed back to the reactor. Then the fraction of suhstrate

) (2‘ - 3‘82), which is not reduced to the required effluent concentration, &, may be

1
1gnored and Equation 106 reduced to ¥
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&, - ) '
£ =81 827 ‘ (107)

a
82
II(SRZ'Z‘SZ '2‘){2

In equation 107, it is assumed that all incoming substrate with concentration, 2‘50,‘ will
be reduced to a final concentration of effluent that is 2'82. Only then can a one-stage
and two-stage system be compared adequately for the kinetics of substrate consumption

(Section 5.3).
The total hydraulic retention time of substrate in the two-stage system assuming

the separators to be bioclogically inert systems, can be defined as

toe =ttt | (108)

The total hydraulic retention time, ¢ _ ., becomes a function of the intermediate sub-
strate concentration, 2‘51 if one assumes constant physico-chemical conditions, fixed bio-

mass concentration, constant incoming substrate concentration and a defined fractional
reduction of substrate 2‘32. If the coefficients of the second stage depend on the compo-
sition and concentration of intermediate substrate, 2‘81 , then they have to be defined as

function of ESI too.

¥ (109

X1}

2

fror = £(2 o 2

PR . .
S17Cgns Cgas T; ol

The minimm total hydraulic retention time of ¢ may be found by setting the derivative

with respect to E‘Sl of Equation 109 at zero.

tot

aZ‘SI aE‘SI

at ) B[f:] * tz) o . (110)

The partial differential Equation 110 can be selved and £, ., ;s t, and 2‘5, calculated.

The hydraulic retention time of the one-stage can also be determined if 2'51 be assumed

to be already reduced to 2‘52 in the first stage. For these calculations,’a compute‘r pf'o—
gram in Fortran was written (App. B). In this way, the rates of consumption of vanillin
and mixtures of vanillin and acetate, in the system with one stage and two stages, were

tested and compared.

5.3 OPTIMUM KINETICS OF THE TWO-STAGE ACTIVATED-SLUDGE SYSTEM FED ON VANILLIN

5.3.1 Proeedures

two chemostat units in series (Section 2.6,2) gave the

The joining together of )
e joining tog Both stages were inoculated

tWwo-stage system in which the experiments were carried out. :
with activated sludge adapted to.the vapillin-basal medium (Sectien 2.2). Incoming sub
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strate of the second stage consisted of pumped effiuent of the first-stage separator,
without any addition of mutrients. The oxygen concentration was maintained at 0. 003 g/1
or more {Section 2.5.6) and pH 7.2, by adding NaOH 3.0 mol/l automatically (Sectlon
2.5.7). Depending on the degree of metabolism of vanillin in the first stage HC1 3.0
mol/1 must be added to the second stage. Maintenance of temperature at 20°C, cleaning of
equipment and approached continuous discharge of biomass are described in Section 2.6.2.

The flow rates of recycling of biomass, Waedy and Weed,, Were always equal to
the flow rates of incoming substrate, by = 1.548 1/h and (1 - w1)¢0 = 0.438 1/h, Tespec-
tively (Fig. 20). Biomass hardly accumulated in the separators and all biomass could be
assumed to be in both reactors.

The analytical procedures were the same as in Section 4.2.1.

As stated before, kinetic coefficients may be affected by concentration and com-
position of incoming substrate (Sections 1.2 and 4.2.2.2)}. Then, in agreement with ope-
rational procedures of Lohmann (1975, 1977) only good estimates of the kinetic coeffi-
cients of the second stage could be made if the intermediate substrate was held constant
in composition and concentration. Unfortunately this was overlooked by 111i& (1977) in
two-stage activated-sludge experiments on laboratory scale with pentaerythrite as model
of incoming substrate.

Two series of experiments were done with the following operational procedures.
(1) In the first set of experiments, the operational conditions of the first stage were
set at: Cg, = 0.651 g/1; ¥ =3 1; p; = 0.27 ™! and wy, = 0.31, This resulted in the
average value of qg, = 0.093 g/g.h, deviating 0.01; u, = 0,084 h™), deviating 0.0103
?Xl = 1.3 g/1. The mean concentration of intermediate substrate was, BSI = 0.183 g/1,
deviating 0.027 and assumed to be constant in composition (Fig. 21).

&SR,(g/g.h)

CS,(g/i)
Fig. 21. Rate of uptake of substrate by R Component in the first-stage reactor against
steady-state concentration of substrate of the reactor,

Shadowed areas indicate
operational conditions of the first-

stage reactor during the two-stage experiments.

Numbers in the graph refer to two series of experimenta: 1, in which the second stage

was fed on an average concentration of intermediate substrate of C = 0.183 g/1,
- deviating 0.027; 2, in which the second stage was fed on an average concentration of

t
in ermed1ate substrate of CS = 0.414 g/1, deviating 0.058,
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"The hydraulic dilution rate of the second stage was set at b, =0.219 h-1, de-

viating 0.004 and the volume of the reactor ¥, = 2 1. The specific growth rate of the
second stage corrected for incoming biomass of the first stage, Hys ranged from 0.01 -
0.12 h'I, by increasing the flow rate of discharge of biomass, i.e. g {1 - wl) QO (see
Fig. 20).
(2) The second series of measurements dealt with the operational conditions of the first
stage set at: Csp = 0.631 g/1; f’] =31; b, = 0.516 h“1 and Wy = 0.31. The average value
of g = 0.166 g/g.h, deviating 0.016; u, = 0.160 h™l, deviating 0.016; ¥, = 0.7 g/1;
The mean concentration of intermediate substrate was, BS: = 0.414 g/1, deviating 0.058
(Fig. 21).

The hydraulic dilution rate of the second stage was set at D, = 0.278 h'], de-
viating 0.060 and ¥, = 2 1. Here the corrected specific growth rtate, u,, ranged from 0.03
to 0.13 b7/, '

In the second stage, it was easier to keep the hydraulic diluticn rate, Dz, con-
stant rather than the held-up factor, Vg because of the limited amount of liquid out
of the first stage pumped into the second one. By varying the flow rate of discharge of
biomass after an interval greater than three or five times the specific growth rate, re-
liable est'jﬁmtes of steady states of the second stage could be made during a period of

N

2

one or two weeks.
However the steady states maintained in this stage were not as stable as those from the
One-stage experiments (Chap. 4) and the variations with time were fairly large, from 10

to 20% deviation.
5 8.8 Results and discussion
5.3.2.1 Optimal kinetic dimensioning of the two-stage system fed on vanillin

Figure 21 shows that stable conditions could be maintained in the upswing of the

substrate-utilization curve. The slow increase of E‘Sl, instead of instantanecus increase

of bsi near washout, could be expected in mixed cultures as already discussed in Sections

4.2.2.1 and 4.2.2.2. It allowed creation of two levels of concentration of intermediate
substrate by which the second stage could be fed. ' '

The average data of the second-stage measuTements were fitted to Equation 71 and
are presented in Figure 22. The calculated values of the coefficients at both concentra-
tions of intermediate substrate are sumarized in Table 7. The coefficients of the one-
Stage experiments (Section 4.2.2.1) are summarized too, because those values equ,'.il the
coefficients of the second stage if 2'31 = Cgqr that is no substrate utilization in the
first stage at all. :

From Table 7, the kine
intermediate substrate. These results are in agreement with the conclusi

the calculations of the coefficients of the theoretical mixed culture (Table 3).in re-
| Sponse to changed concentrations of incoming substrate (Section 4.2.2.2). Likewise -
Lohman (1975, 1977) observed a decrease in the kinetic coefficients of the sea_nm'i stritge,
an activated-sludge reactor, if the incoming substrate was partially (50%) purified in

tic coefficients decrease with decreasing concentration of
on drawn from
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Fig. 22. Rate of uptake of substrate by R Component in the second-stage reactor agaimst
steady-state concentration of substrate in the reactor. O , average data of the second

stage fed on 5 = 0.183 g/1; % , average data of the second stage fed on CSI = 0.414

sl
g/l. The inset graph represents rate coefficient of consumption of substrate in the

second stage against formal order of reaction in the second stage.

a trickling fitter. Lohmann assumed an increase in less biodegradable organic compounds
which may be present in the intermediate substrate with increasing purification efficien-’
cy of the first stage.

The insetgraph in Figure 22 shows that the kinetic coefficiénts decrease simulta-
neously, as already observed by Chudoba et al. (1973) analysing data of Peil & Gaudy
{1971) and of Gosh & Pohland (1972). Population shifts were assumed to occur. '

In summary our results (Table 7) can well be explained on the influence of de-

Table 7, Kinetic coefficients, kSRZ and g, At the two intermediate-substrate concentra~
tions, 881‘ Kinetic coefficients of the one-stage experiments (Section 4.2.2.1) are sum~

marized too, because they equal the second-stage coefficients if bS] = CSO'

. _ - : >
Uy C e ke g2 T
%52
ey  gle.h.(gf1)
0.183 _ 0. 158 0.42 " 0.88
0.414 _ 0.187 0.49 : 0.92
0,631 ' _ 0.308 _ 0.71 0.89
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creasing concentration of incoming substrate on the composition of the activated-sludge
_ population (Section 4.2.2.2)'. It is difficult to discuss the influence of the composi- -
tion of intermediate substrate, because vanillin and vanillic acid were detected but
these aromatics contributed only for 45-46% of total organic carbon measured (Section
6.2.2.2; Table 15).

To calculate minima of the total hydraulic retention time, teo
of concentration of intermediate substrate, the partial differential Equation 110 needs
to be solved. However the kinetic coefficients of the second stage are dependent upon
the intermediate substrate concentration and have to be defined as fimctions of it. Em-
pirical exponential relationships were assumed, which resulted in the following equaticns
which are shown in Figure 23 and given in Equations 117 and 112.

¢+ @s a function

1.474 E‘S]

kepp = 0:114 €

(111)

1.182 ¢
ag, =0.325e 51 12
" where the coefficients of determination were 0.91 and 0.95, respectively.
Substituting the two empirical relationships for L and g, in Equation 110, the hy-
draulic retention time of the second stage, t,, could be solved at each value of 2‘51.
The following assumptions were made for comparison of a one-stage system with a two-stage
system
(1) The concentration of incoming substrate in carbon is Cgy = 0.631 g/l
(2) The total working volumes of both systems are similar, written as
” (113}

V=, o+ v,

Were ¥ is the volume of the one-stage system; V, and v, are the volumes of the first and

Second stages of the two-stage system, respectively. In this way, the two systems were
compared on the basis of flow rates of substrate

(3) Total amounts of biomass in steady state are similar in both systems. This can be
defined as

SR2 ) i 052
Q3-
Q1
OJ-_I T 1 L) ) i 1 1
© o2 04 a6
o2 Cq (gt}

e in the second stage and formal

crier 3f hate coefficient of conmpCio e subE”:tm:l:raciurl of intermediate substrate.

Otder of reaction in the second stage against concen
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.C ' ‘ (114)

In the first series of calculations, the concentration of biomass in each reactor be che-

sen to be Z'X

{4} In the calculations, the experimentally determined kinetic coefficients of the first

= E‘XI = Exz = 1.0 g/1 and the mass fraction of viable be wnity

stage are listed in Table 7, 3rd row. The second-stage ones, which are dependen on 2’51,
are calculated from Equations 111 and 112
{5) Total fractional reduction of incoming substrate, n tot? is required to be in the two
systems of, respectively, 0.80; 0.85; 0.90; 0.95 and 0,98, where Nor = (CSO - 0323/5'50'
A Fortran computer program {App. B) was written for solving the partial differen-.
tial Equation 110 on the DEC $YSTEM-1090 TIMESHARING of the Agricultural University,
Wagengen. : ;
Results are sumarized in Table 8 and two representative curves of ¢ against
E'SI are presented in Figure 24. The two-stage system is advantageous to the one-stage
system in rate of vanillin consumnption. For example, {Table 8), the flow rate of sub-
strate in the two-stage system can be a factor 2.9 of that in the one-stage system if a
. fractional reduction of n = 0.95 be assumed. Kormanik (1972} obtained similar results
in a theoretical approach to kinetic optimalization of an aercbic lagoon and facultatively
aerobic lagoon in series. Economically (Table &), at the higher the required total frac-
tional reduction in substrate, the higher the kinetic advantage of the two-stage system
(Fig. 25). Increase in n .  requires an increase in the fractional reduction in substrate

Table 8. Summary of optimum kinetic calculations of the one-stage and two-stage systems
at increasing purification efficiencies 7.

Symbols: t, the hydraulic retention time of the ome-stage system; ¥ and t,, the hydrau-
lic retention time of the first~ and second stage, respectively; thz, minimum of the
total hydraulic retemtion time in the two-stage system; at the optimum concentration of

intermediate substrate, opt 351; Vl and VZ’ volume of the fist and second stage, respec-
tively; U purification efficiency of the first stage.

n tm].n

tot tl t, opt BSI n V]/VZ t(one-stage)
) @ (g/1) (h)
0.80 .2 L7 1.5 0.310 0.51 1.1 5.1
0.85 .7 1.9 1.8 0.28%  0.55 .1 6.7
0.90 A4 2.3 2. 0.252 0.60 1.1 9.4
0.95 5.5 3.0 2.5  0.207 0.67 1.2 16.1
0.968 6.2 3.5 2.7 0.187 0.70 13 23.0
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at the first stage, Ny from 0,51 to 0.73. In practice such a reduction of incoming sub-
strate at the first stage can be achieved (Table 1). ‘Questionable may be -the possibility
to maintain an optimm concentration of intermediate substrate by fluctuation in concen-
tration of incoming substrate. However, for example, at a 50% deviation of optimum
concentration of intermediate substrate, opt Z'S], (Fig 24), there is still great kinetic
advantage in the two-stage system.

Qualitatively, this advantage of a two-stage system can be explained on the high
rate of substrate consumption, achieved by high concentrations of substrate in the first
stage (Fig. 12). In a conventional one-stage plant however, the rate of substrate con-
sumption depends on the low concentration of effluent required. In the one-stage system
the purification efficiency is limited by the concentration of substrate Tequired for
maintenance purposes. The finite fractional reduction in substrate in the one-stage
system of our experiments is n = 0.968 (Table 8). At the corresponding concentration of
substrate, Z'S = 0,020 g/1, the rate of consumption of substrate equals the rate of con-
sumption of substrate for maintenance, that is g, = mg = 0.012 g/g.h. Below that con-
centration of substrate, the microbial population comnsumes itself.

In another series of calculations, the partial concentration of biomass in the
first and second stages are assumed to be different. Further similar assumptions were
made as menticned above, assuming a total fractional reduction of Neor = 0.95. The
results are summarized in Table 9.

In general, under optimum conditions V] /V2>].0 , which is in agreement with the
conclusions of Schellart (1975).in a mumerical approach to the optimum ratio of the
effective reactor volumes in a single-stream once-through dual-stage system. However,
only if EXIIEK2<0.4, did the volume ratio, ¥ /V, decrease below unity (Table 9). Thus
the actual velure ratio depends upon the mass ratio of biomass in both stages (Tables 8
and 9). Nevertheless the optimum mass ratic of biomass with the greatest kinetic advan-
tage lies between 0.66 < C}{l/cxz <1.5ifn . =0.95 (Table 9}. However, for practical aP'
plications, the mass ratio of biomass of both stages would fluctuate by a factor 4, re-
sulting in only a slight decrease in the kinetic advantage: £(one stage)/ tmm decreases
from 2.9 to 2.2 (Table 9).

From a kinetic viewpoint, these conclusions contradict the dimensioning of most
activated-sludge plants, of which first stages are smaller than second cnes (Table 1).

5.3.2.2 Biochemical approach of changing y1e1d and maintenance coefflc:l.ents of the
second stage

Both series of data of the second-stage experiments (Section 5.3.2.1) are fltted
to the simplified law of the three-compartment model (Eqn 102), written as
7 “2 + ams2 ) . : : . o [115)
nax 2 . [ :

sr =

o

'n.:here. Ymax 2-. is defined as
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(1 - YR.KZ)

. . LUn N )
Yoax 2 = Yepa/ 11+ " (mgp * kg Wy + gy)} (116)
RK2
and mg, as _
1-1_.) '

Lt 5 s

M2ty {r__— Unyey * Fegp) Bgy * ¥igp) ¥ (17
SR2 BK2 .

Data of §g,, against w, if & = 0.414 g/1 and if &5, = 0.183 /1 are shown in
Figure 26. The assumed straight-line relationships were calculated by the least-squares
method and summarized in Table 10: : S increased and Moy decreased. Gaudy &
Srinivasaraghavan (1974) found also a decreasing value of Mg if the concentration of
incoming substrate decreased but also a decreasing ¥ ax Was measured. Ecologically this
phenomenon was viewed as doubtful (Verstraete, 1977), because to survive in a poor
growth-supporting environment it might be expected that bacteria optimalize the efficien-
cy of substrate consumption but minimalize substrate consumption for maintenance purposes.
Qur results are in agreement with this suggestion (Table 10). In addition it was found
too (Section 5.3.2.1) that the affinity for substrate increased with decreasing concen-
tration of intermediate substrate (Table 7). If it is assumed that the decrease of con-
centration and the change in composition of the intermediate substrate induced a decrezs-
iljlg ability of the environment of the second-stage reactor to support growth, the
following ecological principle may be formulated. A decreasing ability selects for 2
" population of micro-organisms characterized by a relatively high' maximum yield coeffi-
cient, a low maintenance coefficient and a high affinity for substrate.
An increase of ¥ jaxz defined in Equation 116, simultaneously with a decrease of
Moy (ngri 117) resulted too if the biochemical data of the second-stage experiments are
implicated. These data are presented in Figures 27 and 28. Calculated different coeffi-
cients are listed in Table 11. From Figure 27 and Table 11, curves of the mass fractions
of DNA and RNA against u, at 2'51 = 0,183 g/1 and at 2‘31 = 0.414 g/1, respectively, equal
those of the first-stage ones (Fig. 14; Table 4). However the mass fraction of protein

dsrz (9/g.h) .
Cs=0631{gfn)
01004 e

- Csy =041 (gfi)
- X

| ¥ G =03 g/)

005 | 010
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Fig. 26. Rate of uptake of substrate by R Compartment in the second stage against

specific growth rate in the second sta i i i i
J ge at differe diate
substrate. x , cSI = 0.414 g/1;0 , CSI = 0,183 g/l?t concentrations of ntemedt
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Table 10, Calculated values by the least squares methed of &SRZ against My {(Eqn 115) if
2'51 = 0.183 g/l and BSJ = 0.414 g/l. First-stage values are also given whichk are calcu+
lated data of the second stage if CSI = 0,63]1 g/l.

2 o
% nax 2 M2 Y 2{qgpaeiy)
(/1) (g/8) (g/g.h)
0.183 1.64 0. 004 0.92 0.005
0.414 1.25 0.010 0.94 0.005
0.631 1.03 0.012 0.96 0.014

of the second stage, EGZ’ fed on 851 = 0,183 g/1, was found to be significantly lower
than that of the second stage fed on 3‘51 = 0.414 g/1 or of the first stage (Fig. 14;
Table 4), for the range of specific growth rates measured. On the other hand, enhancement
was observed of the mass fraction of R Component, 5&2’ in the second stage fed on '

%, = 0.183 g/1 from 0.30 to 0.38. (Fig. 27; Table 11). The relatively higher content of
carbohydrate in this microbial culture (Fig. 28; Table 11} indicated a shift from G Com-
ponent to R Component. In a poor growth-supporting enviromment, that may be advantageous

DNA,RNA and protein in dry mass

06 = =——m o _ X
L
o x - .
_--.___0—5—5____60 o o Wg, ( protein)
Q o
41 &, ( C, =0183g/D)
| #ap (Cs,=0631g/1)
024
XA R
T T Wa (RNA)
1 ———n b" 00_____-—-0—'-'-
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0 t ! T T 065 T T 010
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Fig. 27. Mass fractions of DNA, RNA, protein and R Component in dryn:asi o: :3:;::&&
sludge in the second stage against specifig growth rate of the second St&g
balanced growth. © , CSI - 0.183 gfl; x , gy = 0.414 g/l.
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carbohydrate in dry moss '
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Fig. 28. Mass fraction of carbohydrate in the gecond stage against specific growth rate
of the second stage.© , CS] = 0.183 g/1; x , CS] = 0.414 gf1.

energetically, because formation of polysaccharides needs less ATP than formation of INA,
RNA and proteins (Table 5).
The decrease. of (i‘.;’KZ + z.mJGZ) and the increase of 3112’ inducing an increase of Ygp,,

result in an increase of ¥ axp @nd a decrease of ms, 1f substituted into Equations
116 and 117, respectively.

5.3.2.3  Production of biomass in the two-stage system

Waste of activated sludge is used only as fertilizer after a process of compost-
ing or otherwise, only if it contains not toxic concentrations of heavy metals, some or-
ganic compounds or pathogenic micro~organisms, Therefore to rveduce the cost of sludge
disposal, one must remove as much substrate as poessible with minimum production of bio-
mass. In this section, the production of biomass in the two-stage process will be com-

Table 11, Regression coefficients Wi Swilau; coefficients of determination I'2; and
standard errors of estimates s(w/n) of straight-line fits by the leaét'squares method of
the series of data points of the different macromolecular components z, in the activated
sludge of the second stage at different specific growth rates. The second—stage chemo=

stats were fed on concentrations of 1ntermed1ate substrate of

, respectively, 851 = 0.183
g/l and 8 = 0.414 g/1.

2's:
0.183 g/1 0.414 g/1 .
RNA protein  carbohydrate  RNA protein  carbohydrate
w; o (u=0) - 0.09 0,53 ©0.158 0.103  0.62 0.12
w, f3u . 0,416 -0,401 0,588 "0.566 -0,734 - -0.706
r? '_ 0.63 0.38 0.63 0.89 0.4 0.78
e@/w) - . 0.009 0.014 0,013

0.005 0.020 0.010
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pared with that in the one-stage process with optimm kinetics assumed.
Production of biomass in a chemostat may be defined as

P= i,V . *' (118)

where P is the rate of production of dry mass (g/h). If the simplified linear-law of the
three-compartment model (Egn 115) is substituted for ¢ into Equation 118, we obtain

P= ms] Cye ¥ (119

Ymax(-q'SR -

Equation 119 has been solved for the steady states of the system with one and
two stages (Tables 8 and 9). The - and mg of the single-stage reactor and the first
Stage of the dual-stage system are Yo = 1.03 g/g and mg = 0.012 g/g.h (Table 6). How-
ever both coefficients of the second stage varied with the concentration of intermediate
substrate (Section 5.3.2.2). Therefore at each optimum concentration of intermediate sub-’
Strate (Tables 8 and 9), Y x2 and Mg, Can be read from Figure 29 if calculated values
(Table 10) are plotted against ?,‘St. |

Results of our calculations are summarized in Table 12, In each reactor, produc-
tion of biomass decreases with increasing fracticnal reduction of incoming substrate.
Physiologically this phenomenon can be explained from a relative increase in substrate
Consumed for maintenance with decreasing consumption of substrate (Eqn 119). So in the
bne-stage system, production of biomass becomes zero if the rate of consumption of sub-
strate equals the rate of substrate consumption for maintenance. '

The two systems can be compared only with respect to biomass production if
€qual amounts of substrate are consﬁmed that is the flow rates of both systems are equal.

Ymax 2 (9/9)
204
_ \ mes (9/g.h )
| —-—X S% g/r
10- ' _ * oo
- . B
0 '. 0'2 ’ 0:4 I

06 .
Cq (g/ 1)

, | : ' tion of
Fig, 2 . . - of the second stage (x )} and rate 9f consump ;
beroan xinun yield coefficient age (®) against concentration of intermediate

substrate for maintemance in the second st
Substrate, . -
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Table ‘12, Calculated- production of biomass in a one-stage and two-stage activated-sludge
process with optimum_kinetics as summarized in Table 8, P], P2 and P are rates of pro-
duction of biomass {g/h) in the first stage, the second stage and one stage, respectively.
Production of biomass in both systems have been compared for equal amounts of substrate

- min
consumed. Therefor P{onme-stage)/P(two-stage) was divided by t(one—stage)/ttot

n opt 551 t(one-stage) PI 2, P(one-stage) FP(two-stage)/P(one-stage)
—_——— mi
&/1) .} (g/n) (g/h) (g/h) t(one-stage) /£,
0.80 0.310 1.6 G.065 0.042 0,060 1.1
0.85 0.284 1.8 0.062 0,037 0,042 1.3
0.90 0.252 2.1 0.057 0.033 0.029 1.5
0,95 0,207 2,9 - 0.049 0.025 0.011 2.3
0,968 0.187 3.7 0.046 0.018 0.000 ——

Therefore the ratio of bicmass production in the one-stage and two-stage system, P (two
stage)/P .{one stage), have to be divided by the ratio of hydraulic retention time, ¢ (ome
stage)/t’f;‘z which equals ¢ (two stage)/¢ (one stage), because ¥ = ¥, + 7, (Section
5.3.2,1),

With optimum kinetics, the two-stage system always produces more biomass than
the one-stage system {Table 12, last column). The higher the total fractional reduction,
the higher the difference as shown in Figure 25. Especially, this can be explained from
the higher rate of consumption of substrate in the first stage of the dual-stage system

than the single reactor and thus aSR >> mg (Eqn 119}. Moreover as pointed out in Section

5.3.2.2, with decreasing concentration of intermediate substrate, the maintenance coeffi-
cent decreased (Fig, |

28) resulting in a higher production of biomass.
’ .No better results were obtained if the partial concentration of biomass in both

stages was assumed to be different (Table 9). If the ratio of biomass, €y /Cg,s increas-
ed from 1 to 4, the ratio of production of biomass

in the one-stage and two-stage sys-
tems,

corrected for equal amounts of substrate consumed, decreased from 2.3 to 1.9. And
if cx1/cx2 decreased from 1 to 0.25, the biomas
Stover & Kincannon (1976) reported also higher production of sludge in a two-
stage activated-sludge system than in a one-stage for a range of specific growth rates.
So, if biomass is difficult to dispose of, the one-stage system might offer advantages
over the two-stage system. However one of the possibilities in diminishing biomass pro-
duction is to operate the second stage below the rate of substrate consumption for main-
tenance: g, < Mg (Eqn 119). Then discharge of activated sludge of the first stage can
_ br..a pumped into the second stage for maintenance of an active and viable population of
r?lcro:orgénisms at that stage (Klapproth, 1976). From the viewpoint of extended aeration,
1.8 qgp < mg, the reportedly smaller production of biomass in a two-stage system than
a one-stage process by Dixit & Patterson (1975) and Wu & Kao (1976) might be explained.

s-production ratio remained equal.
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5.3.2.4 Viability of biomass in the two systems

It has so far been assumed (Sections 5.3.2.1 and 5.3.2.,2) that all cells present
in the activated sludge are capable of division, i.e the fractional viability, (1 - $N)
was unity. However, viability depends on growth rate (Sectiozi 4.2.2.4; Fig. 20}.

The state of cells in the one-stage and two-stage systems will be discussed now. With

the concept of viability, one can calculate concentrations of total mass, viable plus
non-viable or dead mass, needed to obtain, for instance, concentrations of viable mass in
the reactors of both systems of 1.0 g/1.

1f a fractional reduction of n = 0.95 is assumed, the concentrations of substrate
:.‘m the reactors can be read from Table 8; in the one-stage reactor, Z‘S = 0,032 g/1 and
11.1 the two-stage reactors, E'SI = 0.207 g/1 and 2‘52 = 0.032 g/1. Then the rates of consump-
tion of substrate in the single reactor and first stage of the double reactor can be
read from Figure 12 HSR = 0,02 g/g.h and a'sm = 0.700 g/g.h. From Figure 22, 351{2 in
the second-stage reactor can be obtained: qg,, 0.034 g/g.h., This corresponds to specific
growth rates of y(one stage) = 0.008 h_], W, = 0.09 ! (Fig. 15) and, in the second
stage, u, = 0.04 h™1 (Fig. 26). ‘

At similar concentrations of substrate, a higher specific growth rate can be ob-
tained in the second-stage reactor than in the one-stage reactor because of the decreased
formal order of reaction {Table 8). This results in a more active and viable system at
low concentrations of effluent.

The fractional viability of the cne-stage reactor (u = 0.008 h™
first-stage reactor (w, = 0.09 h'l) 0.75 and of the second-stage reactor (u, = 0.04
0.57, if k= 0.03 n~! (Fig. 20). Then, if viable-mass concentrations of 1.0 g/1 are
solids (viable plus non-viable or dead mass) are respec-
Exz(total mass) = 1.7 g/1.

1 1. Then from Equation

1) is 0.21; of the
n

required, the concentrations of
tively C,(total mass) = 4.8 g/1, £, (total mase) = 1.3 g/1,
The working volume of the one-stage reactor is assumed to be V =
114 and V,/v, = 1.2 (Table 8), the volumes of the two-stage reactors will be: ¥, = 0.55 1
ad v, = 0.45 1. Then the total amounts of solids in the reactors will be: 4.8 g in the

stage reactor and 0.8 g in the second-stage reactor.

One-stage reactor; 0.7 g in the first-
thus a factor

viable or dead mass in the one-stage system is
to achieve equal amounts of viable mass. In
a more active and viable mass can be
stage system, elimination
ontribution

The amount of non-
7.6 times higher as in the two-stage system,
terms of elimination of substrate by consumption,
obtained in the two-stage system. However especially in the one-
of substrate by adsorption on the greater amount of solids might be a large <

to elimination of substrate.
5.4 OPTIMUM KINETICS OF THE TWO-STAGE ACTIVATED-SLUDGE SYSTEM FED ON VANILLIN AND
" ACETATE; INFLUENCE OF THE FORMAL ORDER OF REACTION

§.4.1  Imtroduction

ted that in a two-stage activated-sludge plant, preferred

Heinicke (1967) repor
odiun formate and tricxane. In

carbon sources like glucose stimulated oxidation of s
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" batch experiments, acetate, commonly consumed by micro-organisms (W. Harder, 1973),
affected the rate of consumption of vanillin (Section 6.2.2.3). In microbial cells, ace-
tate may directly be bound to coenzyme A and directly used in the tricarboxylic acid
cycle. It could easily be assayed as described in Section 2.5.4. Therefore this organic

' compound was used as a second substrate in the breakdown of vanillin. The influence
of the formal order of reaction on the kinetics of the two-stage system was studied too.

5.4.2 Procedures

.. Operational procedures were similar to those described in Sections 2.6.2. How-
ever the vanillin-basal medium was modified as described in Section 2.3. The carbon
ratio of vanillin to acetate was held at 4,

The analytical procedures were the same as described in Section 4.2.1. In addition ace-
tate (Section 2.5.4)} and total aromatics {Section 2.5.2) were assayed. The operational
conditions were set at v = 4 1, Cqp = 0.789 g/1 and the hold-up factor, wp, could be
maintained at (.36, deviating 0.12. After an interval greater than 5 times the recipro-
cal of u, reliable estimates of changes in rate of substrate consumption against _2'3 4
could be made. In our experiments, the specific growth rate ranged from 0.043 to (¢.235 h
by increasing the dilution rate and the flow of discharge of bicmass.

In the two-stage experiments, it was hardly possible to hold the concentration
of intermediate substrate constant at different levels as obtained in the vanillin-fed
two-stage experiments (Section 5.3.1; Fig. 21). In the one series of experiments, the
operational conditions of the first stage were set at: v, =31, p =0.417 hPT' -

v = 0-8 8/1. This -
resulted in the mean concentration of intermediate substrate of: E‘S] = 0.390 g/1, de- &_1
viating 0.102. The operational conditions of the secand stage were held on D, = 0.187 b
V, = 3 1. The specific growth rate of the second stage, corrected for incoming biomass of
the first stage, ranged from 0.016 to 0.098 h~ by increasing the flow rate of discharge
of biomass, i.e s - wl)¢0 (Fig. 20). .

' Similarly to Section 5.3.1,
tather than the hold-up factor, w

estimates of a steady state

CS'O = 0.789 g/1; vy, = 0.36 and the mean concentration of biomass: é‘

the hydraulic dilution rate, D,, was kept constant
pp* BY Vvarying the flow rate of discharge of sludge,

could be made during a period of 2 weeks. However the fluc-
tuations in steady-state concentrations of substrate

were again fairly lare and ‘_the
deviation ranged from 20 to 25% in the second stage.

$.4.2  PResults and discussion

Figure 30 shows the rate of

substrate utilization in terms of carbon (TOC and
280 tm measurements),

correction for acetate, against the concentration of substrate in
terms of carbon, corrected for acetate. Our experimental data were fitted to Bguation 71
and thezcalculated kinetic coefficients were: kSR = 0.260 g/g.h. (g/l)aS and ag = 0.24,
where r = 0.89. Comparing this curve with that obtained from the vanillin experiments
(Section 4.2.2,1, Fig. 12), the formal order of reaction decreased significantly from 0.7
t0 0.-24. This causes difficulty in maintaining stable conditions .in the upswing of the
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f;g;hzo;éizze of uptake of suPstFate-by R Compartment against concentration of substrate
. oo gr was fed on vanillin with acetate (—=) or vanillin without zcetate (—=}).
ar;maticage ata in terms of total organic carbonm; x , average data in terms of total

s (labs = 280 nm). The calculated line ig based on the data in carbon.

Sutlbstrate utilization curve because then a slight change in dsp might induce a distinct
shift in concentration of substrate. A possible explanation of the enhancement of the
T £113 .

ate of vanillin consumption at low growth rates if acetate is present, may be that

given in Section 6.2.2.3. From Figure 30, the curve in terms of carbon parallels the

¢ . ) .
urve measured in terms of total aromatics (A, = 280 nm). This indicates that the rate
h in Figure

of breakdown of aromatics may be the rate-limiting step. From the insetgrap
30 the rate of acetate consumption was found to be proportional to its concentration in
the reactor. This confirms the results of studies by Downing (1966) using acetate as
Sole carbon and energy source. |

. The average data of the second-stage measurements were fitted to Eﬂuation 71 and

depicted in Figure 31. The calculated values are: Kgpy = 0.174 g/g.h.(g/1) 5, agy = 0.187

2
ad »° « 9»35. The poor correlation of Fgo, against z‘sz is due to fluctuation in concentra-
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tion of intermediate substrate, 0.402 g/1, deviating 0,152 and low formal order of re-
action. Nevertheless reliable calculations could be made to optimilize vanillin decompo-
sition in the dual-stage process in the presence of acétate, because the total rate of
substrate utilization was mainly determined by that in the first (Section 5.3.2.1}.

Optimm kinetics of the one-stage and two-stage system, fed on vanillin or vanil-
lin if acetate was present were calculated, based on the assumptions in Section 5.3.2.7.
The total fractional rgduction was assumed to be, N T 0.95. Results are summarized in
Table 13 and also those of the vanillin-fed system are given. From Table 13, the enhance-
ment of the rate of vanillin consumption at low concentrations of substrate in the
reactor, if acetate were present, resulted in a lowering of the kinetic advantage of the
two- stage system by a factor 2. This can be explained by the fact that in the one-stage
reactor, for example at a required fractional reduction, n = 0.95 and @ = 0,032 g/1, the
rate of consumption of carben, 7 Ggg» increased by a factor 4.8 times that in the presence
of acetate (Fig. 30). This reduced the kinetic advantage of maintaining a high sy in the
first stage of the dual-stage process.

In practice, one must bear in mind the stimulatory effects of, for instance,
glucose or acetate if the kinetic advantage of a two-stage system are to be pursued in
breakdown of organic compounds that are difficult to break down biologically.

Table 13. Summary of the optimum kinetic calculation of the one and two-stage system

fed on vanillin or vanillin in the presence of acetate if the fractional reduction of
incoming-substrate concentration was, n = 0.95. Definiticns of symbols
Table 8.

are given in

min

Substrate ttot tl tz opt B ! V. {v n £{one) t /tmin
51 1°7°2 1 one’ tot
) & ) ) (h)
vanillin . 55 3,0 2,5 0.207 1.2 0.67 16.1 2.9
vanillin if 3.5 2.5 1.0 0.165 - 2.5 0,73 4.7 1.3

acetate present
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6 Microbiology of activated sludge fed on
vanillin or vanillin and acetate

6.1 INTRODUCTION

In Chapter 1 and 4, the significance was emphasized of microbial interactions and
population shifts on the kinetics of the activated-sludge process. A study of the
microbial composition, the mmbers of bacteria and ‘their physiclogy is necessary for a
closer understanding of the biological process. Recently Hughes & Stafford (1976),

Taber (1976) and Verstraete {1977) reviewed waste-water micro-organisms and population
dynamics. These studies revealed a delicately balanced population of bacteria, each
interacting with and influencing the other members of the pepulation.

The purpose of this chapter is to give information on the microbial changes in the

mixed cultures, the predominating types and their activities during continuous growth

on vanillin or vanillin and acetate, Evidence was presented for a correlation of the re-

tic experiments with those of the microbial observations
isolated cultures was tested and the flocs

sults obtained in the kine
(Section 6.2). The floc-forming ability of
were examined for the presence of cellulose fibrils (Section 6.3}.

6.2 CHARACTERIZATION, COUNTS AND ACTIVITIES OF ACTIVATED-SLUDGE BACTERIA

6.2.1 Procedures

The activa{:ed—sludge chemostat with recycling of biomass (Section 2.6.2) was
inoculated with activated sludge (Section 2.1} and adapted to the vanillin-basal medium
(Section 2.2) or sodium acetate-vanillin-basal medium (Section 2.3). The experimental
conditions were pH 7.2. temperature 20°C and oxygen concentration 0.003 g/1 or more

(Section 4.2.1).

The activated-sludge population grown on as
and high specific growth rate of, respectively, » = 0.032 h™', deviating 0.002 and
= 0,112 h"_, deviating 0.017. The hydraulic ditution rates were, respectively, D =
0.010 11 and b = 0.361 -1 Tesulting in a hold-up factor of vy = 0.51. The volume of the
reactor was 4 1. The concentration of incoming substrate of vanillin in carbon was

: s _ -1
0.631 g/1. The vanillin-acetate growing culture was maintained at w = 0.109 h °,

deviating 0.022 and D = 0.303 p1, with a hold-up factor of wy, = 0.36. The volume of the
strate of vaniilin in carbon was held

tion of carbon of 0.158

vanillin was characterized at a low

reactor was 4 1. The concentration of incoming sub:
on 0.631 g/1 and sodium acetate trihydrate added in the concentra
g/1. The carbon to introgen ratio was held on 6.0.

The following media were used:

{1) Aromatic medium contained: vanillin, c acid or protocatechuic acid 1.0 g;

vanilli
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(NH4)NOS 0.5 g; MgSOAV.THZO 0.1 g; K2HP04 1.0 g; KIrIZPO4 0.5 g; a trace of yeast extract
{Difco); and 1.0 1 of tap water; pHl 7.0: The aromatics were separately sterilized through
a Seitz-filter. '
(2) Glucosewnutrieritiﬁroth medium contained: glucose 5.0 g nutrient broth 8.0 g;
tryptone 8.0 g; yeast extract (Difco) 4.0 g; and 1.0 1 of tap water; pH 7.0.
3) Casitone-glyceroi medium consisted of the following ingredients: casitone (Difco)
1.0 g; glycerol 2.0 g; yeast extract (Difco) 0.35 g; and 1.0 1 of tap water; pH 6.9.
For plate counts, agar 12 g/l was added. In all experiments, the carbon source was the
growth-limiting nutrient. ]

Samples of 10 ml of activated sludge, grown under the steady-state conditions
as indicated, were collected in sterilized bottles and the sludge flocs were dispersed
with a M.S.E, Sonifier (20 kiz, 40 W, 0.5 min, OOC), in order to liberate the bacteria
from the interior of the floc. The dispersed flocs were diluted by a factor 10-4 - 10_6
in sterilized water to provide a microbial concentration within the usual ranges for.
counting. Duplicate samples of 0.1 ml were spread on sets of § previously dried agar
plates, containing glucose-nutrients broth or casitone-glycerol medium. After 14 days
- incubation at 20°C, colonies were counted and isolated. Pure cultures were characterized
by the 'scheme of Schmidt-Lorenz (1965) and Bergey's manual (1974) and maintained on
casitone-glycerol slants.

The pure cultures of bacteria were grown in shake cultures at 30°C (200 m1 in a
1 litre Erlenmeyer) on aromatic medium. Total concentration of aromatics (Section 2.5.2)
and total dry mass (Section 2.4.1) were measured during growth.. Simultaneously the growth
of a culture was also tested on glucose-nutrient broth. .

Batch experiments with activated sludge, used the equipment described in Section
2.6.1. Sludge was taken from the chemostat fed on vanillin-basal medium (Section 4.2.1)
where y = 0,030 h™'; D = 0.100 h™'; Og = 0.015 g/1 and ¢, = 1.5 g/1, or taken from the
chemostat fed on vanillin-acetate-basal medium {Section 5.4.2) where p = 0.043 h_1‘,

_‘|' _ . -~
D =0.126 h ', CS = 0.006 g/1 and C’x = 2.5 g/1.
6.2.2 Results and disoussion

6.2.2.1 Characterization of bacteria in the cherostat fed on vanillin or vanillin and
acetate -

In both activated-sludge cultures, most of the isolates were Gram;negativé and
non-fermentative, rod forming bacteria, They were identified as Pseudomonas; Flavobaster /
fanthomonas; Alcaligenes; Morazella and Aetnetobacter (Table 14). Two strains were

* Gram-positive and belonged to the genus Corynebasterium. They gave yellow colonies on
-agar plates and the Plecmorphic rods did not transform into coccoids in olcf cultures
‘1ike Arthrobacter-type species (Veldkamp et al., 1963; vah Gils, .1964; .Bergey's manual,
1974; Crombach, 1974). Various species of protozoa as rotifers and ciliates were observed,
along with stalked types like Epistylie and Vorticella. Isolation of pure cultures
) of bacteria was hampered by formatign of ex . .

‘ tracellular slime layers on the agar plates
which resulted in a fraction of unidentifi ; :

ed species in every sample.
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Table 14. Aerobic heterotrophic bacteria present in the continucus culture of activated
L]
sludge fed on vanillin or vanillin and acetate and counteéd on glucese-nutrient broth agar.

Data are given in percentage of the total number of bacteria counted,

Genus Carbon source
vanillin ) vanillin + acetate
-1 -l S|
w=0.032h t=0.112h y=0,1090h
Pseudomonas 0,8 4.9 26,0
7
}avobaccer } 0.7 0.5 7.6
Xanthomonas )
Alcaligenes 7.7 45.3 28.5
Acinetobacter 41.5 14.3 18.2
Moraxe_lla 5.1 23.3 1.1
Corynebacterium ) 28.6 0.5 -
Unidentified 15.6 11.2 18.6
Total number of
bacteria per g 12
dry mass 1.6 = 10'2 0.3x 10" 0.75x 10

The Gram-negative aercbic heterotrophic bacteria as predominant species were also
found by: McKinney & Horwood (1952), Porges {1960y, McKinney (1962), Adamse (1966),
Prakasam & Dondero (1967a, 1967b), Unz & Dondero (1970), Benedict & Carlson (1971)
and Liac & Dawson (1975). The Gram-positive Corynebacterium was isolated from sludges
by treating wastes with a high proportion of carbohydrate such as confectionery and
fruit-juice wastes (Takii, 1977). Gram-positive bacteria were also isolated by Adamse
(1966) from activated sludge fed on dairy waste but identified as species of Arthrobacter.

Thus despite feeding on the specific organic. compound vanillin, a great variety

of bacferia and protozoa were cultured, resulting in an optimally functioning activated

Sludge. Qrshanskaya et al. (1975) obtained similar results by feeding an activated-sludge
tulture on sulphanilic acid. In this experiments however Pseudomonas was found to be the

Predominant bacterium.
.6.2.2.2 Cownts and activities of the bacteria grown on vanillin

medium that can support all the heterotrophic bacteria

In the experiments of Banks & Walker (1977), a casitone-
medium, The glucose-nutrient broth

g the total aerobic heterotrophs

There is no equivocal
Present in activated sludge.
glycerol agar proved to be the most generally useful
agar and casitone-glycerol agar used here for countin
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gave quite similar results. The activated sludge dealt with here contained about 1011-1012
viable cells per g dry mass (Table 14) which agreed with bacterial counts reported in the
- literature (van Gils, 1964; Weddle & Jenkins, 1971; Bemedict & Carlson, 1971; Walker
& Davies, 1977 and Takii, 1977).

The populations of dcinetobaster, Morawella and Corynebucterium were predominant
(75%) at u = 0.032 h_1 (Table 14). In a well aerated envirorment, Baumann et al. (1968)'
observed ready and abundant growth of Acinetobacter species with minimum nutritional
conditions. So these organisms may Tely on the action of bacteria that produce low-mole-
cular intermediates such as succinate, acetate and ethanol from organic substrates. These
intermediates may be produced by the second predominant bacterium, that is Corynebeeterium,
a facultative anacrobe. Otherwise Corynebacterium can accumulate polysaccharides (Takii,
1977), Dias & Bhat (1964) and Pipes (1966) suggested that the ability to store polysaccha-
rides or 'lipids may be an important factor in survival in an environment where food supply
is limited. A first approach to modelling of this hypothesis-is given in Section 5.3.2.3,
Perhaps also of ecological significance is the ability of Acinetobacter to store large
amounts of polyphosphate (Fuhs & Min Chen, 1975; Yall et al., 1975). '

The increase in the specific growth rate from 0.03Z to 0.112 h™? resulted in 2 .
significant population shift to Peeudomonae (from 0.8 to 4.9 4); Alcaligenes (from 7.7 10
45.3 %) and Moraxella (from 5.1 to 23,3 $). Both populations of Aeinetobacter and
Corynebacterium decreased sharply, from 41.5 to 14.3 % and from 28.6 to 0.5 % respective-
iy (Table 14). Simultaneous decrease of Acinetobaster and Corynebacterium might support

our suggestion that Corynebacterium promotes the growth of Acimetobacter in the activated
sludge.

Activities of a mumber of bacteria grown on vanillin are summarized in Table 15.
Only the minor population of Pseudcmenas was responsible for the breakdown of vanillin
to protocatechuic acid (Section 4.1; Scheme 2). Most of the other strains could utilize

Table 15. Growth of a number of isolated strains of bacteria on vaniliin, vanillic acid,

protocatechwic acid and glucose-nutrient broth. Symbols: growth, +; no growth, -} poot |
growth, +. '

I

Bumber of Vanillin Vanillic Protocatechuic Glucose-nutrient

strains acid acid broth

Pseudomonas 9 + + + +
Flavobacter

Xanthomonas } H - - - +
Alcaligenes 13 - - + +
Acinetobacter 3 - - + +
Moraxella 5 - - : +
Moraxella ... . 4 - - - +
Corynebacterium 2 -

t
[+
+
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protocatechuic acid as carbon and energy source in shake cultures (Table 13). Stanier et al.
(1977, Table 19.3) listed Peeudomonas, Alealigenes, Acinetobaster and Moraxella as capable
of dissimilating aromatic compounds through the p-ketoadipate pathway. In crude extracts -
of the activated sludge, only the activity of EC 1.13.11.3-protocatechuate 3,4-dioxygenase
was found {Section 4.1). This enzyme catalyzed the ortho cleavage of protocatechuic acid,.
_resulting in the g-ketoadipate pathway for break down of vanillin. So the cbserved bio-
chemical and microbial results are in agreement with the data of Stanier et al.

The formation of extracellular products by micro-organisms that promote the growth
of other species, so-called commensalism, is often observed in mixed-culture populations
(Meers, 1973: Fredrickson, 1977). The low percentage of Pseudomonas responsible for break
down of vanillin to protocatechuic acid and otherwise the large percentage of bacteria that
could grow on protocatechuic acid supported the more detailed analysis of the effluents
of the chemostats and media of the batch cultures (Section 2.5.3}. Results of these
effluent analyses, at two specific growth rates of the vanillin-fed chemostat, on vanil-
lin, vanillic acid and protocatechuic acid are given in Table 16. The intermediate,
vanillic acid, was present in the medium but protocatechuic acid was not detected. This
might be explained by the large number and wide range of bacteria that could utilize
protocatechuic acid (Table 15). Low-molecular compounds like acetic acid {Section 2.5.4}
could not be detected. Nevertheless, if the concentrations of vanillin and vanillic acid
were calculated in terms of carbon, only 45-46% of total organic carbon (TOC) consisted
of vanillin and vanillic acid in the media at both growth rates (Table 16).

Similar observations were made in batch experiments with activated sludge

(Sections 2.6.1 and 6.2.1). Figure 32 presents the results of one of these experiments.

The initial concentration of vanillin in carbon was 0.147 g/1l. and the concentration of

biomass was 1.0 g/1. During consumption of vanillin, the medium was analysed for total
organic carbon (Section 2.5.1}, total aromatics (Section 2.5.2), and vanillin vanillic
acid and protocatechuic acid respectively' (Section 2.5.3). From Figure 32, the consumption

resulted in the formation of vanillic acid in the medium. This is

of vanillin in time,
in measured in terms of

reflected in a bend in the curve of the consumption of vanill

total organic carbon.

Tablé 16. Analysis of the effluents of the first stage of the two-stage activated-sludge

and 5.3.2.1}. Vanillin, wvanillic acid were

system fed on vanillin (Sections 2.5.3
identified by comparison mass spéctra with authentic compounds (Section 2.5.3) m/e of
cid were respectively: 224 and 312.

“trimethylsilyl derivatives of vanillin and vanillic a

o 1111 i11id i i id Fraction of

L Ceoy Vanillin vanillic acid Protocatechuie acl action o

! 51 1 (/1) . /1) total carbon
) (a/1) (/1)

0.075 0.183  0.010 0.150 < 0.005 0.45

0.173 0.414 0.122 0.230 : - < 0,005 0,46
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Fig. 32. Batch removal of vanillin with activated sludge taken from the chemostat fed on
vanillin~basal wedium (Section 4,2.1) where u = 0.030 h_l. The initial concentration of
vanillin in carbon was, Cy, = 0.147 g/1. ® , vanillin (as indicated); x , total organic

carbon; & , vanillic acid. {as indicated); 0 , total aromatics.

6.2.2.3 Cownts and activities of activated-sludge bacteria grown on vanillin in the
presence of acetate ’

In Table 14, the results are presented of counts of bacteria continuously grown
on vanillin and acetate (u = 0.10 g h-1] . Addition of acetate resulted in a variety of
species, more or less similar to the vanillin-fed cultures. However the quantitative com-
position is quite different: Pseudomonas increased from 4.9 to 26.0 % of the total mumber
of bacteria per g dry mass. The large increase of Pseudomonas which can break down vanil-
1in, suggests a partial explanation of the acetate-stimulated rate of continuously
consumption of vanillin (Section 5.4). Alealigemes and Morarella decreased, respectively,
from 45.3 to 28.5 § and from 23.3 to 1.1 3. This decrease of both genera which can consume
protocatechuic acid, might be explained by the increased population of Pseudomonas
competiting for its own excretion products, The maintenance of the population of detneto=
bacter might be supported by acetate in the medium. )

' An enhancement in the rate of consumption of vanillin could also be cbtained
with increasing concentration of acetate, in a series of batch experiments. Different
concentrations of acetate were added to the vanillin-basal medium and inoculated with
continuously-pregrown activated sludge (u = 0.06 k! ) adapted teo vanillin and acetate.
The carbon to nitrogen ratio of the medium was 6.0. Results are shown in Figure 33. The |

'
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Fig. 33. Initial rates of consumption of vanillin with different concentrations of

acetate added. The batch experiments were with activated sludge from the chemostat

fed on vanillin-acetate-basal medium {(Section 5.4.2) where u = 0.043 h-l. The initial

concentration of vanillin in carbon was, CSO = 0.631 g/l and acetate as indicated.

4, total organic carbem; X , total aromatics (Aabs = 250 nm); ® , acetate in terms

of carbon.

rate of consumption of substrate was measured in terms of total organic carbon (Section

2.5.1), total aromatics (Section 2.5.2) and acetate (Section 2.5.4). The rate of

consumption of total aromatics was stimulated in the presence of acetate (Fig. 33).

A maximm enhancement was obtained at a mass ratio of vanillin to acetate (in carbon)

of 2. The rate of consumption of acetate decreased above a concentration of 0.3 g/l in

of consumption of total aromatics remained constant.

of consumption of vanillin is poorly explained by an

increase of substrate, here acetate, as measured in the batch experiments, because in

the continuous culture, no acetate was detected below a specific growth rate of 0.100 h
In batch experiments of Tischler & Eckenfelder (1969) removal rates of mixtures

of glucose, aniline and phenol were not affected by addition of acetate. However the
phenel could be already enhanced by glucose in the

the medium. However the rate
The enhancement of the rate
-1

.rates of consumption of aniline and
- Medium (Heinicke, 1967).

6.3 Formation and structure of the bacterial flocs

6.3.1 Procedures

tested on the isolated bacterial cultures by inoculating

Floc-forming ability was
medium (Section 6.2.1).

the micro-organisms in tubes .containing 6 ml of casitone-glycerol

83



The tubes were incubated for Z days on a rotary shaker at 30°C after which floc formation
was visually estimated.

Deinema & Zevenhuizen (1971) showed that a number of Gram-negative heterotrophs,
isolated from various activated-sludge installations in the Netherlands, were able to
grow in flocs by the formation of extracellular cellulose fibrils. Our floc-forming
isolates were estimated for the presence of cellulose-fibrils according to the method of
Deinema & Zevenhuizen. The settled flocs of the pure cultures were washed twice with
distilled water and finally suspended in 5 ml of sodium citrate buffer 0.05 mol/1, pH 4.5.
To 1 ml of floc suspension, a solution of 2 mg of cellulase (Maxazym 2000, extract of °
Trichoderma viride, Gist-Brocades, Delft) in 2 ml of sodium citrate buffer, 0.05 mol/l,
pH 4.5, was added. Floc suspensions without cellulase were put up simultaneously and
both series incubated at 45°C for 2 h with occasional shaking., In general, cellulase-
sensitive flocs were completely dissolved within this time.

6.3.2 Results and discucsion:

6.3.2.1 Floc structure at different specific growth rates

Samples taken from the vanillin-fed chemostat at u = 0.032 h™' and u = 0.112 b
and from the vanillin-acetate-fed chemostat at u = 0,109 h_1 were examined macroscopical-.
ly by a phase contrast microscope. Figures 34-36 give the predominant forms of activated-
sludge flocs at these respective specific growth rates. Figure 34 shows a finger-like
floc with a loose packing of the cells. Figures 35 and 36 give more compact flocs without
any definite form. Generally more branched flocs were observed at low growth rates than
at higher ones. More disperse growing bacteria were observed at the higher specific
growth rates. Increased dispersion might result in an increase of the total free surface
of bacteria which may react with substrate in the reactor (Sladki & Zahradka, 1971).
Then, a more active system in substrate consumption may be expected because of decreasing-
1y diffusion limitation of substrate into the flocs. This might be one of the explanations
of the delay in washout of the culture, observed in our experiments (Section 4.2.2.1).

The structure of the sludge flocs, present in the vanillin experiment with » =
0.032 h'1, was also examined under the E.M. (Figure 37). This electron micrograph shows
an irregular network of fibrils in which many different bacterial cells are enclosed.

The photographs (Figures 34-37) show a great similarity to those published by
Deinema & Zevenhuizen (1971).

6.3.2.2 Floc structure of the isolated bacteria

The isolated strains (Table 15) were tested for flocculent growth (Section 6.2):

3 strains of Pseudomonas and 1 strain of Asinetobacter gave a positive result. The other
| strains were no or only poor floc-formers, It may be concluded that species of

Pseudomonas and Acinetobacter were mainly responsible for floc formation of the activated

sludge fed on vanillin or vanillin and acetate. Fuhs & Mi Chen (1975) reported also the
ability of Acinetobacter to form flocs. |
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6.3.2.3 Cellulase-sensitivity of the flocs

Incubation of flocs of the activated sludge or the pure cultures by cellulase
(Section 6.2) resulted in dispersion of the flocs g#ithin 1-2 h. Fibrillar fractions of
native exopolymefs could be obtained by treatment of activated sludge from vanillin‘
flocs withNaOH 1 mol/1 at 100°C for 1 h, to dissolve cellular proteins and mucleic acid.
Then the alkali-stable fraction was digested with HC1 0.66 mol/1 at 100%C for 2 h to
remove non-cellulosic glucans. The residue was made acid-free and after drying, a network
of fibrils (about 13 of the dry mass} was observed as shown in Figure 38. These fibrillar
network could be dispersed completely within 1 h by incubation with cellulase. So a ‘
greater part of the fibrils present in the sludge flocs is build up by cellulose-like
exopolymers and plays an essential role in the mechanism of flocculation.

Fig. 34. Floc structure of the activa—
ted sludge under the phase-contrast
microscope. The sludge was grown in
the chemostat fed on vanillin (Section
4.2.1) where p = 0,032 bh™1,

Fig. 35. Floc astructure of the sludge
under phase-contrast microscope fed
on vanillin_fSection 4.2.1) where
u=0.012h°.
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Fig. 36. Floc structure of the activa-
ted sludge under phase—contrast .
microscope. The sludge was grown in
the chemostat fed on vanillin and
acetate (Section 5.4.2) where

u = 0.109 h-l,

Fig. 37. Electron micrograph of the activated
vanillin where u = 0.032 p~I (Section 4,2,1),
of fibrils in which many different bacterial [

sludge taken from the chemostat fed on .
The photograph shows an irregular networ
ells are enclesed.
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Fig. 38. Electron micrograph of fibrillar fraction of native exopolymers of the sludge
fed on vanillin (u = 0.032 b~1) (Section 4.2,1) after treatment with NaOH 1 mol/l at
160.9°C for 1 h and HCL 0.66 mol/1 at (00 oC for Z h.
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Sunmary

On modelling kinetics of a mixed culture of micro-organisms, e.g. activated
sludge, several of models have been developed in the last twenty years. These models
are. based on principles originally formulated for growth of phre cultures of bacteria.
Most of these models do not account for cellular composition of bacterial cells and
poorly describe the dynamic behaviour of bacterial cultures. The first aim of this study
was to develop a kinetic model for a growing culture of micro-organisms that correlated
the biochemical structure of cells with quantitative physiological behaviour (Chap. 3).

The model assumed that a cell comprised three basic compartments : '
(1) a building-block for synthesis of energy-rich compounds, small metabolites, DNA and
storage materials, denoted as R Compartment :

(2) the protein-synthesizing machinery, denoted as X Compartment

(3) the pool of enzymes and other proteins, the G Compartment.

This three-compartment model is presented in Figure 5. The R Compartment is produced by

uptake from externally available nutrients. The K Compartment, i.e. RNA, is synthesized

from the R Compartment. The G Compartment is build up by the R Compartment constituents,

but governed by the X Compartment. To explain the concept of maintenance, the K and

G Compartments were assumed to turn over to the R Compartment. The phenomenen of viability,

i.e. ability to grow, was incorporated in our model by postulating irreversible conversions
- from R, K and G Compartments to NR, NK and NG Compartments, respectively. NR, NK and NG

were defined to be inert fractions of R, K and G.

" The mathematical approach of the three-compartment model was based on matrix
representation techniques (Scheme 1)}, The bioéystem is defined by the general state
vector, subdivided in the state vector of the abiotic phase, i.e, environment of cells,
and the state vector of the biotic phase, i.e. interior of cells. The principle of con-
"servation of mass allowed definition of balance equations for abiotic and hiotic compo-
nents in the system. The problem of dilution of intracellular componénts brought about
by expansion (growth) of the biomass was overcome by distinguishing two types of
reactions: (1) reactions of the biotic components expressed as the mass fractions of dry
mass of cells; (2) reactions .of the abiotic Components controlled by the mass concentra-
ticns of these components in the culture fluid. Then a set of expressions for rates of
conversion of components within the system were defined. A chemostat with recycling of
biomass.was chosen as the biotechnical system. Finally, state and steady-state equatidns
could be formulated for substrate, biomass, R, K, G, NR, NK and NG Camponents (Section 3.4)-

To test the model, meaningful studies could be done with microbial cultures

. only under rigidly controlled conditions of growth. Therefore an adequate chemostat suited
for our research on activated sludge was deve]

. . . oped {(Section 2.6.2). By stirring and
V1gorous aerating, activated sludge in the rea

ctor precipitated on the wall just above
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the surface of the culture liquor. It dried up and could hardly resuspended; This problem
was solved by covering the reactor, so increasing the relative mumidity. A second problem
was continuous discharge of biomass from the reactor by flocculent growth of the sludge.
The only satisfactory solution was to discharge sludge by gravity through a magnetic valve
comected to a pulse-pause switch. A continuous way of wasting off biomass. could be
approached by short pulse-pause time intervals.

A first approach to experimental verification of the three compartment model is
given in Chapter 4. Activated sludge was fed on'vanillin (3-methoxy-4-hydroxy-benzaldehyde)
as carbon and energy source. A well-settling and optimally functioning activated sludge was
obtained. The breakdown of vanillin was found to follow the p-ketoadipate pathway (Scheme 2).
The constitutive equation of the rate of conversion of substrate to the R Component was
defined and rationalized by an nth-crder rate equation instead of a commonly used Monod-
like relationship (Section 3.3.2.1). Monod kinetics in mixed cultures of bacteria and
calculation of its coefficients by the Lineweaver-Burk method were found to be doubtful
(Sections 4.2.2.1 and 4.2.2.2).

The macromolecular composition of the activated sludge, continuously fed on
vanilline, resembled that from pure cultures reported in the literature. Maximum yield
and maintenance coefficients could be calculated from data fitted to the equation of

" substrate consumption or ATP production and biomass growth in relation to the concept
of maintenance (Section 4.2.2.4). So both coefficients depend on the mass fractions of

K and G Compartments, yield coefficients of the respective compartments, turnover rates

and rates of decay or loss of K and G Compartments. The calculated coefficients agreed

“with those from the literature or were plausible estimates.
The concept of viability in the three-compartment model was

data from the literature. Change in viability of a continuously grow.

could be simulated well (Section 4.2.2.5}.

The model was fitted to data from the batch experiments,
The observed kinetics of the activated-sludge cultures,

tested by means of
ing culture of bacteria

the continuous experiments

and the transient experiments.
fed on vanillin, could be simulated too (Sections 4,2.2.6 and 4.2.3).

paid to the completely mixed two-stage activated-sludge
process (Chapter 5). Ways were examined improving the two-stage process and a2 mathematical

model was developed for kinetic optimalization of the process {Section 5.2). With some
assumptions, the total hydraulic retention time of the two-stage system could be defined
as a function of concentration of intermediate substrate. The minimm was calculated by

setting the derivative with respect to concentration of intermediate substrate,

3t /3 Cgys at zero. In two series of experiments two levels of concentrations of

tot ]
intermediate substrate were set in the first stage by which the second stage was fed. N
oncentration and composition

The kinetic coefficients of the second stage were affected by © : °
of intermediate substrate (Section 5.3.2.1). Empirical relationships were defined an

incorporated in the two-stage model.
1ts and calculations, the two-stage process was

advantageous to the one-stage process in rate of vanillin consumption (Figure 24). 'I‘hc.\ .
ncoming substrate, the higher the kinetic

higher the desired total fractional reduction of i .
advantage (Figure 25). tnder optimm conditions, the volume of the first stage was

Special attention was

From cur experimental Tesu

89



generally greater than that of the second. This finding conflicts with the proportions of
most activated-sludge plants, of which the first stage is smaller than the second stage.

Increase of maximum yield coefficient and simultaneous decrease of maintenance
coefficient of the second stage with decreasing concentration of intermediate substrate

 was predicted by fitting the biochemical data to our model (Section 5.3.2.2). At the
lowest concentration of intermediate substrate, a shift from protein to carbohydrate
in the bacteria was observed. In the poor enviromment for growth in the second stage,
the shift might be advantageous energetically. Formation of polysaccharides needs less
ATP than formation of DNA, RNA or proteins.

The f)roduction of biomass in the two-stage system under optimum kinetics was
always greater than that of the one-stage system (Section 5.3.2.3). The greater the total
fractional reduction, the greater the difference (Figure 25)}. Biomass production might be
diminished however by pumping discharge of activated sludge from the first stage to a
second stage whose rate of substrate consumption must be below that for maintenance.

The non-viable or dead bicmass in the one-stage system was calculated to be a
factor 7.6 times as high as that in the two-stage system to achieve equal amounts of
viable biomass (Section 5.3.2.4}. Addition of acetate to the vanillin-basal medium
enhanced of the rate of vanillin consumption at low concentrations of substrate. The
pfesence of acetate allowed higher rates at low concentrations of substrate (Section
5.4.2), reducing the kinetic advantage of maintaining a higher substrate consumption in’
the first stage of the two-stage system.

Chapter 5 presents microbial research of the activated sludge fed on vanillin or
vanillin and acetate. Species of Pseudomonae, Flavobacter or Xanthomonas, Alcaligenes,
Actnetobacter, Moracella and Corynebacterium were isclated. Significant population shifts

. of the predominant genera were cbserved if the specific growth rate was increased by a -
factor'tl or when acetate was added to the vanillin-basal medium. Pseudomonas was TESpON-
sible for the breakdown of vanillin to protocatechuic acid, but was not predominant in
the cultures. Addition of acetate increased the relative mmber of Pseudomonas from 4.9 to
25 % of the total mmber of bacteria. Most of the other isolated types of bacteria were
able to consume protocatechuic acid, the metaholic intermediate of vanillin breakdown.
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Samenvatting

De laatste twintig jaar werden een aantal modellen ontwikkeld voor de beschrij-
ving van de greei van mengculturen van bacterién, bijvoorbeeld actief slib. Deze kineti~
sche modellen werden afgeleid van enkele modellen ontwikkeld voor de greei van micro-
organismen in reincultuur. In deze modellen ontbreekt veelal de definitie van de cellu-
laire samenstelling van de bacteri&le cellen en bijgevolg wordt het dynamisch gedrag van
de bacteri¢n slecht beschreven. In het eerste deel van deze studie werd een kinetisch
model ontwikkeld voor een mengcultuur van micro-organismen, waarin de biochemische
Structuur van de bacteriéle cellen gecorreleerd wordt aan het biologisch gedrag.

Het fundamentele uitgangspunt voor de formulering van het kinetisch model vormde
de onderverdeling van een cel in drie compartimenten:

(1) het R-compartiment, waarin energierijke verbindingen en kleine metabolieten gesynthe-
tiseerd worden, het DNA zich bevindt en reserve materialen opgeslagen worden,

(2) het K-éompartbnent, met het apparaat voor de synthese van eiwit,

(3) het G-compartiment met de enzymen en andere eiwitten van de cel.

Dit drie-compartimenten-model is schematisch weergegeven in figuur 5. Het R-compartiment
wordt gevormd door de ,Opname van nutrignten buiten de cel, De K- en C-campartimenten worden
gesynthetiseerd uit bouwstenen van het R-compartiment. De synthese van G-compartiment

wordt evenwel gereguleerd door het K-compartiment. Het concept van de onderhoudsenergie
van een bacterigle cel wordt gedefiniecerd door de ontleding van gevormde K- en C-componen-
ten in R-componenten, De'vitaliteit van een cel wordt in het model vastgelegd met de aan-
name van irreversibele omzettingen van R-, K- en G-componenten in NR-, NK- en NG-componenten.
NR, NK en NG zijn gedefinieerd als inerte fracties van R, K en G.

' . De wiskundige uitwerking van het drie-compartimenten-model werd gebaseerd op
technicken algemeen toegepast in de matrixalgebra (schema ). Het biosysteem werd aller-
eerst gedefinieerd door een algemene-toestandsvector. Deze vector werd onderverdeeld in
de toestandsvector van de abiotische fase, d.w.z. de omgeving van de bacterie in het
systeem, en de toestandsvector van de biotische fase, d.W.z. het imwendige van de bacterie.
De wet van behoud van massa leidde tot een stelsel van balans vergelijkingen voor
de abiotische en de biotische componenten in het biosysteem. De verdunning van de intra-
cellulaire componenten door expansie (groei) van de biomassa vereisten de definitie van
twee typen reacties in het biosysteem: (1) reacties van de biotische componenten, uitge-

" drukt in massafracties van het drooggewicht van de bacteri¥n en (2) reacties van de abio-
tische componenten, bepaald door de concentraties in het medium. Een stelsel van snelheids-
vergelijkingen van de omzettingen van de componenten in het systeem, 2.g. constitutieve
vergelijkingen, kon nu opgesteld worden. Het drie-compartimenten-médel werd daamma uitge-
werkt voor een chemostaat met terugvoer van biomassa (figuur 7). Dit resulteerde in de
formulering van toestands- en everwichtstoestandsvergelijkingen voor het substraat, de
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biomassa, de R~, K-, G-, NR-, NK- en NG-componenten (sectie 3.4).
, Een cultuur van micro-organismen kan alleen zinvol bestudeerd worden in continu-
cultuur en daarom werd een chemostaat oﬁtwikkeld, die geschikt was voor het onderzoek met
actiefslib als mengcultwur (sectie 2.6.2). Afzetting en indroging van slib boven de rand
van de vleeistofspiegel in de reactor bemoeilijkte resuspendering in het medium. Dit pro-

- bleem werd ondervangen door de Teactor af te sluiten met een verticaal beweegbare deksel,
waardoor de relétieve luchtvochtigheid boven de vloeistof stecg en opgespat slib niet
indrocgde. De continue verwijdering van biomassa ter compensatie van de groei in het bio-
systeem, vormde een tweede probleem, dat vercorzaakt werd door de vlckvormige groei van
de bacteri&n. De enige bevredigende oplossing werd gevonden in de afvoer van slib met vrije
val door een magneetklep, die geschakeld was aan een tijdschakelaar.

" Hoofdstuk 4 geeft de resultaten van een eerste aanzet tot de experimentele verifi-
catie van het drie-compartimenten-model. Vanilline (3-methoxy-4-hydroxybenzaldehyde) werd
gebruikt als koolstof- en energiebron voor de micro-organismen. Een goed bezinkbaar en op-
timaal functionerend actiefslib werd gekweekt op deze organische verbinding. De afbraak
van vanilline verliep via het indermediaire metaboliet p-ketoadipinezuur (schema 2). De
constitutieve vergelijking van de omzettingssnelheid van vanilline in R-component werd
gedefinieerd en wiskundig gefundeerd met een machtswet relatie, de z.g. nde—orde snelheids-
vergelijking, in plaats van de algemeen gebruikte Monod-vergelijking (sectie 3.3.2.1). De
Monod-vergelijking en de berekening van haar kinetische coéfficiénten met behulp van de
Lineweaver-Burk methode bleken twijfelachtig, indien toegepast op een theoretische
mengeultuur van bacterién of op het actief slib (secties 4.2.2.1 en 4.2.2.2).

' De macromoleculaire samenstelling van het actief slib, continu gevoed met vanilli-
ne over een traject van groeisnelheden, bleek in overeenstemming met waarden uit de lite-
ratuur gemeten aan reinculturen. De maximale-opbrengstcogfficiént en de onderhoudsco¥f-
ficiént konden berekend worden met de vergelijking van substraatconsumptie (of ATP-pro-
duktie) en biomassagroei, in relatie tot de consumptie van substraat voor cellulair on-
derhoud (sectie 4.2.2.2). Hieruit kon geconcludeerd worden, dat beide cosfficignten af-
hankelijk zijn van de massafracties van de K- en G-compartimenten, de opbrengstcodffi-
cignten van de onderscheiden compartimenten, de snelheden waarmee K- en G-componenten weer
ontleden in R-componenten en de snelheden waarmee K en G irreversibel omgezet worden in
NK en NG. De berekende waarden van de coéffici#nten komen overeen met die uit de litera-
tuur pf 2ijn geloofwaardige schattingen.

Het concept van vitaliteit, als beschreven door het drie-compartimenten-model,
werd getoetst met gepevens uit de literatuur. De gemeten veréndering in vitaliteit van
een continu-cultuur over een traject van groeisnelheden kon adequaat gesimuleerd worden
(sectie 4.2.2.5). ]

Het model werd tenslotte getoest met waarden uit de ladingsgewijze, de continu-
en de overgangsexperimenten. Te waargenomen kinetiek van het actiefslib wordt goed be-
schreven door het model (secties 4.2.2.6 en 4.2.3).

In hoofdstuk 5 wordt het onderzoek aan het tweetraps-actiefslib-proces beschreven.
De optimalisering van dit proces werd nader onderzocht. Een optimaliseringsmodel werd
opgesteld, waarin met enige aannamen, de totale hydraulische verblijftijd van substraat

in het tweetraps systeem werd gedefinieerd als functie van de concentratie van het inter-
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mediaire substraat. Het minimum van de totale hydraulische verblijftijd kon berckend worden
door ziin eerste afgeleide naar de concentratie van het intermediaire substraat, 3 tor!

3 Cgy» op Tul te stellen. Twee series van experimenten werden uitgevoerd, waarbij in iedere
serie de tweede trap van het systeem gevoed werd met cen bepaalde concentratie van het
intermediaire substraat uit de eerste trap. De kinetische coéfficiénten van de tweede

trap bleken afhankelijk van de concentratie en de samenstelling van het intermediaire
substraat (sectie 5,3.2,1). Empirische relaties werden geformuleerd en gesubstitueerd in
het optimaliseringsmodel van het tweetrapssysteem.

Uit de experimenten en de berekeningen blijkt dat vanilline sneller afgebroken
wordt in een tweetraps-actiefslib-systeem dan in een &éntrapssysteem (Figuur 24}. Dit
voordeel van het tweetrapsproces neemt toe naarmate een verdergaande zuivering van
vanilline vereist is (Figuur 25)}. Het volume van de eerste trap was altijd groter dan het
volume van de tweede trap indien onder optimale kinetische condities berekend. Dit resul-
taat weerspreekt de dimensionering van de meeste tweetraps-actiefslib-installaties,
waarvan de eerste trap kleiner is dan de tweede.

De gemeten toename van de maximale-opbrengstco&fficiént en tegelijkertijd de
afname van de onderhoudsco8ifici&nt van de tweede trap (met afnemende concentratie van
het intermediaire substraat) konden ook berekend worden door de substitutie van de
biochemische gegevens van de tweede trap in het drie-compartimenten-model (sectie 5.3.2.2),
Een vers;:huiving van de massafractie van eiwit naar die van polysacchariden in de bacteriEn
van de tweede trap werd gemeten, indien de tweede trap werd gevoed met de laagste concen-
tratie van het intermediaire substraat. Deze verschuiving kan energetisch voordelig zijn
in dit groei-arm milieu, omdat de vorming van polysacchariden minder ATP behoeft dan
de vorming van DNA, RNA of eiwit.

De produktie van actiefslib in het tweetrapsproces bleek onder optimale kinetiek
altijd groter dan in het &éntrapsproces (sectie 5.3.2.3). Hoe hoger de vereiste zuivering
van vanilline, hoe groter het verschil in beide processen (figuur 25). Deze produktie van
biomassa zou wellicht verminderd kunnen worden, indien de tweede trap wordt gevoed met
afgevoerd actiefslib uit de eerste trap. In de tweede trap moet de consumptie van sub-
straat dan liggen beneden die van de consumptie van substraat voor onderhoud van de
bacterign. .

De vitaliteit van de biomassa in beide systemen werd berekend. De hoeveelheid massa,
d.w.z. levende en niet-levende bacterién, moest in het &éntrapssysteem een factor 7,6

maal hoger liggen dan in het tweetrapssysteem om gelijke hoeveelheden levende cellen te
krijgen.

De snelheid van de consumptie van vanililine bij lage concentraties van substraat
Het

nam sterk toe in de aanwezigheid van azijnzuur als tweede koolstof en energiebron. g
e in de

kinetische voordeel van het handhaven van een hoge snelheid van substraatconsumpti

eerste trap werd daarmee beperkt omdat mu ook bij lage conclentraties van vanil%ine in
reikt konden worden (sectie 5.4.7).

aanwezigheid van azijnzuur hoge verbruikssnelheden be .
b, gevoed met

De resultaten van de microbiologische amalyses van het actiefsli

- ies
vanilline of vanilline en azijnzuur zijn samengevat 1n hoofdstuk S. Pseudomona;specwe;l
Flavobaster sp. of Xanthomonas SPe, Alealigenes SP., Actnetobaoter Sp., Morarslia sSp.

Corynebacteriwn sp. werden rein gekweekt uit het actiefslib. Aanzienlijke verschuivingen
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in de sémenstelling van de predominante genera werden waargenomen indien de groeisnelheid
een factor 4 toenam of azijnzuur aan het medium toegevoegd werd. Pseudomonas was
verantwoordelijk voor de omzetting van vanilline tot protocatechnaat, maar was niet
predominant aanwezig in het actiefslib. De relatieve populatie van Pseudomonas nam toe
van 4,5 tot 26,0 % van het totale aantal van bacteri¢én indien azijnzuur toegevoegd werd.
Protocatechuaat kon door de meeste andere scorten van bacteriZn verbruikt worden.
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of symbols most frequently used

qualitative description

formal order of reaction

formal order of reaction in the first stage

formal order of reaction in the second stage
concentration of G Component

concentration of K Component

concentration of R Component

concentration of inert-G Component

concentration of inert-K Component

concentration of inert-R Component

concentration of substrate in carbon

concentration of substrate in carbonof the first stage.
concentration of substrate in carbonof the second stage
concentration of incoming substrate

concentration of biomass in dry mass

concentration of biomass in dry mass of the first stage
concentration of biomass in dry mass of the second stage
hydraulic dilution rate

hydraulic dilution rate in the first stage

hydraulic dilution rate in the second stage

total rate of loss of G, Kand R

total rate of loss of G » X and R in the second stage
rate of loss of G

rate of loss of K

rate of loss of R )

rate coefficient of consumption of substrate

rate coefficient of consumption of substrate in the
first stage

rate coefficient of consumption of substrate in the
second stage

consunption of ATP per wnit biomass and time

turnover of G Compartment

turnover of K Compartment

turnover of K Compartment in the second stage

rate of consumption of substrate for maintenance

rate of consumption of substrate for maintenance in the .
second stage

unit

g/l
g/l
g/l
g/i

h ag
g/g.h.(g/1)

dg
g/g.h. (g/1)

a
g/g.h. (/1) 5
mol/g.h
B!
h-1
h-—1
g/g.h

g/g.h
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rate of production of dry mass

rate of consumption of substrate per unit dry mass

tate of uptake of substrate by R Compartment

rate of uptake of substrate by R Compartment in the
first stage ’ . .
rate of uptake of substrate by R Compartment in the
second stage '
maximum rate of consumption of substrate pei‘ unit dry maés
rate of ATP consumption per unit dry mass

rate of ATP consumption per unit volume

rate of consumption of substrate

rate of conversion of S to R

rate of conversion of R to K

rate of conversion of R to G

rate of turnover of G to R

rate of turnover of K to R

rate of loss of R to NR

rate of loss of K to NK

rate of loss of G to NG

rate of production of biomass

hydraulic retention time of substrate

hydraulic retention time of substrate in the first stage
hydraulic retention time of substrate in the second stage
total hydraulic retention time (t]' + tzJ

iimimnm of total hydraulic retention time

working volume of reactor

working volume of reactor of the first stage
working volume of reactor of the second stage
mass fraction of G in dry mass ‘
mass fraction of G in dry mass of the second stage
mass fraction of K in dry mass

mass fraction of K in dfy mass of the second stage
mass fraction of R in dry mass

mass fraction of NG in dry mass

mass fraction of NK in dry mass

mass fraction of NR on dry mass

total mass fraction of non-viable or dead mass.
mass fraction of ¢0discharged from reactor

mass fraction of Cy fed back into reactor

mass fraction of ¢ i fed back

mass fraction of C ” leaving the separator

hold-up factor of bicmass

mass fraction of Gat p =10

mass fraction of K at u = 0

g/h
g/g-h
g/g.h

g/g.h

g/g.h
g/g.h
mol/g.h
mol/1.h
g/L.h
g/1.h
g/l.h
g/1.h
g/l.h
g/1.h
g/1.h
g/1.h
g/1l.h
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‘w_. = mass fraction of R at u =0

RO )
Y = maximum yield coefficient
Yo = maximm yield coefficient of the second stage
rﬁi = maximm yield of bicmass per mol ATP
'YRG = yield of G Component per unit of R Component converted
Ygg‘? = yield of G Component per mol ATP
Yok = yield of K Component per unit of R Component converted
Togs = yield of K Component per unit of R Component comverted of

the second stage
AT yield of K Component per mol ATP

Y:I; = yield of R Component per unit of substrate converted
Yopp = Yield of R Component per unit of substrate converted of
the second stage

S:P = yield of R Compcnent per mol ATP

g = rate coefficient of net production of G.

oy = rate coefficient of net production of K

ap = rate coefficient of net production of R

n = specific growth rate

Moo * maximm specific growth rate

n = fractional reduction of Cgy

n, = fractional reducticn of Cso in the first stage

ﬁz = fractional reduction of CS‘ in the ;econd stage
Me T total fractional reduction, (nl + “2}

0 = flow rate of incoming substrate

% = outflow rate of substrate

b = outflow rate of G Component in wg

o = outflew rate of K Component in wy

o = outflow rate of R Component in wy

by~ outflow rate of NG Component in wyg
outflow rate of NK Component in wy
outflow rate of NR Component in YNR
¥y = outflow rate of biomass in dry mass
total flow rate of substrate

-
w0
"

abbreviations for chemical substances

ATP = adenosine triphosphate
-~ DNA = deoxyribonucleic acid
G = compartment of enzymes and other proteins

K - = compartment of RNA
NG = inert~-G Component
NK = inert-K Component
NR = inert-R Component
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g/e

g/ mol
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g/i.h
g/1.h

. g/l.h

g/1.h
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compartment of DNA, small metabolites, storage materials
ribonucleic acid

growth-limiting nutrient

biomass in dry mass
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APPENDIX A
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€ PROGRAM FOR THE CALCILATION OF THE BAL ANCE-EGUATIONS OF THE THREE
C COMPARTMENT MODEL OF BACTERIAL GRD¥TH

c

C LIST OF SYMHOLS WIT

C

c AS + FORIAL ORDER OF REACTION _ 1

c D : HYDRAULIC DILUTION RATE 17H

c KN : TOTAL RATE OF LOSS OF G,X AND R 178

c KSR : RATE COEFFICIENT OF CONSUMFTION OF

¢ SUBSTRATE G/ GeHe ( G/LI *%AS.
c MG : TURNOVER OF G-~ COMFARTAENT t/H

c MK : TURNOVER OF K~ COMPARTMENT I7d

c R + RATE OF PRODUCTION OF EBIGMASS G/L+H

c WD ¢ HOLDUE FAGCTOR 1

c v.1g : MASS FRACTION OF K AT MU = G/ G

c Y.20 : MASS FRACTION OF G AT MU = @ 6/G

c Y38 t MASS FRACTION OF R AT MU = 2 G

c Y58 : CONCENTRATION OF INCOMING SUESTRATE  G/L

c Y(I,1) : MASS FRACTION OF K (Ve

c Y(1,2) : MASS FRACTION OF G /6

c Y(1.3) : MASS FRACTION OF R /G

c ¥C1,4) & CONCENTRATION OF BIOMASS (CX) L

c ¥Y€1,5) : CONGCENTRATION OF SUESRTATE G/L

c Y(1,6) : MASS FRACTION OF W &G

c DY(J? : DERIVATIVES OF Y(l,J) WLTH RESPECT TO

c THE TIME T

c. PXM.M): STORAGE OF THE JACOBILAN MATRIX

¢ YMAXCJIY: N-VECTOR CONTAINING THE MAXIMW

c ABSOLUTE VALUES OF EACH COMPONENT

c OF Y CALCULATED S0 FAR.

c YMAXC(JY IS SET T 1 FOR J = LN

c YRG : YIELD OF G PER WNIT R CONVERTED GG

c YRK. $ YIELDOF K PER WNIT R -CONUERTED G/ G

¢ YSR t YIELD OF R PER WIT S CONVERTED &G

c ALPHAK 1 RATE COEFFICIENT OF NETT PROD. OF K (¥ GH

¢ ALPIAG : RATE COEFFICIENT OF NETT PROD. OF G G/G.H

c BETA! 1 TAYLOR-SERLES CONST. OF THE K BALANCE G/G

C BETAZ2 ¢ TAYLOR-SERIES CONST. OF THE K BALANCGE G/ B.H

c BETAZ : TAYLOR<SERIES CONST. OF THE G BALANCE G/G

c BETA4 : TAYLOR-SERIES CONST. OF THE G BALANCE G/GeH

g MU ¢t THE SPECIFIC GROWTH RATE 12y

C THE PROGRAM USES AN IMSLCINTERV. MATHe & STATe LIBes INGCs TEXAS)-
¢ SUBROUTINE "DWGER" FOR SOLWING THE BALANCE- EQUATIONS USING THE
¢ GEAR'S METHOD BY A PRELICTOF- CORRECTOR PROCEDURE( GEAR Ce Wss

¢ "“THE"AUTOMATIC INTEGRATION OF ORDINARY DI FF.-EGATLONS™

G COMM. A.C.M. 14CMARCH 1971 PAGE 176)

G

(c: ARGUENTS OF THE SUBRJUTINE “DWO GER" ( SEE ALS0O THE IMSL-MANUAL)
c

OFWN t USERS SUPFLIED FUINCTION SUBROUTINE
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c Y¢1,J> : TMD DIM. ARRAY OF THE INDEFENDENT VARL ARLES

c I 2 lr8ieeesMAXDER; J = lq&o-o.ooN

¢ T t+ INDEPENDENT VARIAELE VARILING FFOM @ T0 TMaX

c N : NIMBER OF ORDINARY DI FFERE‘NTIAL EQUATIONS

c M TH s METHOD PARAMETER .

C MTH = § THE APPROXIMATION WIHTOUT JACOBIAN MATRIX

c MTH = 1| THE APPROXIMATION WITH JACOBLAN MATRIX .

c SUPFLIED BY THE USER IN DFIN WITH IND = ]

c MTH{ = 2 THE APPROXIMATION Wl TH JACOBIAN MATRIX

c EVALUATED N UMERE CALLY

c MAXDER s+ THE MAXIMUM ORDER IN THE APPROXIMATION

c JSTART : JSTART = P ¢+ INITIAZING THE INTEGRATION

c JSTART = 1 : CONTINUING THE INTEGRATION FROM LAST STEP

c JSTART =-1 : CONTINUING THE INTEGRATION WITH NEW STEP

c H s STEPSIZE T0 BE ATTEMPED ON THE NEXT STEP

c HMIN : SMALLEST STEPSIZE ALLOWED IN THE INTEGRATION

¢ HM ax : LARGEST STEPSIZE ALLOWED IN THE INTEGRATION

C EPS i MAXIMUM ERROR CRI TERItM -- ERRDR/YMAX(J)sLTe EPS ==

c ERROR" : N-YECTOR CONTAINING THE ONE-STEP ERROR IN EACH GOMP.

c WHRK  : WERK AREA DIMENSION 17N FOR MTH=0 AVD N#CN+17) MTH#Q

c 1ER + ERROR PARAMETER:

c IER = 33 THE REQUESTED ERFOR 1S NOT ACHI EVED WINLESS

C H = HMIN

g 1ER = 34 NO CORRECTOR CONVERGENCE ACHI EVED VI TH H. G‘I‘.-
HMIN

¢ 1ER = 35 THE REQESTED ERROR 1S TO0 SMALL

c 1ER = 36 (WARVING) MAXDER MAY BE T00 LARGE MAXDER 15

g ADJUSTED AUTOMATI CALLY

0“*****************#*****************#********************#****#********

DIMENSION Y(B., 6),YMAX( 6>, ERROR( 6), MO RX( 138)
COMMON/ A/ KSR MK, MG ASs KN, WD» MUI :
COMMUON/Y/ YSRsYRKsYRG.Y 18, Y20.Y 308, Y508
COMMON/ DLv  D» AL FH AK, AL FHAG, BX

COMMON/ STEADY/ BETAl: BETA2, BETA3» BETA4

REAL K5RsMKsM G MUs KN

EXTERNAL DFWN

c

15e READX 1, §) N, KSR, MK, M Go ASs KN» Ds WD, MUL, THAX .
IF(N.LT.2) GOTO 20e : :
READ( 1s 2) Y SR YRK, YRG, Y 1 80 Y28 Y 30 Y 50
REAI( 1, 25 (YMAXCI)»I=1.0)
REALDC 1, 25 AL FHAK, ALFHAG

. READC 1> 13 MAXDERs Ha HMIN, HMAX

g**** READ IN STARTING VALUES FOR WK, WG, WRs CX» CS AND WN
REAIC 1, 2) (YC( lLoJlaJd=1.MN)

c REARC 1, 2) (ERRORCI),I=1.N), EPS
NN = N
IF(NLT, & NN=6
BETALl = (Y1p + ALTHAK * (MK + KNJ)/YFK
BETA3 = (Y28 + ALPHAG % (MG + KN))/YRG
BETAZ = ALPHAK/YERK
BETA4 = ALFHAG/YRG

. . WRI TE 5. | Q@R 'BETAl» BETAZ, EETAD, PET;M :
1008 FORMAT(/s ' ‘BETAl =" Fle s/’ BE‘r.qa = '. Flsds/"' Bz-:mz = '. Fe la/

1" BETA4 =": F?-du/)'

MTH = 2
JSTAFT = @
T = @8
TOLL = T
Cc
e
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CALL D\ GER(DFIN.Ys ToN,M TH» MAX DERs J START, Hs HUINs HMAX, EFSs
1 YMAXs ERFOR: WO RK, I EF 1D

S = YCl 1D + YL + YL + YL O
STEP = T - TOLD

LD = T

MU =RX/¥Y( 1 &

WRI TEC( 5, 22 .

WFRI TEC S5+ 4) Ta STEP» {Y( Lo ddad= Lo NN) .Y SUMa MU

JSTART = 1

noao

o CALL DWGER(DFWN, Yo To N M THs MAX DERs J STAFRT2 Ha HMINS HM AXs
1 EPS, YM X, ERFO Fr VO FK, 1 ER2)

Y(lal) * Y(1.2) + YCIJS) + Y{ 1,6
STEP = T.- TOLD

TOLD = T

MU = B/YC ), &

.51

nuun

WRITE( S, 4) To STER (Y(15J),J= 1NN}, Y SIMa MU

TFCTe GTe TMAXY) GOTO log
GOT) 50

1ee CONTINUE

GO TO 5@

CALL EXIT

FORMAT(L.9F)

FORMAT(EB F)

FORMAT(2Xs ' TYD'24Xs " STEF ™+ &4 ' K'2 5% " G's s R X0 ' X' 5Xs
1 ' 8% ST NUS X, *TYS "y 2% T MO ) '
FORMATC FB. 4, FB-‘E;SF?-{S) ’ '

END

L] » un—-ng
=

SUBROUTINE DFWNCYF, TFa Mas DY, INDs P
DIMENSION YF(8, 6, PWM,M)

DIMENSION Y(6), DY (M)

COMMON/ &/ K SR MK, M G ASs KNs RLoMUL
COMMON/Y/Y SR YRK Y RG: Y 1@+ Y 20 Y 30, Y50
COMMONZ DL/ D» AL FH AKs AL FHAG, RX

COMMON/ STEADY/ BETAl+s FETAZ, BETAS, EETAY
REAL X SR,MH.MG MU KN

v

CONTINUE

0181 = b

1@ ¥Y(I) = YR( 1. L)

IFK TP EQ. 2«2 GOTD 4
LL = D

T S5

DL = . g3/ ¥l
CONTINUE

ams

DICS) = ~KSEREY( QI FYCS)*kAS + DDR(YSE - Y(5))

Df(4) = YSR * KSR # YC4) % YOS)%%AS = WD % DD * Y4

DY(&) a DYCL) + ((ME+HN) &Y 18/ YRE+BETAIRCY( 1)~V 1@) / ALPHAK +
1 BETA2#(Y( 1) - Y 1@) %% 2/ ALFHAKS AL FHAK) % CY FIK= 1) %Y C &)

DY(4) = 'DYCa) + ((MEKNI*xY20/YRG+EETA3X(Y(2) =Y ED)/ ALFHAG +
I BETA4%(Y(2)~Y2@)»+2/ ALFHAG/ AL FHAG) * (Y RG= 14 Y#Y ( 4)

IFCTP L, 1,2

1 X = WD * DD * Y&
T 3

10
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R{ = DfC4) + WD * DD * Y(4)

MU = RX/Y(&

DY¢ 13 =C(MK+KNI Y 1@ +YRK+EETA1#MU+Y RK% BETAKM UM U
I ~(HMEK+KNI*Y( 1) - RX*Y.( 1)/YC4) ‘

DY 2)=(MG+HKN) %Y 20+ YRG«BETA3#MU+rYRGx BETASM UM U
1 ~(MG + KNY*Y(2) = R{kY(2)/Y(4)

DY¢3® = -Dv(2) - DYeD

DYC6) = KN#CYC 1) + Y(2) + Y(D)) = REAYCH) /YA

GON TIN UE
RETURN
END
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PRO GRAM TWO - STAGES

TH1S PROGRAM CALCILATES THE MINIMUM HYDRAULIC RETENTION
TIME OF SUBSTRATE IN THE FIRST STAGE AND THE SECOND STAGE

OF THE TWO-STAGE SYSTEM WITH RECYCLING OF BIOMASS.

THE ADJUSTED SUBSTRATE CONCENTRATION IN THE FIRST STAGE

15 ALSD CALCULATED.

THE HYDRAWIC RETENTION TIME IN THE ONE-STAGE SYSTEM

15 ALS0 BE DETERMINED ASSUMING COMFLETE CONSWMPTION OF
SUBSTRATE IN THE FIRST STAGE. i

LISTLOF SYMBILS

AS1] : FORMAL ORCER OF REACTION IN THE FIRST STAGE

ASE ¢t FORMAL OFDER OF REACTION IN THE SECOND STAGE

AS2.1 :CONSTANT IN THE EXFONENTIAL FUNCTION WHICH
RELATES AS2 T0 Csl!

£52.2 CONSTANT IN THE EXFONENTIAL FINTION WHICH
RELATES AS2 T0O Csl

cso t CONCENTRATION OF INCOMING SUBSTRATE

cs1 : CONCENTRATION OF SUBSTRATE IN THE FI RST STAGE
C5 : CONCENTRATION OF SUESTRATE IN THE SECOND STAGE
& : CONCEN TRATION OF BIOMASS IN THE SINGE STAGE :

Xl + CON CENTRATION OF BIOMASS IN THE FLRST STAGE

ox2 : CONCENTRATILON OF BIOMASS IN THE SECOND STAGE

KERI + RATE COEFFLCIENT OF CONSWMFTION OF SUBSTRATE
IN THE FIRST STAGE

KSR2 tRATE COEFFICIENT OF CONSUIFTION OF SUBSTRATE
IN THE SECOND STAGE

KSR2. 1 1 CONSTANT IN THE EXFONENTIAL FWNCTION wilCH
RELATES KSR2 TO CS5l

"KERZ. 2 $ CONSTANT IN THE EXFONENTIAL FINCTION MICH

RELATES KS5R2 T0 C51
T :TOTAL HYDRAWIC RETENTION TIME IN THE TW-STAGE SYSTHEM
T1 sHYDRAWLIC RETENTION TIME IN THE FIRST STAGE
T2 tHYDHAUWLIC RETENTION TIME IN THE SECOND STAGE
T3 tHYDRAUWLIC RETENTION TIAE IN THE ONE-STAGE SYSTHM
v " ;LIME OF THE ONE- STAGE SYSTEM
vi { WLWME OF THE FIRST STAGE
u2 s WDLUME OF THE SECOND STAGE

11



W1.CS)1 3 FRACTION OF SUEBSTRATE DI SCHARGED FROM THE
. :FIRST STAGE

THE FOLLOWING ASSWMPTIONS ARE MADE:

Qﬂ Ul o+ vz

XV = CX1leVl v CX2.V2
Ve CX = Vl.CXI + U2o_CX2

A e o ok e ok A ok K A o ok o o ol A ok o o A oK B o o R 2l o o ke o o o o e ke e e ok ale o ok ok e ok e Sk ale A i e ok ok e o ok ok

acaooaoocaoaaoaoood o

DIMENSION CCI1B®), D182, E(TD
REAL KSR, KSRE:KSR2+ laKSRE. 2
TYPE 2
ACCEPT 1, QX 1, CX2s CS@, CS2,KER1s AS1-KER2s 1, KSR2e 24 ASRe 15 AS2. B Cls
- v
1 FORMAT (14F)
TYFE 3
. ACCEFT 1. CSIMIN, CSIMAX
FORMAT (" PARAMETERS 7 %)
FORMAT (Y HINJM4UM AND AXIMIM OF CS1 7%
WRI TE (55 7) CX 1s CX2, CSPs CS2sKSR1» AS1oKSR2s 10 KSR2. 25 AS2e 15 AS2e 24
1C1. Y1
TYPE 8
DEL TA=( CSIMPX- CSIMIND /99,
CSl= CSI\"IIN—DE.TA
TIFE 13
B0 4 1=1s100
Cs1=C5i+DPH. TA
KS5R2=K5RE: I* EXP(K5R2. 2¥CS )
AS2=ASZ2. I*EXPCAS2. 2%CS 1)
DX1y=C8l
C{i = (CSE‘CSI)/(KSRI*((CSI/CSB)**ASD*CXI)
1 +(1=CL)*(C51-CE2) /7 (KSR2%({ CB2/ CS I me ASEI % CX 2)
1F (I-EQ-I) TYFE 12, C(1)s G5
IF (1.EQ. 28%(1/22)) TYPE 12;0(1):551
4 CONTINUE
AMIN= | B k%20
A AX=-AMIN
DO S I=1,108 : .
IF CCCI)e GTs AEAX) AMAX=C(I1}
I1F (CCL)LTSAMINY AMIN=CCI)
I1F (AMINCEQ.GC1)) K==L
S CONTINUE
RAN GE= fi1 A%~ A1IN )
WRITE (5, 6) CSIMIN. C5L1AX, AMIN, A1AX i
6 FORMATC(SXs * MIN CS1=" Fl@e3:/25%s * MaX CSl="'s Fl@e 3275
IS YHMIN T =% Fl@e3,7: 9 " MAX T =' FlB: 3:7)
7 FORIAT (/» B0 ""PARAMETERS: /s 5%+ ' OX1 =" F1B. 3. /2 5%, * X2
1=%% F10. 3,72 5%, ' CS50 =" Fl@e3:,7:5%: " CS2° =% Flbe 3.7,
255, * KSR1™ =" F18.2,/:50 * AS1 = ' FL@. 3 /s '
asls ¥ KER2.1 =7, Fla. 3:/_) 5X» " KSRE-E *> Fl@. 3/
45Xs ¥ ASBel 2" Fl0«3s/, 5%+ * AS2.2 YWF1@e 3/,
S8, Y C1L ="' F1@.e 3,7, S, Y VI S F10e 3 7)
8 FORMAT. (/2 T1¢ 1H%) ) ’
CS1=D(K) "
Ti= (CSﬁ‘CSl)/(KSRI*((CSI/CS@)**AS!)*D{”
Te=C(K)=Tl
VRITE (5:9) Tl, T2 C(H), DCKD ' '
9 FORIAT (' THE HYDRAULIC RETENTION TIME IN THE FIRST-
. ISTAGE ~ ' ' Tl =% 3.3
/s ' THE HYDRAWIC RETENTIO'\I TIME !N THE SECOND- STAGE

&

@ N
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3 1" TE ='2F9.3,

4/, ' THE HYDRAULIC RETENTION TIME IN THE TW STAGES
‘s~ it T s FOe /s

6*' THE SUGBSTRATE CUVCENTRATION 1IN THE F{RST- STAGE
7Y €51 =% Fo.

CA= (VIR I+ VIR( T/ T A XD Z(VI+ VIF( T2/ TL))
T3=(CSE-CS2)/ (KSRI*((CS2/CS@y**AS1) % CX)

WRITE ¢S5, 18> T3

11 FORMAT (" THE HYDRAULIC RETENTION TIME IN THE ONE-STAGE SYSTEM @
1% * T3 =% FP.3
VRITE (S5.87%

12 FORIAT.C* T ="2F7.3,"' CS1 ='2F7.3:/)

k3 FORMAT (' INTERMEDIATE CALCLLATIONS OF T AND CSl:a/)
TYPE 16 ~

16 FORIAT ¢(* FOS5+ NUMBER GO ON")
ACCEPT 17.L

17 ‘FORIAT C1DD

o I1F (L.LTy@ STOP
G 19 18
END

APPENDIX C

Bstimation of the Taylor-series congtants

The balance equation of Ve in the reactor with steady-state assumptions made can

be written as (Eqn 82).

2
+ Bl-u + BZ-U }Cx +

i S R
EX[IRK{ Tex

ot
| .1
= Myt Cy = oy oCy = rx"”x] (€.
] = 2 1 2
where BI = fR o f -~ and B, = 3'fRR'“R fKR gt + Z'fKK .
i after
In steady state (3w, /3t = 0 and ry.up/Cy a,) Equation C.1 can be written
Tearrangement as
| ’ 2 - i (C.2)
0= = (m + Kg) O = ) * TpgeBrow + TpgeBord” ~ ol
. - . - ar - w
From Equation 77 we have wy =ty = og-¥ and substituting agp.u for (up o)
into Equation C.2 we obtain
' NI (€.3)
= - M
0"(mK+kNK)-aK-u+YRK-B ¥ YopeBy K
If all the terms of Equation C.3 are divided by u and @, is written explicitly,
we have
(C.4)

g = TopeBy - (g * Rglay  * TpgeByet
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Equation C.4 and Equation 77 (iBK =W ¥ a,.u) Tust be identical and therefore

0
BI and 8, can be solved as

(m, + &k _Ja

8 = _,_K_.__‘;.K__}E : ‘ (C.5)
_ RK

and

o, :
K

B, = o ‘ (C.6)

2 T .

The same mathematical procedure can be followed for solving the Taﬂor-series constants
of the balance equation of W if we start with Equation 84. The final results are

(mg + kyedog
=& N 8 : c.7
3 T (€.7)

B

and

. _
G
B, = o (C.8)
47 T,
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