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Abstract--The carbon dioxide produced during biological oxidation of wastewater has a 
pronounced influence upon the pH that is attained in the activated sludge process. The 
quantity produced is proportional to the COD removed, its degree of oxidation and depends 
also on the oxidation level of the substrate. A discussion of metabolism is given with emphasis 
on the description of the oxygen consumption. The theory is compared with experimental 
results. A mass balance for the metabolism of model compounds is presented. This model is 
based on a thermodynamic consideration of the metabolic process and offers a basis for 
calculation of R. Q. values. Experimental evidence for the applicability of this model is presented. 
Experimental results for a sewage are applied in pH calculations. 
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Adenosine Diphosphate 
Adenosine Triphosphate 
Chemical oxygen demand (mg 02 l -  1 or mg 02 mole-  1) 
Ratio of COD removed per hour per mg COD microorganisms (h- 1) 
Active mass (mg COD 1-l) 
Efficiency of oxidative phosphorylation; moles inorganic phosphate incorporated in organic 
compounds per atom of oxygen 
Endogenous respiration rate (rag 02 1-1 h-1) 
Respiration Quotient, moles CO2 produced per mole 02 consumed 
Yield per mole of ATP (g mole-  1) 
Yield per half mole of oxygen (g a t -  1) 
Ratio of moles CO2 produced to moles COD removed 
Rate constant (h-1) 
Methyl red alkalinity (reval I-  1), i.e. royal of acid used per 1. to titrate to pH 4"5 
phenolphthalein alkalinity (reval I-  1), i.e. reval of acid used per 1 to titrate to pH 8-3 
Number of carbon atoms per mole of substrate. 

I N T R O D U C T I O N  

IN A previous article the author (Lu~L~MA, 1969) described how the pH of wastewater 
could be related to alkalinities, the content of carbon dioxide, the ionic strength of the 
solution and the desorption characteristics of the aeration equipment with respect to 
carbon dioxide. The influence of nitrification on alkalinities was discussed and 
measured. A tentative ratio between COD removal and carbon dioxide production 
was assumed. Models for the calculation of the effluent pH were based on these re- 
lations. In weakly alkaline solutions a reasonable agreement between measured and 
calculated pH values was obtained. When the correctness of the model derived for the 
pH region 8.3-10.5 was tested afterwards two important observations were made: 

(I) At pH values over 9.5 the sludge tends to disintegrate and cannot be sufficiently 
separated from the effluent in the settling tank. The purification efficiency, though 
lowered, is not permanently reduced by short periods of high pH. Many bacteria 
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are known to be able to live in a medium with p H  values over 9, some even survive 
at pH 10.0 (TrnMANN, 1966). Thus an activated sludge plant may deal well with 
alkali shock loads but cannot endure prolonged charges of  alkali. Neither can the 
models derived for pH calculations be verified in steady state experiments at pH 
values over 9.5 since the disintegrating sludge prevents the attainment of  such a 
steady state. 

(2) The ratio a between carbon dioxide produced and COD removed as used in the 
previous work (0.8:1.0 in moles) is too high. In weakly alkaline solutions the in- 
fluence upon pH of variations in the quantity of  carbon dioxide produced by 
metabolic processes is rather small since desorption predominates. Therefore the 
model used proved to be satisfactory although an improvement is possible now 
(Appendix). 
In moderately alkaline solutions the desorption of carbon dioxide loses its dom- 
inating effect over the production of  carbon dioxide and the influence of the latter 
factor on p H  is more pronounced. 

It  seemed logical therefore to investigate more closely the carbon dioxide production 
during purification. Since carbon dioxide production is closely related with oxygen 
consumption and COD reduction, it was decided to consider these factors together. 
An important reason to correlate with COD and not BODs lies in the fact that the 
oxygen consumption for carbonacious matter equals the decrease in total COD of the 
system. (BuRr_treAD and McKn, rN~V, 1968). 

moles CO2 produced 
The ratio a --- 

moles COD removed 

is understood as the product of  two factors: 

moles 02 consumed moles CO2 produced 
x 

moles COD removed moles 02 consumed" 

The first factor describes the efficiency of the use of  substrate energy by the bacteria. 
A review of some literature on these energetic aspects of metabolism, followed by 
experimental results and a discussion forms the first part of  this paper. The second 
factor, representing the respiration quotient, depends mainly on the oxidation level of 
the substrate. Based on the energy relations in metabolism a schematic mass balance 
offers the possibility to calculate the R.Q. values for model substrates. This scheme 
together with a discussion of its applicability to sewage, forms the part of  this article 
headed by "Calculation of carbon dioxide production and oxygen consumption".  
Finally the a value found is applied in pH calculations and compared with experimental 
results. 

ENERGETIC ASPECTS OF METABOLISM 

Several authors have dealt with the relations between catabolism and anabolism. In applications of 
the underlying microbiological principles to wastewater treatment the main interest was generally in 
the synthesis aspect, that is: the sludge production. Here the main interest is in the oxidized fraction as 
the source of carbon dioxide. 

Oxidation and synthesis in bacteria are governed by thermodynamic and kinetic laws. In this 
section mainly thermodynamic aspects are discussed. 

When a complex substrate is fed to a bacterial culture one factor is generally growth limiting. In 
sewage this is normally the carbon source ( W ~ N N ,  1964a). Working with pure cultures several 
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investigators found a proportionality between the amount of a substrate fed and the amount of cell- 
growth obtained when that particular substrate was growth limiting. The question whether this 
proportionality is general and constant or depends on species of microorganisms and kind of sub- 
strate will be dealt with in the following. 

Energy is the coupling factor between catabolism and synthesis. The energy set free by catabolic 
processes is transferred to the synthesis site by adenosine triphosphate (ATP), FIG. I. 

. ~ Ox ida t ion  products  

/ A T P  S u b s t r a t e  
(~ . . . . . .  ~ Cel l  m a t e r i a l  
T 

A D P  

FIG. 1. 

Several authors investigated the quantity of cell mass produced per mole of ATP (reviewed by 
STOUaTtAMER, 1969 and by FORREST, 1969). In anaerobic metabolism with known fermentative path- 
ways where the ATP yield is well known this YATp value can be estimated. The values found fluctuate 
round 10"5 g dry weight per mole of ATP. Some authors reported very high YATP values, e.g. HOnSON 
and SUMMERS (1967) and MOUSTAFA and COLLINS (1968) who found 20 and 17 respectively. 

Lower values are more common. In several cases causes for these deviations could be formulated 
(FORREST, 1969), but under optimal conditions a YATp value of about 10"5 seems to be normal. In 
aerobic metabolism the YATP value cannot be estimated easily since the ATP production is not well- 
known, but the coefficient is probably of the same magnitude. 

The free energy available in ATP for synthesis is largely dissipated as heat, which means that little 
energy is incorporated into the organisms. This is in accordance with the small differences in oxidation 
level of the cell material and the carbon sources commonly used. Then the difference in the heats of 
formation necessarily must also be small. The major fraction of the free energy seems to be used for 
structural organization and active transport, both processes requiring a large outflow of entropy from 
the ceils during growth (FORREST, 1970). As a consequence the YArP value for simple compounds will 
be lower since the decrease in entropy during the conversion into cell material is greater than with more 
complicated compounds. In STOIJTHAMERS review (1969) the experimental evidence for this fact can be 
found. 

A somewhat lower yield in batch experiments as compared with the yields measured in continuous 
cultures may be due to the higher efficiency of energy transfer in a steady state process. However, the 
incomplete adaptation in batch experiments may be of more importance. 

In summary the conclusion is: a more or less constant YATr value except for simple compounds. 
The other aspect in the metabolic process is the production of ATP. A substrate may be degraded by 

different pathways into the same end products with different yields of ATP (SENEZ, 1962; HETLING, 
WASHINGTON and RAO, 1964). 

In aerobic processes however the main energy producing reaction is the process of oxidative phos- 
phorylation, which is similar in most bacteria (HAOJXPEa'ROU, 1965). The number of electrons passing 
through the cytochrome system towards oxygen as the ultimate electron acceptor thus mainly deter- 
mines the energy production. This means a close correlation between substrate COD oxidized and 
energy production (PIPES, 1962; SERVIZl and BOGAN, 1963; MCCARTY, 1964; HADJIPETROU, 1965). 
The COD oxidation energy is partly dissipated as heat, the other part becomes available in the 
biologically useful energy of ATP. In theory a production of 3 moles of ATP per atom of oxygen 
reduced is possible (LErtNINGER, 1965). In practice variations in the P/O ratio (moles inorganic phos- 
phate incorporated into organic phosphate per atom oxygen consumed) are reported (STOLrrHAMER, 
1969; ~::ORREST, 1969). Thus variations in the relation between COD oxidized and ATP produced are 
possible when the efficiency of the oxidative phosphorylation is not constant. 

The determination of this P/O ratio is generally indirect since the ATP production cannot be 
measured directly in living cells. VON MEYENBtmG (1969) presented an elegant method for P/O 
estimations in bakers yeast. He made use of the shift from purely aerobic to anaerobic metabolism 
with increasing food to microorganisms ratio. Generally, however, the P/O value is obtained by 
dividing the experimental ]1/0 value (yield per atom of oxygen used) by 10.5, the mean value of YATa. 
Such a procedure is only justified when oxidation and synthesis are coupled effectively. One condition 
for this is that the energy production is rate determining and not the biosynthetic processes (SENEZ, 
1962). This condition of effective coupling is probably not fulfilled in all estimations of the P/O ratio 
reported in the literature. This criticism does not mean, however, that the P/O ratio can be con- 
sidered as a biological constant. Some variation with microorganism seems possible. 
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So we arrive at the conclusion that 
(1) a scatter in I:/0 values is possible because YAav varies with substrate and 
(2) a variation in P/O ratio may occur with microorganism. 

The general trend that a more reduced substrate with a higher COD per mole gives also a higher 
yield is supported by experimental results of various authors. For instance HADJrPETROtJ (1965) 
found yields of 90, 80 and 75 g mole -~ on mannitol (C6H1406), glucose (C6H~206) and gluconate 
(CoH1207) respectively for Bacillus subtilis. The Y/O value is more or less the same, however. 

This discussion dealt with mono-cultures and single substrates. In activated sludge plants both the 
substrate and c~ture are complex. Dependent on pH, load and other factors a selection of pre- 
dominant species will occur. Since sewage as a substrate normally represents a carbon-limited food 
source, a tendency will exist for the bacteria which use the substrate energy efficiently to outgrow the 
less efficient species. Therefore it is the author's opinion that in activated sludge the yield tends to 
approximate to the optimum value, resulting in a more constant relation between oxidation and 
synthesis than in pure cultures. This supposed constant relation forms the basis for the metabolic 
model presented in a following section which offers a possibility to calculate R.Q. values. 

OXYGEN CONSUMPTION AND CARBON DIOXIDE PRODUCTION 

In descriptions of the oxygen demand during wastewater purification a distinction 
is generally made between substrate respiration and endogenous respiration. The 
oxygen necessary is the sum of these two factors (WUHRMANN, 1964b; BURKH~AD and 
MCKINNEY, 1968). 

In the light of  the foregoing this distinction is quite appropriate. The substrate 
respiration represents the oxygen necessary to convert the substrate into cell material 
by oxidation of a fraction of the substrate. This was described in the previous section. 
The endogenous respiration in the physiological sense is the respiration of the cells in 
the absence of  extracellular substrate, but is considered to proceed at the same rate in 
the presence of  such a substrate (RAMsEY, 1962). 

It represents the oxygen necessary for all purposes except the assimilation of 
the original substrate: continuous restauration of lysed cell material, maintenance 
of  osmotic pressure etc. The author has tried to assess these two contributions 
individually. 

Experimental results 

Many tests resembling the "short-term-oxygen-demand" test (VERNIMMEN, HENI~N 
and LAMB, 1967; CmA SHUN SHIH and STACK, 1969) were performed. A sludge is fed 
with a quantity of sewage and the respiration rate is measured with a membrane 
electrode and compared with the respiration rate of  an unfed blank. The COD 
removed from the solution is also measured. A typical result is shown in FIG. 2. 

Surface I + II  + III  represents the total oxygen consumed for substrate res- 
piration along with the endogenous respiration for both seed cells and newly syn- 
thesized ceils. Surface I + II  represents substrate respiration, a small endogenous 
contribution of  the newly formed cells being included. An impression of the relative 
magnitude of  these surfaces at various sludge loads can be obtained from TABLE 1. 

In some of these respiration experiments the author unintentionally obtained a lag 
in respiration, probably due to too high a thiourea concentration used for suppression 
of the nitrification. After feeding of sewage to a sludge the respiration rate increased 
during a short time, then dropped to the endogenous level of a blank (FIG. 3). Most of 
the COD had been removed at this time. Then a second rise of the respiration rate set 
in, the increment over the endogenous blank increasing exponentially. The effect of 
suspended solids in such experiments was also studied. The following experiment 
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FIG. 2. 

TABLE 1 

I I + I I  I + I I + I I I  Experiment 

Surface 
• 100% 

COD removed 23 28 32 1 
20 25 30.5 2 
27.5 29 30.5 3 
24 30 35 4 
22 28 31 5 
25 29.5 37.5 6 
23 28 31 7 
26 29 31.5 8 
20 29 39 9 

demonstrates their role: two equal portions of  the same sludge were fed with sewage. 
For  one sludge the sewage had been centrifuged at 10,000 g previous to feeding• This 
resulted in a decrease of  the COD by about 10 per cent due to the loss of  part  of  the 
suspended solids. After feeding, both oxygen consumption and filtrate COD were 
measured. The respiration rates found in both experiments have been plotted in 
FIo. 4. At the point where the respiration rate curves showed a pronounced bend, the 
filtrate COD was equal in both experiments. The quantities of  COD removed were 
314 and 284 mg respectively and the quantities oxidized 76 and 75 mg for untreated and 
centrifuged sewage respectively. This means that only a slight fraction of  the sus- 
pended matter  extra in one sludge was metabolized. Five hours after the start of  the 
experiment there was still a difference in respiration rates of  1.5 mg of  oxygen h -1, 
however. 

In many experiments the endogenous oxygen uptake rate of  several sludges was 
followed. In FIG. 5 two representative results obtained were plotted; the plot of  log 
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respiration rate vs. time shows generally a slightly concave graph or a straight line with 
some inflexion points. 

The respiration quotient decreased gradually during endogenous respiration. In a 
typical experiment the mean value of this respiration quotient during the time in- 
dicated decreased as follows: 

TABLE 2. 

Time a f t e r  s t a r t  o f  e x p e r i m e n t  (h) 19 43 91 
R e s p i r a t i o n  Q u o t i e n t  0.78 0.76 0"68 

The effect of DNP (2,4-di-nitro-phenol) on the respiration rate of an endogenous 
sludge was also measured (FzG. 6). Low concentrations of DNP cause a marked in- 
crease in respiration rate, higher concentrations reduce these effects. All these experi- 
ments were batch experiments, but also many experiments on the oxygen consumption 
in continuous systems were performed. 

In FIG. 7 the specific respiration rate kr (mg of oxygen respired per mg of sludge 
COD present per hour) vs. load AF/M has been plotted in a double logarithmic graph 
and in FIG. 8 in a normal graph. The load parameter used (AF/M) is mg of COD 
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removed (not COD applied) per mg of sludge COD per hour; in reality it is the specific 
elimination rate. The physiological condition of any organism is better characterized 
by how much it feasts upon the food offered than by the quantity that is actually on the 
table. The use of these parameters has the additional advantage that at each point of 
the curve the slope (mg of oxygen respired per mg of COD removed) is equal to the 
fraction of the COD removed that has been oxidized. This fraction has been plotted as 
percentage oxidized in FIe. 8. From data in the literature the graphs for E. call 
utilizing glucose (ScrrtrLZE, 1964) and E. coli utilizing glutamic acid (HETLrNG et al., 
1964) were also calculated and plotted. 

The carbon dioxide production was also measured in many experiments and 
compared with the oxygen consumption. For the sewage used the R.Q. showed a 
tendency to decrease with decreasing specific elimination rate (AF/M). In FIG. 9 the 
R.Q. has been plotted as a function of the percentage oxidation of the COD removed. 
In this figure also some values as found for single substrates (aspartic acid, caproic 
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acid) were plotted. The lines drawn for these compounds were calculated on the basis 
of a scheme presented in a following section. 

Discussion 

In the experiments described in FIG. 2 (TABLE 1), the oxygen consumption is measured 
at the moment of a more or less sharp decrease in respiration intensity and not at the 
moment of substrate depletion. 

tL~o and GAUDY (1966) clearly demonstrated a variation in the oxygen consumption 
at the moment of substrate depletion with initial seed concentration. An increasing 
initial seed concentration of bacteria caused a decrease in oxygen consumption. An 
explanation of this phenomenon is that a smaller fraction of rapidly removed COD is 
synthesized into proteins at the moment of substrate depletion when the sludge con- 
centration is high (K~sn'NAN and GAUDY, 1966). Thus the point of substrate depletion 
is not a suitable criterion to assess the amount of oxygen necessary for substrate 
assimilation. 

A better criterion for the end of substrate respiration is the more or less sharp 
decrease in respiration intensity indicating the end of (protein) synthesis. However, 
when this criterion is used, a variation in the oxidized fraction is still observed. The 
variation is rather small when a correction is made for the endogenous respiration of 
the seed cells (surface I q- II). Probably this variation is mainly due to the influence of 
suspended solids. WUrmMANN (1968) states that suspended solids insofar as they are 
biodegradable are metabolized slowly. Since sewage contains normally a large fraction 
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of suspended and colloidal material, a significant quantity of COD may be removed by 
adsorption in the sludge without being metabolized, especially in high rate processes. 
By means of tracer techniques TAKAHASHI et al. (1968) demonstrated a decrease in 
metabolic rate with increasing size of the suspended particles. FARK~S (1968) observed 
a sharp peak in the oxygen consumption rate when acetate was fed to a sludge. With 
the less soluble palmitate, however, the drop in oxygen consumption rate after the 
initial rise was smooth and gradual. Indeed, in our experiments there was some un- 
certainty about the exact moment of completion of the substrate respiration (FIG. 2) 
since the metabolism of the suspended material adsorbed in the sludge was still in 
progress (FIG. 4). This can also be inferred from FIG. 2, since the curves at (a) and (b) are 
not parallel. Thus the relative magnitude of the surface I ÷ II (TABLE 1) depends on 
the relative quantities of soluble and suspended COD in the sewage. Hence an exact 
assessment of the oxygen consumption in substrate respiration is not possible along 
these lines for complex substrates as sewage. 

In assessing the magnitude of endogenous respiration the author tried to follow a 
promising suggestion by McKINNEY and SYMONS (1962). Their idea is to relate the 
endogenous respiration Re (nag of oxygen per liter per hour) to the active bacterial 
mass Ma. When the active mass is expressed in COD units (rag of oxygen per liter) 
this would mean: 
Re ---- k. M~ and since the decrease in active mass is equal to the oxygen consumed in 
the same time, 

dM. 
- - - -  = R e = k M a .  

d t  

Hence both Re and M, decrease exponentially: 

Ret=t ~ Ret=o.e -k ' t .  

In plotting Ioge Re vs. time, k can be found. From these measurements the quantity 
of cell material in COD units responsible for an endogenous respiration of 1 mg of 
oxygen per hour could be calculated. 

Moreover this method would offer the possibility to assess the active fraction of 
newly formed cell material by comparing the increase of the endogenous respiration 
with the quantity of COD assimilated by the sludge. This method proved, however, to 
be unfit for description of the endogenous respiration in our experiments, since the 
plot of loge R~ vs. time was not linear (FIG. 5). Probably the energetic needs of bacteria 
do not follow first order kinetics in the absence of substrate. Also the "active mass" is 
not a well defined material of constant composition, since during endogenous 
respiration gradually more reduced compounds are being oxidized. This can be inferred 
from the R.Q. measurements (TABLE 2). 

The complex intra-cellular substrate available for endogenous respiration contains 
compounds which may be oxidized in a first order type of reaction individually. 
Differences in the relative quantities of these compounds and in their specific reaction 
rates may cause a total oxygen consumption that does not follow first order kinetics. 
Comparable effects for extra-cellular substrates were reported by TlSC~mV.R and 
ECY,~Lt)ER (1968), where the sum effect of several zero order removal rates was 
more or less first order. 

Although the concept of endogenous respiration may have its significance in 



134 L. LIJKLEMA 

physiology, its operational value in wastewater research is limited by the impossibility 
to assess experimentally its exact magnitude. The large differences in metabolic rates 
for soluble, colloidal and suspended matter obscure the exact point at which substrate 
respiration is complete and endogenous respiration is the only remaining reaction 
consuming oxygen. 

From FIG. 8 it is evident that a higher percentage of the sewage COD removed is 
oxidized at low loads in continuous experiments. 

In addition to an increasing fraction of suspended material being oxidized at low 
loads, an important contribution stems from the activity of protozoa. When feeding on 
bacteria they reduce the yield and increase the oxidized fraction since the cell material 
goes into a second cycle of oxidation and synthesis (HoPwoOD and DOWNING, 1965). 

In a "note on water pollution" (STEVENAGE, 1968) a percentage of 5 on dry weight 
basis of ciliated protozoa in the total suspended matter of activated sludge is mentioned. 
An increasing fraction of bacterial cells may also undergo lysis at low loads. MOUSTAFA 
and COLLINS (1968) and HADJIPETROU (1965) observed rapid lysis in some pure cultures 
after depletion of the substrate. BUCKSTEEG and WOLTERS (1967) noted how the 
extracellular mass increased in pure cultures after the maximum number of cells was 
reached. This material goes also into a second cycle of oxidation and synthesis when 
it serves as a food source. These phenomena may play an important role in systems 
with long detention times (GAUDY, JR., RAMANA~,  YANG and DEGEARE, 1970). 
Finally an increasing contribution of the maintenance energy causes an increase in 
percentage oxidation at low loads. In the absence of suspended material, protozoa 
and lysis the yield tends to increase with increasing feeding rates (Scr~rLZE, 1964; 
HETLING et al., 1965; PtRT, 1957; RAMANAT:-tAN, 1966; HOBSON and SUMMERS, 1967). 
Thus at long detention times extra energy is consumed. An impression of the mag- 
nitude of the quantity of substrate used for this maintenance can be obtained from the 
slope of the curve relating 1/Y (reciprocal of the yield) with the reciprocal of the 
dilution rate (see HETLING et al., 1964). VON MEYENBURG (1969) calculated from his 
experiments with Saccharomyces cerevisiae a maintenance energy of 1.57 mmole ATP 
g- ,  dry weight per hour. In a review by DAWS and tOBBONS (1962) the existence of a 
definite threshold energy for E. coli is mentioned: below a certain substrate concen- 
tration E. coli did not show growth, but the die-off rate was very small as compared to 
the die-off rate in the complete absence of substrate. 

From FIG. 8 it follows that the contribution of increased oxidation of suspended 
material and the role of predators are of prime interest for sewage. The increase in 
percentage oxidation is less marked or even absent for soluble substrates as glucose and 
glutamic acid in the ranges studied by Hetling et al. and Schulze respectively. For 
these substrates only the increasing contribution of maintenance energy and even- 
tually lysis could increase the percentage oxidation at low loads. The more or less 
constant relation between oxidation and synthesis as discussed in the section on 
metabolism is maintained however, up to relatively long detention times. 

The difference between the values for glutamic acid and glucose has little significance 
since some uncertain factors were used to transform the data on glucose into COD units 
and the temperatures were different. 

At the other extreme high-loads and short detention times--the relation between 
oxidation and synthesis--may be influenced by other phenomena. 

The first is the occurrence of storage products. Well-known is the production of 
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poly-saccharides and poly-hydroxy-butyric acid (PHB) in nitrogen deficient cultures 
(DALTON and POSTGATE, 1969). But also when no deficiencies occur, deviations of the 
normal pattern of oxidation and synthesis are possible. 

RAMANATnAN (I 966) observed an increasing content of carbohydrates in the bacteria 
at high feed rates. The content of protein decreased concurrently. Since protein syn- 
thesis demands more energy than the production of an equal weight of carbohydrates, 
a smaller fraction will be oxidized when these latter storage products are formed. 
RAO and GauDY (1966) present data demonstrating how protein synthesis is preceded 
by the synthesis of carbohydrates in batch fed sludge systems. KOMOLPdT, GOEL and 
GAUDY (1967) demonstrated the ability of a nitrogen deficient sludge to convert its 
intracellular carbohydrate material into proteins when ammonia was supplied in the 
absence of extracellular substrates. WALTERS, ENG'ELBRECHT and SPEECE (1968) 
measured the carbohydrate: protein ratio in glucose fed sludge. After feeding this 
ratio increased to a value as high as 2.7 (g g-i) .  Thereafter the quotient gradually 
decreased to normal values far below 1.0. This phenomenon of sequential synthesis 
parallels the observation of RICKARD and RILEY (1965) and others that bacteria in the 
stationary phase start growing in cell mass immediately when placed in fresh medium, 
The growth in cell number, with a large investment of energy for protein synthesis, 
shows a definite lag period, however. 

The experiment described in Fro. 3 also suggests a possible sequential synthesis. At 
the moment of COD depletion a relatively small quantity of oxygen was consumed. 
Apparently in the following phase with high oxygen consumption the majority of 
proteins is synthesized. But also in the absence of inhibitors the synthesis of proteins 
may not be completed when the feeding rate is high. In such a situation part of the 
COD removed leaves the system in some preliminary form with the excess sludge. 
Hence a smaller fraction of the COD removed will be oxidized. 

Besides storage products also the release of intermediates may influence the per= 
centage oxidation at high loads. When glucose (PIRT, 1957; RAO and GAUDY, 1966) or 
carbohydrates (ADAMSE, 1968) are metabolized at high rates intermediates are released. 
Acetic acid has been observed by PInT (1957) and ADAMSE (1968). Glucose is known to 
repress the activity of the Krebs cycle. 

(The use of glucose as a model compound in wastewater research therefore should be 
avoided when possible) McWoRTER and HEUKELEKIAN (1962) measured a slower 
removal rate of COD in Warburg experiments than that of glucose itself when glucose 
was metabolized with small initial seed concentrations. With increasing initial bacteria 
concentrations the difference in these removal rates decreased. This is probably due to 
the decreasing quantities of acetate released. When such intermediates are produced 
the fixed relation between oxidation and synthesis may be disturbed. HADJIPETROU 
(1965) gives evidence that in Warburg studies acetate oxidation contributes to the 
yield of Aerobacter aerogenes only in the presence of glucose. The results of Schulze 
(Fie. 8) indeed indicate a decrease in percentage oxidation at high loads for a glucose 
fed sludge. The influence of storage products or intermediates does not appear, 
however, from the results of Hetling et al. with glutamic acid. In view of the loading 
ranges generally used in the activated sludge process it seems safe not to reckon with 
these phenomena in the metabolism of sewage. 

Some factors which influence oxidation and yield are not typical for high loads 
(storage products, intermediates) or low loads (lysis, maintenance, predators) but have 
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their influence over the whole range of sludge loads. In addition to the role of sus- 
pended solids these factors are uncoupling agents, temperature and mixing. The effect 
of DNP shown in Fro. 6 is caused by inhibition of the oxidative phosphorylation. Such 
substances are also effective in increasing the oxidation rate of storage products 
(Hn~PE, 1966) and might be useful in aerobic sludge stabilization. Generally they will 
be absent in sewage, however. 

The author did not measure the effect of temperature upon the percentage oxidation; 
all experiments described were performed at 20 ° 4- I°C. At higher temperatures a 
higher percentage oxidation of the substrate can be expected, other parameters being 
constant (WurmMA~, 1968; HOPWOOD and D o w n ,  o, 1965); at relatively high 
temperatures decoupling of catabolism and anabolism may occur (SENEZ, 1962), 
leading to a sharp decrease in yield. 

The effect of mixing was demonstrated by RmKARO and GAUDY (1968), who ob- 
served increasing oxygen consumption with increasing mixing energy. The yield 
decreased due to a smaller carbohydrate production. In our experiments variations in 
turbulence were avoided as much as possible by keeping the speed of stirrers and the 
agitation by aeration constant for comparable experiments. The final conclusion of this 
section is that the more or less constant ratio (moles 02 consumed)/(moles COD 
removed) predicted by the theory of energy transfer during metabolism is rather well 
confirmed by experimental results for pure compounds. For sewage, however, a strong 
dependency upon the sludge load is found, mainly caused by the diversity in degree of 
dispersion in sewage and by the activity of predators. 

C A L C U L A T I O N  O F  C A R B O N  D I O X I D E  P R O D U C T I O N  A N D  
O X Y G E N  C O N S U M P T I O N  

A mass balance based on the metabolic principle of coupling between oxidation and 
synthesis provides the possibility to calculate the carbon dioxide production and 
oxygen consumption and their ratio R.Q. in substrate oxidation. For the sake of 
simplicity of calculation all the substrate is thought to be converted into cell material 
prior to oxidation of the fraction (1 --f);  for stoichiometric considerations the difference 
between initial and final state being solely of importance, not the pathway followed. 

When the substrate has a composition CpHqO, and the sludge C7H12N104, the 
following scheme may represent the metabolic process: 

C,H,o, + lp NHa + (9p--2) H20 + (~ q--r--lp)O-+7 CTH12NO,t 

1 (l_f)(pCOz+~pNHa+9pHzO) 29 ~ ( 1 - f ) p o  

Total oxygen demand: (2p + ~q--r-14Pf) atom O 

CODofsubstrate: (2p+lq--r) atomO 

s 
o x i d a t i o n  y 

n 
t 
h 
o 
s 
i 
s 

24-85 f .p  g cells 

or 33"14f.p g COD 

Fro. 10. 
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For a given substratefdepends on the cell yield per atom of oxygen used that may be 
obtained as discussed in the section on metabolism. This Y/O value is : 

24.85 f .p 

( ) 2p+ 

g cells per half mole of oxygen. 
For a given Y/O value it is possible to calculate the oxygen consumption as a 

percentage of the COD metabolized, the yield in gram of cells per gram of COD 
metabolized and the R.Q. as a function of substrate composition. T.~Ln 3 gives some 
results for different Y/O values. 

TABLE 3 

Y/O 18 20 22 25 
Y/COD removed 0.45 0.46 0.485 0.50 
Oz/COD removed 0.40 0.38 0.35 0.325 

f R.Q. f R.Q. f R.Q. f R.Q. 
substrate: 

Cs9H167Ns.aO6s 0"62 0"98 0.64 0"98 0"67 0'99 0"69 0"99 
C89H171N3.702o 0"78 0"42 0"81 0"36 0"84 0"35 0"88 0"29 
CTHlzNO4 0"62 0"97 0"65 0"97 0"67 0"97 0"70 0"97 
C6H1202 0.77 0.425 0.82 0.37 0.83 0"36 0"87 0-29 
C,,HTNO4 0-435 1.88 0.46 1"98 0'47 2"02 0"49 2"•0 

Both f and R.Q. are directly proportional to the ratio between COD and carbon 
content per mole of the substrate; at Y/O = 20 the value o f f  is 0.614 (COD/p) and the 
value of R.Q. is 2.76 (p/COD) -- 1.70. 

p is the number of carbon atoms per mole and COD is COD per mole. C6H~202 
represents caproic acid, a fatty acid with a low oxidation level and C4HTNO4 is aspartic 
acid, an amino acid with a high oxidation level. C89H167Ns.sO65 represents the gross 
composition of the soluble fraction of domestic sewage (OLDgAM, 1968) while 
C89H171N3.702o stands for the suspended material in preclarified sewage. 

CTH12NO4 is the brute formula of sludge (CTHxoNO3 + H20; SAWYER, 1956). 
From TABLn 3 it can be read that a constant fraction of the COD is oxidized in 

substrate oxidation, regardless of the substrate but dependent on the Y/O value. The 
R.Q., however, is mainly determined by the oxidation level of the substrate and to a 
lesser extent by the Y[O value. 

R.Q. values for pure substrates 
When a pure compound is metabolized at a high rate, the maintenance energy will 

be small, and the value of R.Q. and O2/COD removed will be close to the value 
calculated for substrate respiration. With increasing detention times, however, an 
increasing contribution of the endogenous respiration will change these values. For 
each Y/O value the R.Q. can be calculated at different values of O2/COD removed. 

When at Y/O = 20 for instance 54 per cent of the COD removed has been actually 
oxidized, the contributions of substrate respiration and endogenous respiration are 

WATER 5/4-'-B 
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38 and 16 per cent, respectively. By combination of the R.Q. for substrate respiration 
and the R.Q. indicated in TABLE 3 for cell material (0-97), the overall R.Q. can be 
calculated. The results of such calculations for caproic acid and aspartic acid have 
been plotted in FIG. 9. In these calculations the overall composition of the sludge has 
been assumed independent of the substrate used, but in reality there will be at least 
some minor influence. The implicite assumption that the intracellular substrate respired 
endogenously has the same overall composition as the cell material as a whole is not 
fully correct since from the decreasing R.Q. during endogenous respiration mentioned 
before it follows that the more oxidized fraction of the cellular substrate is metabolized 
with priority. 

The low R.Q. values for substrates with a low oxidation level are partly due to the 
raising of the oxidation level to that of the cell material. In the process of re-synthesis of 
lysed cell material where the building blocks are supplied by this cell material itself, 
such a difference in oxidation levels will not exist and the R.Q. will be close to the 
value for complete oxidation of the substrate. In activated sludge the same argumenta- 
tion holds for predators consuming bacteria. This means that the question whether the 
endogenous respiration is mainly necessary for re-synthesis or for energy in osmotic 
work etc. has no relevance for the magnitude of the R.Q. for endogenous respiration. 

The values in FIG. 9 calculated for 100 per cent oxidation are equal to the value of 
R.Q. for direct oxidation of the substrate into carbon dioxide, water and ammonia. 
The experimental results obtained show a good agreement with the values calculated, 
even for these substrates with extreme oxidation levels. This means that the scheme 
used is suitable for R.Q. calculations. The small difference calculated for different II/0 
values make it impossible to decide upon the magnitude of Y/O from these experiments. 
The other way round: it is not necessary to know the Y/O value exactly for a reasonable 
precise calculation of R.Q. at different percentages of substrate oxidation. 

R.Q. values for sewage 
Several difficulties arise when these calculations on model compounds are applied 

to sewage. From the foregoing it is obvious that the influence of Y/O and cell com- 
position only gives rise to minor deviations between calculated and experimental R.Q. 
The oxidation level of the substrate is of major importance. 

The composition of soluble and suspended material used in TABLE 3 (C89H167 
Ns.sOrs and CagHI71Na.702o respectively) suggests a sharp division between these 
fractions but in reality there will be a gradual decrease in solubility, oxidation level and 
biodegradability in the range from soluble to suspended material. With high feeding 
rates it is mainly the soluble fraction that will be metabolized and the R.Q. will be 
relatively high. With longer detention time an increasing portion of the suspended 
matter will be metabolized and also the endogenous contribution will increase. The 
suspended material causes the R.Q. to become lower while the endogenous con- 
tribution has an R.Q. of about the same magnitude as the R.Q. for the substrate 
respiration of the soluble fraction. The extent of the decline in overall R.Q. depends on 
the relative importance of the suspended fraction in the sewage. One factor of signi- 
ficance is the efficiency of the sedimentation basin. OLDrtAM (1968) quotes figures 
indicating that about 62 per cent of preclarified domestic sewage COD is in suspension. 
As in the case of aspartic and caproic acid, also in sewage the R.Q. will approach 
asymptotically to the value for direct oxidation when the oxidized fraction of the 
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substrate COD removed approaches to 100 per cent. The values mentioned by OLDHAM 
(1968) would lead to an ultimate R.Q. of 0.82. In our experiments the R.Q. at long 
detention times was about 0.60, but the R.Q. at short detention times was also lower 
than calculated on the basis of a substrate composition of CsgH167Ns.sO6s. Ap- 
parently the oxidation level of the sewage used is lower. The general trend, however, is 
in accordance with the theories outlined here (FIo. 9). 

These R.Q. values are comparable with those found by WUrmMANN (1964b). 

The a factor 

In the foregoing experimental results on the percentage oxidation (moles 02 
consumed/moles COD removed) (FIG. 8) and the respiration quotient (moles CO2 
produced/moles 02 consumed) (Fie. 9) as a function of the sludge load were presented 
and discussed. When these two factors are multiplied, the carbon dioxide production 
in moles per mole of COD removed (a) is obtained as a function of the sludge load, 
FIG. 11. This factor a is fairly constant in the region where most activated sludge 
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FIG. 11. 

plants operate. The increasing oxidation at low loads is counterbalanced by the 
decreasing R.Q. A value 0.42 is used in the calculations of pH in moderately alkaline 
effluent of a laboratory activated sludge plant. 

p H - C A L C U L A T I O N  IN THE M O D E R A T E L Y  A L K A L I N E  R E G I O N  

The formula derived (LUK~MA, •969) was: 

pH ----- 9.90 + log ~ -- 2(NOa-). 10 a -- a \ ~ ] j  --  log ms -- 2pi 

ACOD] 
+ 2 ( N O a - ) . 1 0  a + 2 a  -32 J" 
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In TABLe. 4 exper imental  results have been compiled.  The agreement  between the 

calculated and the measured p H  values is reasonable since there is, apar t  f rom ex- 

per imental  errors,  also some var ia t ion  in the constant  9.90 f rom the formula  used for  

the calculation.  This var ia t ion can be explained at least part ly to be the result  of  

var iat ions in the  ionic  strength o f  the solution. 

TABLE 4 

m~ p~ CODt CODe NO3- . 103 pH pH measured 
calculated 

16'90 5.49 550 159 0 8.27 8"53 
16"76 5.48 494 126 0.10 8.36 8.41 
14"18 7-85 368 157 1"31 9.47 9-33 
14"31 7.76 377 123 0"98 9-42 9"30 
15"33 8.03 403 173 1.30 9-38 9-30 
•5.68 8.16 378 177 0.34 9.86 9.56 
12"33 4.48 415 224 0.42 9.00 8"88 
12"24 4.23 430 202 0"38 8.56 8.68 
11.60 4.88 377 198 0.55 9.17 9.28 
11"55 4.86 378 203 0.55 9.18 9.32 
11"59 4.89 486 236 0.32 8.94 9.10 
11"45 5.65 431 156 0"56 8"93 8-95 
11.60 7.11 435 184 0"71 9"55 9"47 

A N A L Y T I C A L  A N D  E X P E R I M E N T A L  M E T H O D S  

Oxygen consumption and carbon dioxide production were measured in continuous cultures for 
high food to microorganisms ratios. At lower sludge loads a laboratory activated sludge system with 
sludge recirculation was used and also a continuously fed batch system with periodical sludge and 
et~uent wasting. The stock vessel for the sewage was cooled to I°C. The sewage of Enschede--a 
town with important textile industries--was used. 

The oxygen consumption was measured in three different ways, dependent on conditions and pos- 
sibilities. In several experiments two or even three methods were used simultaneously. The first method 
was the use of a membrane covered electrode, the second was based on the decrease of total COD in 
the system and the third method used a direct measurement of the decrease of the oxygen tension in 
the air. A correction for a change in oxygen content between influent and effluent was generally not 
necessary in this last method. The measurement of oxygen tension was performed with the aid of a 
diaferometer, a medical instrument based on the change of heat conductivity and used for the analysis 
of exhalation air. Both decrease of oxygen and increase of carbon dioxide content as compared with 
the blank (room air) could be measured. The instrument therefore is especially suitable for R.Q. 
measurements. For carbon dioxide a correction for the change in the liquid phase was indispensable. 
The method used has been described elsewhere (LuKLEMA, 1969). The temperature in the cultures used 
was maintained at 20°C. 

The measurement of pH in the moderately alkaline activated sludge was performed in a 21. aeration 
vessel in which also the nitrate concentration was measured with an Orion electrode. Since sludge 
particles may be entrapped in the orifice in front of the membrane regular controls with the brucine 
method were made. The sludge recirculation via a 0.5 1. settling tank was fixed on 150 per cent of the 
inflow by use of the same sigmamotor pump for both the inflow and the recirculation. 
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A P P E N D I X  

The formula used for calculation of the pH in weakly alkaline activated sludge (up to pH = 8.3) 
described in a previous article (Luva~EMA, 1969) contained a constant which was calculated to be 
12-45. For a good fit of experimental results it was necessary to take a value of 12.61 for this constant 
at that time. The a applied was 0.80, however, and replacement of this factor by the better approxi- 
mation 0.42 now gives good agreement when the originally calculated constant 12.45 is used in the 
calculation of pH. It must be emphasized that the magnitude of a depends strongly upon the type of 
wastewater used. 


