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INTRODUCTION

Respiration rate is o most seasitive variable for charscterizaiion of the activaled slodge process
und the asspciated removal and degradation of the biodegradable mutter from wastewater.' '
Carefully desipmed respiromeiric experiments can provide us with wastewiiter charscteristics
such s the concentrations of readily degradable substrate and hydrolysable maner but nlso with
sctivated sludge charsctenistics such ss maximum specific growth rtes and decay cocfficients,

Measurement of the respiration rate of activated sludge has been the subject of many studies
and consequently many technigues have been developed: even so, they rely ononly a few princi-
ples® Two frequently applicd principles are used in respirometers: one (denoled E-principle) i
based on parameter estimation from dissalved oxygen (DO) measurements and the other (de-
moted D-principle) s based on measuring the difference berween DH concentritions.

The E-principle calculates the respiration mate from the mass balance of disselved oxygen inan
open serated respirution vessel ®1Y To this end, the oxygen muss-transfer coefficient and the sut-
uration DO concentrution under operating conditions have o be known. To obtin these coefll-
clents, Vanrolleghem'" developed u dedicuted estimatton method in which the temporury. distur-
hance of the DO concentration, obtained affer addition of subsirate. 15 used 1o obtain the oxygen
iransler coefficients.

The D-principle is based on the measurement of the DO concentrations ul the inlet and w the
outlet of o closed respiration vessel through which the activated sludge is continuously pumped.
The respivation rate s calewlated Trom the difference of the DO concentrations and the residence
timse in the respiration vessel.!h14

Vinrolleghem and Spanjens!? compared the shove principles for determining the shisti-tern
biochemical oxygen demand {BODs of wastewater, They conclided that both principles can be
used for this purpose bist that o significant difference exists between the BODsE vilies obtained
with both principles. They could not give an explasation for this difference and proposed, imrer
alig, 10 apply the E-principle 1o the DO data of the other principle. This paper describes such 4
combination of the two principles ond the application of this hybrid 1echnigue o the characien-
sution of an industrial wastewater,

THE HYBRID RESPIROMETRIC TECHNIQUE
Figure 1 shows a scheme of a possible sewp for the application of the hybrid technigue. Two

vessels ure uded of which one is open and aerated and the other is closed. Activated sludge is cir-
culated through both vessels and the dissolved oxygen (0 concentration is measured in cach
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Figure 1. Scheme hybrid technigoe.

vessel. The respirntion rate of the activated sludge in the system is equal if bath vessels are
mined well and if the DO concentration is not-limiting, Figure 2 shows that, after the addition of
o suhstrate o the serted vessel, the DO concentrations in both vessels first decrease and, after
substrate is oxidized, retarn to the original level. Because in the acrated vessel oxygen Is contin-
uously supplied, the oxygen concentration is always higher than that in the closed vessel. By ap-
plying the E-principle to the DO measurements in the perated vessel, the respiration rate of the
uctivated sludge in the dystem con be obuined. Simultaneously, the respiration rate can also be
obtained by applying the D-principle to both DO measuremenis. The two respirometric pringi-
ples combined bete hove already been desiribed elsewhere!™ 21 and will only be shorily sum-
marized.

The E-Principle

L this principle a temporary disturbance of the DO concentration in the serated vessel (on the
left in Figure 1) is used 1o estimate the respimtion rate. The distarbance coused by the addition of
a wastewaler sumple or by switching off and on the seration can be used for this purpose. In the
first approach, the vxidation of the subsirate results in an increase of the respiration rate causing
the D0 concentration o decrease (upper curve in Figure 23, From the moment the substraie is
oxidized, the respiration rate becomes constant and the remaining part of the dissolved oiygen
curve can be considered as a reperation curve. Several methods can be used (0 estimate the oxy-
gen transfer coefficients from o reseration curve. The inherent prablem is to determine when the
substruie 15 oxidized and the respiration rite becomes constant or, in other words, from what time
instunt the DO data obey a first order reseration process, For the estimation, Vanrolleghem ' uses
a techaique in which o moving window nonlinear regression of o first order reacration model s
spplied to the data. The initial point of the window yielding the best fit is considered as the start-
ing pednt of the reperation curve from which the coefficients cun be calculoted, Once the oxygen
transfer coefficients are estimuted, the respiration rate can be caleulated using the DD mass bal-
ance in the aerator. Because the coefficients muy change from one sample to another. they are es-
timated each time o sample is added.

Figure I, Dissol ved oxygen concentration
in nernled vesel (opper curve) and
closed vessel (Tower curve). Abrupt

y decrense indicates the sddition of

T wWRsiErwaler,
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When the F.J-pti.m{ple is combined with the D-principle o compase the hvbod technigue, a
mm[tﬂ-:g.tiun in the calculation of the respiration rate must be made: the DO miss balance i the
aerabor 15 exiended with a tenm 10 sccount for the circulation over the closed vessel, so that the
1oial mass balance can be wrilten:

s
f"‘xt.“‘sn‘suﬂ"g'{sm'Sm?‘Rl th

Since the circulation flow  and the open vessel volume V, ane khown process constants and
the DO concentrations in the open vessel $;, and in the closed vessel §,,, ore measured, this
modification does not affect the E-principle.

The D-Principle

This prineiple uses 4 closed. completely mixed vessel (on the tight in Figure 1) through which
activated sludge i continpously pamped. The DO concentrations in the sludge entering the ves
sel Sy nnd incthe sludge leaving the vessel 5, are measured, The resplration mie is then cileu-
lated on the hasis of the DO mass balance over the respiration vessel:

ds
T':'L=“‘3_'l5n:‘5m?‘ar (2)

-

If the volumes of the conduits ure neglgible und both vessels are ideally mixed, then two
probes 8 indiceted in Figore 1 will provide the necessary information. Spunjers'? uses one and
the sume probe. lovwed ar either side of the closed vessel, to measure DO concemration of the
slugdge entering and of the sludge lenving the vessel. This is realized by aliemating the fow di-
rection through the vessel by using a reversible pump or a sl of Tour solenoid valves, A conse-
quence of this method i that the measuring frequency is limited by the response lime of the
probe. Another consequence of using one probe is that at a specific tme instant only one mes-
surement is availuble: either the DO concentration of the sludge entering the vessel or the DO of
the sludge leaving the vessel, Given these discrete time measurements, the [0 mass balance i
solved by interpolation and by approximation of the time derivative with finite differencis
When the D-principle is combined with the E-principle 1o compose the hybrid technigue there is
no requirement for modification in the caleulation of the resplration rate,

CHARACTERIZATION OF ACTIVATED SLUDGE AND WASTEWATER

In thix paper respiration mepsurements obtained with both principles are used (0 charmetenize i
wastewater and the corresponding activated sludge, For such o characierization ji is necessary o
bdopt some model of the wastewaler and the biokinetic process. Here we consider a substantinlly

simplificd version (Table 1) of the model proposed by Henee en ol The mode] inclades the Tol-
lowing assumptions (see also 27);

Tuble I. Process Maodel for the Charncierization of Activated Sludge and Wastewnler
(5o Nomenclature for explanation of symibsols )

Component =+ 5 Xy Xair 55 Process Rate
Prosess 4
1 ==Yy Gl
Grow e i et X
th Y Yo P K45, ™
Decay | {1 - '13 h“xmq

Rapid hydrolysis i - baXg
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- omly heterotrophic growth

- o DO-fomitation and no denitnfication

« firsr-order hydrolysis

- decay is associnted with endogenibus oxygen consumption.

Tor create the mass balances for ench component within the messuring unit the reaction rates r-
should be combined with the flow terms for each vessel:

LS
_ml l=_1%“::r_':.ﬂ"‘rl:r (3
dc,
_dl_‘ ﬂ"‘\?‘—j'tclr_cilfrc ‘4]

where C denotes the concentration of n component. In the case of 5., an extri Term for the ogy-
gen transfer should be included and the oxygen reaction mte —r,, equals B (Equation 1). The re-
gctiom rotes are formulged by summing the prodocts of the stojchiometric coelficients and the
process mfe expressions, s explained by Hemze et al ¥ Becuuse R {=-ry) is linked 1o all the
variables and it is the only variable that can be measured, the respination rmte is the most soitoble
varinble to ohtsin information on the processes and components in the biokinetic model. There-
fore, to characterize wistewaler and sludge the respirometric response of the hiomiss on the ad-
dition of wostewater should be measured, The parameters (kinetic parnmeters and initial concen-
trutions of degradable matter) can then be obtained by fitting the model to the respirometric
measurement time series. Not all the parameters can be uniguely estimated from only respiration
et In this paper we assume valies for f, snd ¥, of zero and (.64, respectively. Moreover, we
assume that all the activated shudge YSS consists of heterotrophic biomass and that the COD of
this hiomass 15 148 g COD per p V85,7 For studies with the sim 1o obtnim kinetic parumeters it
i necesrary 10 work at low substrate 1o biomass ratio.'" Therefore, in this study, we strived 1o
keep this ratio bs low as possible bt high enough o allow sccorate megsurement of the respiro-
MELrIC fespronse,

MATERIALS AND METHOD

The measuring unit consisted of a commercially available respimtion meer (RA-1000 Man-
otherm, The Netherfandy) connected (o a lsboratory-seale seration tank, the total system having
an activated sludge content of 1-2 liter (see also the scheme in Figure 1), The respiration meter,
based on the D-principle. uses one and the same probe (0 measure the DO concentration of the
sludge entering a closed respinition vessel and of the shidge leaving the vessel, The respiration
rale wis obtained secording 1o the standard procedure with the RA-1000. The DK concentration
of the sludge entering the closed vessel was comsidered equal 1o the £ in the seration tank and
witk tsed lo asseds the respiration rate secording 10 the E-principle. For this purpose the method
10 obiain the oxygen transfer coefficients, as described by Vanrolleghem,'” was expanded with a
mass balanee of 0 over both vessels 10 aceount for oxygen uptake in the closed vessel, Both
resphimtion measurement series were fed into o parameler estimatorn using the model in Table 1
coinpleted with the miss balances of the twio vessels (Equations 3 and 4).

The imensufemenls were comimencad by trafsferrmg activited sludge 1o the mensuring anit oid
starting the respirmeter, When the endogenous respiration mte was reached and observed m be
comstant for at least 10 miputes, a spmple wis added to the open vessel, This was repeated several
times with raw and filiered wastewnter, 1T necessary, nimification was suppressed by adding 3-27
mg allylihiouren (ATL per liter activaied sludge. To check whither nitrification eccurred, a known
amount of ammoniam was added and the respirometnic response (o the addition was observed.

Sludge and wastewnter were sampled from an industrial plug Now ploan reating the eMoent of
a potato starch mill (Veendam, The Netherlands]. The loading of this plant is typically 0,05 o
010 g - tdayt on COD basis. Prior to inpot o the seration wnk the nfluent is enriched with nu-
trients, This water was used in the experiments. Pant of the wasiewaler samples was filtered over
0,45 pm membranes. Annlvsis for COD, Kieldohl, and ammoniom vielded the following vialues:
2085 g o, B4 gN mi?, and 6.7 gN m, respectively, for the rw wastewster and 1735 g, 77
N mY; and 6.6 gN m- Y, respectively, for the filliered wostewater, The MLVSS of the sludgpe used
in the experiments was 1.3 10 3.9 g per liter,
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RESULTS

The addition of ammonium generated u respirometric response that remadned when nitrifics-
ton inhibitor (ATU) was added. We conclude thal nitriffeation was abaent and that the respiro-
muetric response was caused by the oxldation of stored organbc subsirate becuuse of the addition
of smmonium. Several samples of raw and fillered wastewnter were added to activaied dudge
whether or not in the presence of ATU. Some additions were repeated. The studge was replaced
onee with fresh slndge from the same sample. Respiration mte time seres obtained with the twa
principles were ssed to estimate activated sludge process model parsmeters acconling o the
model in Tahle 1. Table I shows the wastewater characteristicd, derived from the estimuted initial
concentrations, and Table 11 the chamctenstics of the sludge-wastewnier inieracion, As an ex-
ample. Figure 3 shows that respirograms obiained with the two principles applied on the same
203 data set correspond reasonably well,

The results of the prramerer estimation show some inconsisency among the values for 5, and
, iméspective of the respirmmetric principle, sludge sample, and whstewater sample ITuhT:r 1)
H’ opwever, the totul shor-term biochemical ouygen demaonds (sum of 5, snd X multiplied by
(0 = ¥y0) are quite invarlable. This suggests that, for the given datuset, the nphm:.u.-_r wias e ca-
pable of discriminating between S, and X, In atemipting 1o work af low substrate to biomass -
tiog, we added small umounts of weastewates to the sludge which resulied in subsatunsted condi-

Table Il Wastewater Characteristics. [ and E Denote I-Principle and E-Principle,
Respectively. Stadge 1 and 2 Indicate Two Ideatical Portions from One Sludge Sample, Results in
Ome Cell are Repetitions and Are Expected to be Reprodictions.

§, (mgCOD 1) Xy (mgCOD 1) 5+ X, (mpeoD 1)
Wastewater  Shidge D E D E D E
Raw ! 200 471 483 461 ™ 932
I 330 100 7 655 777 755
2 0 415 759 439 759 K54
Raw+ATU | 240 180 504 588 745 768
2 0 245 753 541 753 R2R
Filtered 2 0 1 762 67 762 790
Filleréd+ATU | ash 1% 4 3000 72 07
I az6 #2 434 600 760 681
2 i 8% 727 674 727 762

Tahle 111, Characteristics Slodge-Wastewnter Inferaction, See alo Description of Table 11

Moy Yy~ KpimpCOD I~k (day ) gy (ebay '

Wastewnter  Sladge D E n E D E B B
Riaw 1 24 1.4 47 31a 432 24 (LT T
i 15 1.1 8 024 357 445 o e

2 ) i3 194 270 A 240 olg 0T

Raw+ATU 1 2.6 i1 44 0322 im 470 e 00e
2 it 1.2 95 L0 441 20k 008 048

Filtered 2 43 14 159 200 547 A nos 007
Filtered+ATU | 7.3 1.1 i 02 285 2 COTr I N 1]
i 2.3 1.1 15 00 308 492 a0e 000

2 3 i1 G2 00,36 433 AX7 (111 008
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Prwpirat ie mglhy

Figure 3. Addition of 60 mL raw wistewater

in 141 Fier sctivated shodge. Comparison

i 8 [ THEE L L of respiration rutes obtained with the two
Tk {emit) dilfferent primciples.

tioens, This is demonstrated by the absence of o plitesu in the respirogram (e.g., Figure 3. Al low
concentritions of 8¢ and X, the degradation kinetics of §; and X, (Monod and first order, re-
spectively) become Tess distingtive. Mevertheless. objective ItI-DdI:1 selection criteria’” showed
that the midel applicd here was significantly better than a model with only one subsirate. Bath
principles do not show significant varation in (S,+ Xg) values of the different kinds of waste
water: the absence of an effect of ATU indicates netrification did not occur, und similar val-
ues for ruw and filtered wastewnter suggest that the hydrolyzable matter is soluble,

On' an averape, the E-principle generated slightly higher values for (8, + X,) (Table [1) and
lower values For gy and K¢ (Table 1) than the D-principle. This is partly because the degrad-
ihle matter is not instantaneously distriboted over the twio vessels upon gddition of wastewater 1o
the open vessel, The model, however, assumes that the wastewater is simultancously sdded 1o
both vessels. The effect of this delay on the parameter estimates is amplified by the low overall
comcentrations of §; and X, due 1o the small subsirate (0 biomass ratio applied. The hydrolysis
coefficient k; ix leis sensitive to the delay becaude when h}rdh:lly:is becomes the Iim:‘:t'mg
process, the diﬁm‘butinn of degrodable matter over the two vessels is completed. The same holds
to & greater extent for by, which is estimated when all the degradable matter has disappeared and
the respiration mie only changes slowly.

DISCUSSION

The primary purpose of the study was o combing two resprrometric principles 1o obtain o hy-
brid respirometric technique that incorporates the advantages of both principles. The sdvantage
of the E-principle s thot it allows 4 high measuring frequency. The D-principle has the advan-
tuge that the respimtion e can’ be obtained directly from the DO measurements. It has been
shown that the two principles cun easily be implemented in the hybrid technique. A minor modi-
fication to the data imterpretstion of the E-principle is necessury to account for the circulation
over the closed veszel.

Ta investigate the performance of the new technigue, it was applied to the charncterizition of
an industrial wastewater-activated sludge combination. Since two independent respiration mea-
surements were simultancously obtained from the same experiment, o straightforward evaluation
of the results is possible. The disagreement between the two principles may be explained from
the effect of the addition of the sewage W only one vessel. The same effect may alvo explain the
difference between the short-term BOD values of both principles as reported in previous work.H
Different behavior af the DO-probes, g5 suggested in that work a8 o possible cavse, is eliminated
in the hybrid technique. Because for some parameters, each principle produced different parame-
ter estunates for duplicate measurements, explicit conclusions cannot be drown from the results,
A possible explanaticon for these differences 15 the low suhstnite (o biomass rutio applied. This is
supparted by the good agreement among by, villues that are less sensitive 1o this ratio, Further
work should concentrate on the elimination of the mixing effect and on the proper choice of the
substrate to biomass ratio. Since the primary purpose was 0 develop and try the hybrid tech-
nigue, po thealule vilee should be given to the biokinétic parmmeters obtained in this study,

The hybrid technigue s particularly useful for studies of wastewiter-activated sludge intéfic-
tion, bindegradation, and toxicity. The two respirometric optpats can be averaged or the differ-
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ence can be used 1o cheek the performance of the two measurements. For bickinetic characteriza-
tion, the E-principle ollows the determinmtion of model parsmeters on only DO messurements,
once the oxygen ransfer coefficlents are estimuted. The equipment described here wis designed
for laboratory applications. However, if wastewater additions and sludge refreshments are ato.
mated, it would also be applicable in full-scale treatment plants.

In the measurements described here only one single DO probe was used 10 messure both he
M} concentration In the open and in the closed vessel by changing the flow direction. The ad-
vaniage of this construction I8 that it % simple and relisble since only one DO probe has o be
maintained and calibeated. However, if probes sre carefully maintained and calihrated, introdue-
tion of a second DO probe in the open vessiel (on the left in Figure 1) and mointaomng the peri-
odic reversement of the flow would provide an additional check on the DO in the open vessel
nnd thus on the sssessed respiration mte. Regardless, if the perindic reversement of the flow is
employed, a continuoos dingrosis of the probe condition can be obtaned by using the wechnigue
described by Spanjers and Olsson.'"

The E-principle described here requires a temporary disturbance of the DO concentration in
the serated vessel o estimate the oxygen transfer coefficients, after which the respiration Tate
cin be calculated. This disturbance was cuused by an addition of wastewater, An alternative
method that might be osed to obiain the respiration rate 15 (he one where the estimator is part of
an adagtive controller for the DO concentration in the acration vessel '™ ™ In this estimator the
response of A continious excitation of the DO by manipilating the nir flow rile is used o simul-
taneously estimate K; @ and respiration rate:

CONCLUSIONS

It has been shown that the two principles can easily be implemented in the hybrid rechnique.
Only a minor modification o the E-principle i pecessary 1o account for the circulation over the
closed vessel. Respirogrums obtained with the two principles correspond reasonably well, How-
ever, when the respiration rfe is used © determine biokinetic model parameters, (here is some
disagreement between the results. This can be explained by the low substrate to biomass ratic
used in the experiments and by o mixing effecl. These factors have less effect on the decay coef-
ficient that shows consistent values. There are several possibilities 1o develop the echnigue
further.

NOMENCLATURE

by,  decay coefficient (day~')

[ concentration of a component in the process model (COD m=7)
J; fraction of inert particulate mutter (-)

Kya  oxygen mass-ransfer coeffivient ("%

[ hydrolysis coefficient (day~')

K, half-saturation coefficient (gCOD m™Y)

@ circulation flow {1 h°")

R oxygen respiration rate (g0umh')

fp Teaction rate of 4 component (gCODm"h")

Sy dissolved oxygen concentration (g m™)

§¢  concentration readily degradable substrate (gCOD mY)

Vo volume im')

Npy  concentration heterotrophic biomass (COD m)

X, concentration hydrolyzable matter (pCOD mY)

¥y yield coefficient (-3

gy maximum specific growth rute (day-!)

1,2 index relative 1o open vessel and closed vessel, pespectivaly
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