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5\ . ABSTRACT
N ,

The purposé\pf this investigation was to contribute to the 'data
base of technical information necessary for a moré comprehensive
mathematical formulation of the.aerobic sludge digestion process.
The main focus was the determin;cion og the best measure of
microbial activity and its relation to active mass in the mixed‘
liquour.

Four activity measures were evaluated. These were ATP, plate
counts, dissolved oxygen uptake rate, and activiéy of
dehydrogenase enzymes. Their variation with digestign time was
monigored for batch aﬁglgemi—continqous flow regimes at three
different operating tempérahures : 10°C, 20°C, and 30°C.

It was found that ATP offers the best estimate of activity,
while plate ;ounts can result in erronecus and misleading
interpretations of the metabolic state of the mixed'liquour
population.

ATP was found to parallel the decrease in biodegradable
volatile suspended solids (BVSS)lduring batch digestion, when
corrected for céll lysis. It was concluded that the decrease in
ATP does reflect a decrease in dctive bilomass from the éndogenoug
metabolism of thé bacterial population, and that the ATP content
pef active cell méss remalins constant with detention time thus
al}owing the est;mafioh of active fraction of the sludge (FA).

On this basis, preliminary investigatiﬁns on active fraction

variations revealed that essentially different types of cell

4 ’

decay occurred between batch and semi-continuous flow regimes. A

M ]
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first orderlrate of decreaée in FA with detention Fime‘was
obtained in all batch units whereas this fraction remained
egssentially constant in the semi-contiﬁuous units. The above
observations have direct implications in process design in that
it is common practice to extrapolate éndogenous decay
coefficienés from one type of flow regime to ano;her. Analysis.of
the experimgntal data demonstrated that 1ucﬁ‘gxtrapolations
cannot be used to accurately ‘predict percent reductions in
solids. This 1s particularly true at low temperatures of
operation,'wherelbatch,cbefficients were found to be up to 5
times smaller than the semi-continuous ones.

Analysis of temperature effects on kinetic coefficients

indicated that coefficients determingd‘on a BVSS basis in

- semi-continuous units do not follow an Arrehnius relationship, as

is usually assumed. These type of coefficients were shown to be
dependent on the rapidity of BVSS destruction rather than on the
magnitude of solids réductions. Sharp differences in ultimate
biodegradability of the sludge with temperature of opération
make thé use of éuch coefficients in;dequate for the comparison
of process performance among units.

Activg mass was found to be a useful parameter in the”
monitoring and design of aerobic sludge digestion processes.

However further studlies are required to fully determine its

behaviour during digestion and its relation to sludge stablility.
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'CHAPTER 1

INTRODUCTION

1.1 Background of Investigation

All conventional w;stgggter treatment qperations and processes
produce large quantit§%3$gé sludge that cannot normally be
disposed‘of without some means of Eretreatment. This waste
materia; is Iin the form of & liquid or semisolid liquid which

typically contains from 0.25 to 1i % solids depending on the

- -

characteristics of the raw wastewater and treatment prbcesses
that generated it (41).

Sluage is composed largely of pollutants respousible for the-
offensive and noxious nature of untreated wastewatet and
therefore must be stabilized prior to disposal so as to minimize
its harmful effects. In this context 'stabilize' refers to :
| 1) Reduction of the pathogenic organism content of the 'sludge,

i1) Reduction or elimination of offensive odours,
1i41) Reduction or inhibition of the potential for putrefaction,
iv) Reduction of the solids quantity that must be handled
subsequently.
Traditionally, sludge stabilization or sludge digestion as it
is more frequently termed, has been accomplished by anaerobic
digestion. This process produces a stable sludge but has several

disadvantages (3) :

i) Resulting supernatant is high in nutrients and organics due



. to solubilization in inaerobic metabolism; .
i1) nnaerobicallf digested sludges are in generalldifficult to
dewater by mecnanicai means. ? .
1ii) The process 1s very sensitive and . therefore results in’
| frequent upsets.

iv) The process is. eff;nient only under controlled conditions
of temperature and pH and therefore requires sophisticated
lequipnent and adequate supervision.

Because of the above undesirable characteristics, other
wmethods of sludge stanilization ha;e been introducéd, the most
popular one being aerobic digestidn. This process has been used
extensively in small scale wastewater treatment plants due to
its simpliciﬁy.of operation and minimal need of supervision. High
operating costs related_to he energy rnquirements of maintaining
aerobilc conditions in the.stabilizing reactors encouraged its
initial application’to small treatment syélems only. However in
recent years aerobic digestion has been shown particularly
. suitable for industrial sludge treatment, the reasons for
this are its low éapital investment, simplicity of operation,
ability to handle dilute solids concentrations, and greater
immunity to potentially téxic industrial wastes (67). Also this
process is being increasingly used in larger systems to stabilize
waste activated sludge separately from sludges resulting -
from'primarx clarification. The reason for this 1is that the
. enormous volumes of dilute waste activated.sludge generated are
entremely difficult to be either anaerobically stabilized or

economically dewatered.
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Innspiie of its increasing pOpulariﬁy, onlf.limited gttention
has Seén given to the improvement’ of proceés kinet;CS description
and design procedures. This ﬁas resulte& in a lack of technical
information regarding design cri;eriﬁ and contradictory

predictions on the effects of some environmental factors related

to the process.

At the root of these prodlems isia controversy regarding what
pafameters to use for the control and:design of the process. Up
to date, volatile suspended solids (VSS) or their biodegradable
part (BVSS) hawe been used extensively as process variables.

fhese mass weasurements ﬁaqé generally been assumed to be an
accurate deLerminainn of the actiy¥e microbial mass in the mixed
liquour, witﬂ their ease of determination being the main reason
for“their popularity in this and other bioclogical treatment
processes. However in recent years iécreasing recognition of their
limitations has led to the efamination of several alternative
measures of activity or. active biomasé (65, Gé, 45)., The most
relevant ones being adenosine triéhosphate.(ATP), dissolved
oxygeﬁ uptake rate (DOUR), dehyarogenase e;zyme activity and
‘plate counts. Although some authors have proposgd thelr use in
aerobic digestion design (8), experimental investigations on their
applicabilicy have concentrated almost exclusively gn the

F)

) -
activated sludge process. s “
For this process the measures .above have been claimed to be
more direct and accurate estimators of microblal activity, as

cbmpared to VSS. Consequently, their use in aerobic digestion

would be expected to result in better monitoring and control of



the. process, and 1in terms of déaign, a better reflection of

-

the rate of mass reduction through endogenous respiration.
1.2 Justification and Séope

This investiéation'was intended to contribute to the data base
of.technical‘information reguired to formulate and loprove process
design critefia for the aeroblc digestion of waste activated
sludges.

There is presently a need for a.more comprehenéivg kinetic
model of the process, but before its formulation is attempted, a
clear definition of the basic process variables is necessary. As
mentioned earlier, there has been a recent trend %Q snbstitu:e
organic solids concentrations by more direct measures of activity
or active q;ss. Nevertheless their widespread applicaton‘in
biological péocesseshiés been hampered by two principal factors:

i) Exiéting confusion regarding advantages and disadvantages of

each measure, with conflicting reports on theirzmerits as
. gef;able .estimators of metabolic activity; and’

ii)‘A lack ;f definition of active mass determined from
these activity measures, fhe transition from activity to
biomass often neceéssitating the use of gross or unverified

" assumptions that have significant impact on the sensitivity
and accuracy of the estlmations.

Due to the limited resources available and the extent of t£e
toplc, it was deemed necessary to restrlct this investigation to

.

the study of activity measures and their application to the

-



-

. aerobic'digestioﬁ.process; It is believed that the results of

this study will lay the basis for a more comprehensive -

mathematical fofmulat#on of the‘process.

- : —~

"

1.3 Objectives

With .the development of a process model in’ mind as the ultimate
goal, this investigation.éas restricted to the attainment of the
following ijeccives:

1) a critical review and evaluation.of the péeseﬁt measures of

activity,

ii)'analysis. of the‘relatibnship between activity measures and
) .

’

biomass, and
1ii) a preliminary investigation on the ' application of activity

or active mass information in process description and design.

a
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| CHAPTER 2
. LITERATURE REVIEW
2.1 Aerobic Sludge Digestionm

2.1.1 Process Descriﬁtion

Aerobic digestion may be defined as the cdnvers{on of
degradable organié wastewaﬁer sludges by aerobic biol;gical
mechanisms to oxidized end products (1). The ﬁiological reactions
which occur agd thelr extent are dependent upon - the t}ﬁe and
condition of the feed sludge, which 1s either primary, secondary
(G;ste activated sludge) or mixtutres of the two. With slﬁdge from
primary c¢larification, the organice subétrates are first utilized
by aerobic microorganisms for synghesis and respiratian. With
secondary sludges, the supply of available s;bstrate is at or
near-depletion depending on the pfocess detention time, and
therefore 1in the absence of an external source of.- carbon, the
nicroorganisms begin to ;onsume their own protoplasm to obtain
energy for cell maiantenance reactions. When this occurs, the
microorganisms'are sald éo be in the endogenous phase of the
growth cycle. Eventually some organisms undergo lysis releasing
their protoplasm ints solution which ié then utilized by other
bacteria. The net result is a decrease in the unoxidize& portion
of the microbial population -or sludge mass (41). Only about 75 to
80 percent of the cell tissue can be oxidized. The ré;aining 20

-

to 25 percent 1is composed of inert compounds and organic matter
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. -4
-that. igs not blodegradable. This residual portion is commonly

térmed non—biodegfadéblé solids (NBVSS) and is estimated by the

“

VSS concentration of the mixed liquour in a batch reactor after

W

extended periods of digestion, 1n excess of 30Idays. Cpnventional

aerobic'\digesters can be cperated as batch or flow-through
reactorsi\w

ith the semi-continuous (£fill and draw) type being the

most populan one.
The main 'arameters that control the process‘have been
described by Stein et al. {58) as : |
i Hydraulic\>Etention time and solids retention time
i1} Loading criteria
iid) Oxx?en requirenents
iv) Eneééy requiremepts
v) Enviggemental conditions

vi) Charactﬁristics éf\feed sludge X
\ ‘.' v I
5 -

Hydraulic Retention Time (ERT) and Solids Retentiom Time (SRT)

\
Experimental Qesearch_exaluating the importance of SRT as a

process yarilable has almost solely considered batch or.

nonrecycle contiﬁpous flow digestion systems. For these

\\
conditions SRT 1s equal to HRT or aeration time. While the other

Hfactors are important}\most system deslgns have been. based on
aeration time alone.x$his fact was pointed out by Hegg and
Rakness (27) in theig_reéiew of aerobic digestion design
considerations. In theﬂ; work, they recommended minimum SRT

g

values for various types Sf sludges which are tabulated below.



Fig. 2.1 Minimum SRT Values for Aerobic Digestion

Sludge Classification SRT

- ' (days)
High Rate Activated Sludge 20-25
Conventiona;,Adtiva;ed Sludge 15-25-
Step Aeratioﬁ Activatéd Sludge. 15-25
Contact Stabilization Activated Sludge 15-20
Extended Aeration Activated Sludge 15-20
Primary Clarification - 20-30
Primary + Waste Activated Sludge 20-30

Trickling Filter Humus

20-30




- -

-
The values in this table §136 rep;esent recommended HRT_values,
since SRT 1is always equal to or greater than HRT. |
| Ahlberg and Boyko (3), based on a feview of seven operating
aerobic sdigestion systeﬁs in Canéda, sugges;ed a minimum total
SRT valte of 45 days. By 'total %RI' it is me;nﬁ both the solids
retention time of the sludge during digestion plus the SRT of the
sludge in its source process. The authors also cg;tioped that
selection of design SRT values must cogsider the proceés operating
temperature, as low gémperatures can significantly lower
stabilization rates. In summary, Eypical_SRT values reported in

the literature range from 10 to'35~days for the digestien of

waste activated sludge using diffused aeration with temperatres

i
- >

between 15 to 30°C. U v -

Loading Criteria

Organic solids loading rate (OSLR) represents loading on a
~volumetric basis, usually per cubic metre of sludge under
aeration. Units are typically in kilogr;ms volatile solids or
volatile suspended solids per cubic hetre aeration volume per day

-

.(kg VS or VSS/m3/d). ) *

Several studieé have been conducted to examine the relationship
between OSLR and process efficiency, usually expressed as percent
reduction in blodegradable solids. Jaworski et al. {30) operated
laboratory scale digestegé on 1.75 to 1.00 kdry solids basis)
mixtures of primary and waste éctivated sludges within ranges 6f

0.39 to 4.70 kg VS/mBId. Lawton and Norman (35) alsc used mixed

sludges with OSLR values between 0.68 to 2.27 kg VS/m>/d. Cohen
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ap& Fullerton (16) condgited plant and pilot scale digesticd‘tqsﬁs
on waste activated sludgé'using both diffused air and pure oxyg;n -
aeration. For tﬁe diffused air tests‘OSLR was varied from 6;&2 to
3.0 kg VSS/m3/d. In pure oxygen experiments the OSLRlvalzes
varied from 1.33 to 3.61 kg VSS/mB/d.

Two general obsérvgtions from these studies were that
increasing OSLR lowers the degree qf spability obtained withiq a
given time period and that the rate of‘stabiiization,-ex?ressed
as the mass of volatile solids destfoye@ per unit time, increases
with i?creasing organic loading rates.

In their review of seven aerobic digestors, Ahlberé and Boyko
(3) reported .design loadings between 0.38 to 1.28 kg VS/ﬁBId and
actual loadings ranging as -low as 0.06 to 0.43 kg VSS/m3/d. In
his examination of aerobic design criteria, Loehr (37) reported
prevalent OSLR values ranging from 1.62 to 2.27 kg VS/m3/d.

In summary, experimental and full scale OéLR value§
encountered in the literature range between 0.4 to 5.0 kg
VSS/m3/d for conventional bafch or continuous flow ae;obic
digestion. Higher values have been‘applied for pure oxygen

aeration or elevated digestion temperature processes.

Oxygen Requirements

s

"The oxygen'requirements‘that nust be satisfied during aerobic
digestion are those of eﬁdogenous.metabolism and, with mixed
sludges, the BOD of the primary sludge component.

Varlous investigators including Loehr (37) and Rezpolds (51)

have presented equations relating theoretlical oxygen requirements
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to the mass of volatile solids destroyéd.

By approximating cell mass with the mglecular formula
C5H7N02, endogenous respiration may be represented by-the
equation : |
C R, NO,+ 7 0, —> 5 CO,+ NOjs+ 3H,0 + BE'+ energy

From this equation the oxygen rtequirement for the complete
oxidation of cell tissue is equal to 7‘mollmol of cells or about
2 kg/kg of cells. The oxygen requirement for the complete
oxidation of the organic mattér contained in primary sludges has
' been reported to.vary from about 1.7 te 1.9 kg/kg-destroyed (41).

Benefield and Randall (8) presented a theoretical estimation
based on the ac¢tive degradable mass reduction, BOD of primary
sludge and nitrogenous oxygén demand. They recommended, as
average values, air requirements of 0.25 to 0.33 llsec/m3
(15-20 cfm/1000 ffs) of tank capacity for activated sludges and
0.41 to 0.50 l/sec/m3 (25-30 cfm/lOQO ft3) for primary pius
activated sludge mixtures. |

As an approximate rule.for'process design it has been
recommended t& have sufficient aeration capacity to maintain a
specified wminimum dissolved oxygeﬁ concentration in the process.
The most common range given has been 1.0 to 2.0 mg/l (41). Loehr
(37) reported the  minimum range to be 0.5 to 1.0 mg/l. However Iif
diffused aeration is selected for both oxygen transfer and
mixi%E, more often the amount of air required is a function of

the amount needed for mixing rather than oxygen supply (19).
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Oxygen Requirements for Mixing

Adequate mixing must be achieved in order to keep the soldids in
suspension and to maintain optimum oxygen transfer efficiency.
Mixing requirements are commonly expressed in terms of power
level (PL) which is defined as the power per unit volume under

aeration, and has units of kw/lO3 3

(8). The majority of
installations have diffused aeration systems. This result is
from the early applications of the aerobic eigestion process to
package activated sludge treatment systems already equipped with
diffused aeration. These devices have been subject to frequent
clogging of diffusers and air headers in many installations

because aeration must be terminated prior to decanting

supernatant and withdrawing digested sludge (52). Ahlberg and

Boyko (3) also poigted out that this method of operating the

digester results in solids deposition and thus in a less of
digester capacity. They recommended that aeration devices should
be capable*;of maintaining a solids concentration of 6 percent in
suspension and of resuspending this concentration following a
long settling period.

Benefield and Randall fecommend as a rule of thumb, a power

level of 14 to 20 kW/lO3 3 of digester volume for solid

33

levels in digester below 20,000 mg/l and 20-40 kW/10°m” for

total suspended solids above the 20,000 mg/l.

Environmental Conditions
Temperature and pH play an important role in the operation of

aerobic digesters. Many studies have monitored pH during

ta
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digestion (35, 48, 50) or intentionally varied pH to ‘ascertain
ité influence 6n process performance (48). Howevef, attempts to
use this pérameter as a design vgriable in full scale operations

. have gﬁt been reported. It is generally.agreed that pH wiil drop
due to the growth of a significant population of nitrifying
organisms and lowering of the buffering capacit} of the sludge as

a result of air stripping {41). Drops to a pH of 5 have been.
reported for yatch and continuous flow reactors wféh long solids
reteation times (48, 50).

In contrast to the anaerobic digestion process, conventional
aerobic digestion systems are usually designmed with an uncovered
and unheated aeration basin. Despite this apparent disregard for
digesting sludge temperagffe, the process 1s very sensitive t? it
" (41). The stabilization rate coefficilent of the process (K) is
generally belleved to follow . an Arrhenius relationshiﬁ such
as (1, 38) :

e(r-'zo) 2.2)

K = Ky

where K and K20 are the reaction rate coefficients at

T
temperatures T and 20°C respectively, and €& 4Ls a thermal
coefficient determined from a plot of In(K) versus T.

Values of 6 ranging from 1.02 to 1.07 have been reported by
Adams et al, (1) althougha very limited amount of data was.used
in their determination.

Several authors have disputed the above relationship, in
particular for temperatures above 20°h (50, 24)..An'experimental

determination of the temperature effects is recommended instead.

Nonetheless, it is generally agreed that sludge temperatures below

°
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15°C necessitate longer stabilization tiﬁes, and that digesters

éhould be dééigned on the basis of the minimum stabilization rate
realized during winter con&itioné (1). .
Charﬁcteristics 65 Féeé‘Sludgé

Both sludge type and condition affect the digestion process.
Primary sludge contains a large fraction of degradable organic
mattér which 1is degraded by the active biomass before endogenous
metabolism can prévail. Waste activated sludgé, on the other hand,
is composed essentially of microbial mass with no or
insigntficant amounts of easily degradable_substréce.

More subtle differences occur with the condition of the sludge
prior to digestion. Loehr té?) conmented on these differences and
pointed out that éhe type of process (extended aeration, high
rate, contact stabilization, and conventional activated sludge )
infl;xénces the initial sludge SRT and the level of activity. With
this reasoning, Ahlberg and Boyko (3) proposed to consider
sludge stability on the basis of total SRT, noé Just SRT within
the aerobic digestion process.

However Cohen and Fullerton (16) found that when the_Sﬁiﬁin
their activated sludge system ranged between 4.2 and 25.6 déys,
very little effect on VSS reduction was detected. They concluded
that VSS reduction was more sensitive .to environmental conditions.
during digestion, such as temperature and pH, than to siudgg
prehistory. They also . found better gorrelation between digesfﬁr
SRT and percent VSS reduced, than betwgen activated sludge syéEém

SRE\and VSS reduction.
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2.1.2 Process Kinetics

The reduction of cell material during aerobic digestion is the

i

P .
result of several concurrent and interdependent processes such as

.endogenous netabolism, predation through phagocytosis or cell

lysing, and solubilization of cell material from lysis of dead
cells (24). However it Is customary to simplify the concept of
digestion by assuming it as a process in which endogenous
metabolism 1is the onlx phenomenon responsible for the mass
reductioﬁ. A fraction of the organism mass diéappears to provide
energy for maintenance of the remaining mass.

The process is usually iescribed by empirically modelling the
decrease in suspended sollds concentrations (i.e., total,
volatile, or mixture of the two) with detenfion time, the mJ;t
popular approach being the one presented by Adams et al., (1).

This model utilizes biodegradable suspended solids (BVSS) .as a
précess variable. BVSS are defined by the authors as the
difference between total VSS and their non-degradable portion,
which is assumed constant througfout the aerationlperiod. The

destruction of volatile degradable organics is approximated by

.first order kineﬁics as follows:

— d(BVSS)/dt, = — K(BVSS) (2.3)
where the endogenous decay coefficlent, K, 1s usuélly
determined from a semi-log plot of the effluent to initial BVSS
concentration ratlio versus aeration time, in batch flow reactors.

The effluent VSS concentration at a gilven detention time is
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estimated from a“mass balance around the digester, yielding in

-

the case of batch—-fed reactors the equations :

BVSS, = e \© (2.4)
BVSS
Q
with
vss_ = VSSoe_Kt + (1-e XtynBVSS (2.5)

And in the case of continuously=-fed complete-mix reactors:

2

) BVSS, = 1 (2.6)
| BVSSO } +Kt
with
VSSe - VSSo + Kt (NBVSS) (2.7)
1 + Kt
where BVSSe -ldegradable'VSS in'effluent, (mg/1)
BVSS° = degradable VSS in influent, (mg/L)
NBVSS = non degradable portion of VSS, {(mg/l)

vss, = effluent total VSS at time t, (mg/l)
VSSo = influent total VSS$S at time £, (mg/l)
.t = detention time, (d)

The derivations of the above equations are presented 1n
Appenaix A.

As‘pre510usly stated, the authors proposed the determination of
the rate coefficient, K, from bateh BVSS reduction data. They
performed a'series of laboratory-scale digestion ekxperiments and
verified that such a determination could be used to adequately
predict the performance of complete-mix continuous—flow systems.

However this approach has been subject to several eriticisms.

Randall et al. (49) and Benefield and Randall (8) argued that the



S e T T e N T B il e

| - 17 -
: . o

"
L

rate coefficient as dégéZhined above i;'based on how rapidlyjthe
blodegradable’ vélatile solids ~ are destroyed rather than on ﬁhe
magniCudé of solids reductions. They also remarked that since °
the amount of biodegradable solids varies with digester
conditions such a coefficient could be very misleading £f uséd to
compare the performgnce between unitg. |

The former authors also pointed out that contrary tﬁ the
common belief, 3 counsiderable amount of fixed suspended solids
(FSS) degradation takes place-dﬁring the digestion pfocess, with
averagé FS5S reductions of up to 28 X% being rTeported for
biologiqfl sludges. These reductlons were explained as
solubilizatioq of solids within ﬁicrobial cells during cellular
lysis. This type of solids reduction is not accounted for in
the above model. ’

High solubilization of‘volatile solids from cell lysis was also
reported by Randall et al. (49) at temperatures of operation in
excess of 30°C. Such phendmena could result in misleading changes
in VSS concentrations duging digestion and thus affect the
determination of the design parameters.

Other criticisms exist for this model. The majordicty fefer to
the use of volatile solids a; process variable.The use of this
type of 5o0lids has been‘refuted as being an incomplete measure of

b f

metaboligy activity, responding only slowly to variations in
/

, h&Eidlty, and subject to misrepresentation from the accumulation =
~—

of inert organics in flow-through reactors (43,62).

Ser—
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These problems led Beneﬁiéid and Randall (8) to attempt to .

-

'incorporate a more difeqt measure df activity in their proposed

model. The authors assumed that only the degradable active
fraction of total suspended solids (TSS) decreased during

digestion. This decrease was approximated by first order kinetics

P
as follows:

+ .
(dM/dt)g = —Ke D Moad _ (2.8)

where (dM/dt)g = rate of mass decrease, (mg/l)/d
K = decay rafe'coefficient, cl_1
M = influent active degradabdle suspended solids

concentration, mg/l

o
1

fraction of degradable active mass in -
influent that appears in effluent
And for a complete-mix flow-through reacfor, the detention time

was derived as :

-

Tty = (1-D) 1 (2.9)

. ' e

or in terms of active mass :

ty - M -M, ; (2.10)u
. D oad Ke
where Mo = influent TSS, mg/l

Me = effluent TSS, mg/l
Ed = detentilion time, d
The above derivations are presented in detail in Appendix 4.
The authors remarkeé that Equation 2.10 reflects the

importance of the physiological state of the biomass in design. .

However they experienced some difficulty in providing reliable
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design procedures.

For instance, due to their inability-of'&e;éfmining the
degradable active biomass in the mixed‘liquour,[tﬁey assume it
Eo be 77 % of the total acti%e;mass (Hoa) based on the work of
Kountz and Forney (34). M;a is then estimated as the product of
the active fraction of the sludge (Xa) and the TSS
concentrationiin.the mixed liquour. The authors recommend the
-estimati%n of the a;tive fraction (Xa) from activity measures
such as ATP or DOUR but no.procedu;e is given for this, nor
afe effects of temperature .variation considered. As for the
fraction.;f degradafle active'mass remaining (D); it’is assumed
to varyrbetween 0.1 and 0.3 but mo explanation or suppqrting'
experimental data are given.

Furthermore, from an inspection of equation (2.9) and with the
definitiog of fraction D, it can be sho;n that this equation can

be expressed as :

Mead - . 1 ' (2'%
Moad 1 + Kt
with
Mead =D Moad - (2.12)

‘where M, and M__, represent the effluent and influent

ad
degradable active TSS (refer to Appendix A).

This is nothing more than a ﬁass balance around the digesEef iﬁ
terms of active degradable 'suspended solids (compare to Equation
2.6). The authors however recommend the determination of Ke in

terms of TSS only. This 1s in agreement with their basic

assumption that only the degradable active mass decreases during
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digestion, but contradicts their repeated observations that

significant reductions in FSS occur from solubilization of dead

cells during the‘process.(AQ, 50, 8). ' - , T

A different design approach was pre;ented‘by'crady and Lim
(24)ﬂ The authoTrs recognia%d two different forms of decay during
dig;étion, decay of liv;ﬁg.cells'at a sbeﬁific rate RA and
decay of dead cells at .a rafe RD. ﬁowever they avoided this
differentiation in their model on the basis of the difficulty in
assessing.the viability of the sludge. Instead they proposed to
model the decrease in biodegradable TSS as the sum-of two
reductions : |

1) Redhction of biodegrad;ble BVSS at a rate :
d(BVSS)/dt = -K_(BVSS) (2.13)
ii) Red;ction of blodegradable FSS at a rate :
d(ﬁFSS)/dt = —Kf(BFSS) (2.14)

Both types of solids reductlions are treated in exactly the same
manner as Iin the model presented byﬂAdamé et al. (1), with TSS
concentrations at any time t given by the sum of VSS and FSS
concentratlions at this,time.

Although this approéch does account for solubilization of fixed
solids from cell lysis, 1t is subject to the same criticisms
‘presented for Adams' model. It should be noted too that data for
only 1 batch run at an unspecified temperature was presented to
defend the assumption of first order kinetics for the reduction

of FSS. The authors do warn against the varaibility in the

extent of these’ solids reductions with type of sludge and
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operating conditions. They remark that the magnitudes of such
reductions are <Telated to the number o{ dead cells in tﬁe.
influent sluége and that this number is in turn a function of the
prehisipry of the sludge. More experimental studies would‘be
required to properly assess the merits of such a procedure in
"predicting the decrease of fSé. .

In summary, the literature review on aerobic digestion kinetices
indicated the existence of several coqtroversies with regard to

process modelling and in particular with regard to what

parameters to use in the determination of the kinetic constants

-

and in the assessmentléf the degree of stabil;ty achieved under a
~set of operating conditions. This situation s;resses the need for
continuing investigafion in this area with Qpecial attention
given. to a clear definition of the process variables required

for the assessmeﬁt of sludge stability.

TS



2.2 Activity Indicators

Parameters capable ofrreflecting the concgntratioﬁ and
activity of fhé activated sludg; microorganisms have been
iﬁvesfigated by several researchers. Weddle and Jenkins‘(SS)
presented an excellent discussion on this top%c. In their review
of the different methods investigated at the time, they'disc;rded
the use of DNA, organice n;trogen‘conteut and protein
concentration as ﬁctivity indicators on'the basis-that these
elementé were ﬁartially retgined 'by non-iiving organisas.
VTechniques with the property of being specific to_living
organisms were reported to be:

i1). ATP measurements

ii) oxygen uptake rate measurements
iii) dehydrogenase enzyﬁe activity
iv) bacterial plate counts

The authors perfgrmed experimental tests on the above:
techniques as well as VSS measurements and concluded that
although the four parameters above reflected the viable organism
content of the activated sludge, VSS was an excellent index of
activity and more sophisticated indicators were not necessary. Lt .
should be pointed out however that their.study was specific to
the activated sludge process and as such It was concerned with
‘the relation between activity and net growth rates of
microorganisms. Neo investigation between activity and endogenous
decay was attempted.

The four parameters listed above are still considered the best



- 23 -

indicators of bio}ogical activity in that they are general to all
‘microorganisms and non-conservative (i.e., they exclude dead
cells). A brief review of these parameters is pfegented beiow.
Also included is an énumer#ﬁion technique which is based on
_epifluorescence microscopy anﬁ activity of dehydfog?nase enzymes

‘that has not yet been applied in the wastewater treatment fielé.

.

2.2.1 Adenosine Triphosphate (ATP)

ATP is a highly reactive compound. ‘It is defined-as the usual

form of chemical energy that increases the energy state of the

reactants In biosynthesis. Its wuniversal presence in all living

forms and its rapid degradation upon cell death makes this

compound an excellent indicator of -blological activity.

ATP_in Wastewater Treatment

Many researchers have investigated the application of ATP
measutements to the activated sludg; ﬁrocess. Patterson et al.
(455 propesed the use of ATP és a' measure of metabolic activity
and biomass. In addition to describing their analytical technigue
in great detail, the authors.demonstrated the specificity of
ATP as an indicator of %2;1 viabilityi Activated sludge samples
were filtered and dried at 103°C f:r one hour and showed no
residual ATP. They also demonétrated the'sensitivity'of this
parameter as a .measure of metabolic activity py first starving é

batch activated sludge process and subsequently adding a slug

organic load. The results indicated that the sludge ATP pool (pg

v

<
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T
ATP/mg VSS) was affected by the metabolic activity of the

activgﬁed sludge microorgsnisﬁs, displaying a rapid and
significant increase in résponse t; the increéég in substrate
loading:. Alsq the ATP pool was o;ly gradually reduced as the
organisms entered the endogeﬁous growth éhase during starvation. A
similar experiment.g;ving sigilar results was performed on a full
scale contact stabillization system. The authors also found’
consistent ATP pool valuesriﬁ the éangé?of 1.4 to 2.0 pg AIP/ﬁg
VSS for the various activated sfudge samples that were taken.

Brezonik and Patterson (10) examined the response of activated
sludge ATP to stresses imposed oﬁ ;he sludge eavironment and
demonstrated the utility of AT? measurements in dete?mining
changes in sludge activity. The activated slﬁdge was subjected to
varylng temperatures, changes In dissolved oxygeﬁ, incre#sed
substrate loadings and addition of heavy metals while monitoring
ATP variations. The a;thors concluded that ATP was a sensitive
and rapid indicator of metabolic activity. |

As mentioned.previously, Weddle and Jenkins {65) a?}o

",

investigated ATP as a measure of activity and biomass
concentratlon. In their laﬁoratory and pilot R&znt experiments
they observed that the ATP content per viable cell remained
constant with respect to growth rate over a growth rate range of
0.03 to 6.4 d_l. The ATP content per cell was reported to be

9

between 10 %and 10~ pg ATP/cell or 0.1- 1 % ATP on a dry

welght basis. It was concluded that since the ATP content of
viable organisms remained constant over a wide range of growth

rates, ATP measurements were a useful tool for the determination

A
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of :hé viable organism content of activated sludge.

Chiu et dl. (15) demonstrated that ATP concentrations
responded rapidly to cell viability and changed with population
shifts and ph;se gréwﬁh. Their studyAalso showe& that organic
loading ratelexerted a profound effect on activated sludge ATP
content. Microbial populat;ons in continuous éystems operated at
high loading rates had a high metabolic activity while those

specles pri§ominating at low loading rates had a low metabolic
)

activity.

Intérpretation of ATP Measurements

As mentioned in the abofe section, ATP measurements have been
proposed as both a means of determining microbial biomass and
level of metabolice activity.‘Accordiqg to Hamilton and
Holwm-Hansen (25) the conversion of ATPldata into reliable
estimates of heterotrophic biomass depends on two assumptions :

s
1) Microbial cells of different species contain a relatively
constant amount of ATP pér cell. ‘

ii) The ATP content of cells of any one specles does not fluctuate
significantly with age or exposure to changing autrient
or substrate conditiomns.

Many questions have arisen as to the validity of these
assumptions for various types of microblal cultures.

D'Eustachio and Johnson (17) reported the endoéenous ATP
content of 13 species of gram-negative and gram—positive aerobic

bacteria. Their data showed a range from 2.2 to 10.3 xlO_lo BE

ATP/cell, with a mean of 4.7 :\1:10_10

10

pg ATP/cell and a standard

deviation of 2.6 x10 pg ATP/cell across all species analysed.
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Hamilton and Holm-Hansen (25) éxdmined seven specles of parine'
bactefia and found ATP values rangiﬁg from 0.2 to 7.8 xl'o-'9 pg
ATP/cell with a mean ATP content of 1.5 x107° pg/cell, Under
starvation conditions (endogenous metabolism) the authors
reported & continual decrease in ATP concentration that
paralleled the decline in number of viable cells. The ATP content
per cell during these comnditions ranged from 0.2 to 0.5 :'.:].0_9
pg/cell. |

Chapelle and Levin (l4) presented ATP ievels in 19 bacterial
species during the stationary growth phase. ATP confent was found
to vary among the species by approximately an order of magnitude
with an overall mean ATP level of 1.97 ::].0_10 pg ATP/cell.
However some of the reported data showea higher ATP values
resukting from longer extraction times and this suggests that
their extraction of cellular ATP may have been incomplete.

fatterson et al. (45) reviewed previously reported AIP'da;a
for bacterial cultures and conclﬁded ‘that the endpgénoas ATP- pool
was reasonably constant for different bacterial species. They
proposed that an estimate of viable biomass could be obtained
from ATP values by using a conversiom factor of 2 pg ATP/mg dry
wéight of cell material. They also showed, through substrate
addition tests, that ATP measureme;ts‘reflecteé fhe metabolic
activity of activated sludge. '

In a2 later study Brezonik §nd Patterson (10) questioned
whether this increase in ATP pool levels following substrate

addition indicated an increase in cell population or an actual

increase in ATP content per cell. Further analysis of their data
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confirmed tﬁeir hypotﬁesis that substrate aqditiqn effects an
increase in ATP concentr;tion per cell. The authors then
conclﬁded that ATP is a specific measure of siudge activity and
that under constant- environmental conditions it can be used to
estimate viable siomass in sludge.

Kao et al. (32) confirmed the findings of Patterson et al.
(QAQ and Brezonik and Patterson (10). They aiso reéorted that
significant differences in cell yield and ATP accumulation
existed Dbetween pure and mixed cultures; ATP concentrations
mesured in cells from mixed cultures were. appreciably smaller

5

than those measured in pure cultures. This interaction between

bacterlal species may thus have a profound ‘effect on the system
analysed. . v .

In summary, ATP is generally believed to be a éensitiye and
reliable measure of metabolic activity. As for the estimation of
biomass, the literature is inconclusive. Several factors have
been recognized to affect the ATP concentration in the cell.
These’ include growth rate, substrate composition and
concentration, predominance of species in mixed cultures and
environmental stress. Reports on the extent of variation from
these factors are conflicting and their analysis is couplicated_
by the different ways in which - ghe ATP pool 1s expressed. For

instance both ATP content per cell and ATP content per dry weight

of cell material have been claimed to be constant throughout the

. growth cycle. This 4in 1tself is a contradiction since cells are

known to change in size (and thus in weight) as they proceed

through growth. As noted by Roe (53), 1t is more likely for the
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AfP content per cell mass to be comstant than the content:pe;
¢;11,‘as ATP and cell synthesis are intimately related. In
;ddition, ATP concentrations per weight of active maés are more
pertinent to the wastewater treatment field since the main
interest lies in-the-variation of cell msss<duriug bioclogical
treatment rather than variation in cell number. Values of 1.1
and 2.5 pg AT?P per mg acci;e HLVSS have been reported by
Upadhyaya and Eckenfelder (62) énd Nelson an;hLawrence (43)
' respectively, fof activated sludge processes treating domestic
wastes. Bowever the estimation of active mass by means of'an
universal ATP pool such as these seems at the present time not
justifiable. Any conversion factor of this type should be
restricted to the set of enviroumental and operating conditions

in which 1t ;:as estimated.

i
ATP Assay

5.

The most sengitive method to measure ATP?P 1is by th;
bioluminescent firefly-luciferin-luciferase enzyme reaction
(14,55). McElroy (40) found that lﬁminescente in fireflies has
an absolute requirement for ATP and that fﬁis reaction is unique
among bioluminescent phenomena., He summarized this complex
reaction by the following equations :

1) The initial reaction leading to'light emigsion is luciferase
catalyzed and involves luciferin and ATP :
2 + ATP +\E ¢£i;. E—LHZ—AMP + PPi (2.15)

where LH2 = luciferin

. LH

E = enzyme luciferase
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E—LHz—AHP = anzyme-luciferin-adenosine monophosphate complex
(or luciferyl-adenylate)

PPi = inorganic pyrophosphate.

di) The complex iIs rapldly oxidized to oxyluciferyl-adenylate

2
where L = dehydroluciferin’

* .
E—LHZ-AMP + 0, =—> E-L-0 + products : (2.16)

E—L—O* = oxyluciferyl-adenylate.
iii) The oxyluciferyl—adenylate is in an exited state which
results in the release of a quantum of light : .
E-L-0" ——> E-L-0" + hv (2.17)

The total amount of light emitted during the reaction is a .
functlon of the cbncentrations of “luciferase, luciferin, oxygen,
magnesium idns and ATP. The peak light intensity is reached
almost instantaneously, whereas the measurement of total light
emission requires a longér period of time.

Two basic approaches exist for the measurement of ATP :
1) measurement of the intensiﬁy of initial flash, and
ii) measuremené of the nuéber of photons produced over a definite
. « - - .
time interval after the initiation of the reactiod.

The instruments that hagé ﬁéen used to measurTe this light
consist essentially of a photaﬁultiplier tuﬁe,.an amplifier and a
recorder. Although several researchers have cénstructed their an
instruments (14,29), four commercial instruments are available
(13, 15, 32, 61, 62):

i) The Chem-Glow photoﬁeter (Amerié%n Instrument Co.)

11) The 760 Luminescence biometer (E.I; Dupont de Nemours,Inc.)

i1i) The ATP-photometer (SAI Technology Company) e
X
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iv) The Vitatec IIs (Vitatec Corporation).

In.addition to these instruments which are desigﬁed
specifically for measuring luminescent reactions, scintillation
counters have been widely used (10, 11, 14, 26, &4, 45, 54, 57,
60). No major mddifications of these counters are needed and with
current models it is possible to measure as little as 16_12
moles of ATf.

The sensitivity and acqu:aqy of the ATP assay depends mainly upon:

i) the qualitj of the firefly %eagent,

ii) the preparation of the ATP standard solution, and

iii) the extraction procedure. {\\

Firefly reagent

Tobin et al. (61) tested three commercial luciferin-luciferase
preparations : Dupont reagent kit, Sigma lypophilized
preparation, and the Worthington lypophilized preparation. Their
investigation indicated that the Dupont puriﬁied reagent was
fifty percent more sensitive than the others and had a slower
reaction decay. Afghan (2) ;gported that the crude reagent‘
preparations from firefly extracts should be avoided since they

are 50 to 100 fold less sensitive than the purified preparations

and. give incongistent and inaccurate results.

-

‘ ATP Standards

Tobin et al. (61) also inwéstigated the stability of ATP
standard solutions. Crystalline trihydrated ATP disodium salt was

dissolved and diluted into 14 different  buffer and pH conditions.
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From their tests, the authors selected 15_2 M glycine at pE 10

-

as the optimum buffer solution since it was found to be stable

. . S
for over 6 months at room temperature.

Extraction Procedure

Investigations on the extraction of ATP from living cells has
been extemnsive (13, 14, 29, 35,36, 44, 45, 61). The extraction
procedure consists in concentrating the cells (by filtration or

centrifugation) when samples contain low levels of bilomass,

lysing the cells to release the ATP into an extractiomn solution,

and separating the dead cell material and other debris from the

solution., Problems with the procedure arise from the presence in

the'samples of heavy metals, organic materials, and high salt
concentrations. These materials can produwce interferences by both
inhibiting the luciferase activity and catalysing non-enzymatic
hydrolysis of ATP (61).
The different extracting media investigated have included :

perchloric acid (25, 36)

boiling ethanol (25)

bolling water (25)

butanol with sonicat;Zn (36)

butanol plus octanol (15, 32)

trichloro acetic acid (36)

boiling TRIS buffer (10, 14, 36, 44, 45, 60, 61, 62, 65)

As shown above, the last medium has been widely used, and it is
generally reported that the boiling TRIS buffer procedure is the

simplest to perform and gives reproducible results.

e
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However, extensive research by the Analytical Hethodé'Research.

‘Section of Fisheries and Environment Canada (13, 61) and Dearborn’

Chemical Company Limited (13) has reiiptiy‘shown that the above

procedure results in losses of ATB’firough hydrolysis, binding of
7 : -

ATP on particulate materiai/aﬁ& incomplete extraction of ATP from

microorganisms. Both groups above independently developed

alternate extraction procedures which appeared to solve many of

the difficilties associated with the existing methods. The
Analytical Methods Research Section proposed two procedures :
boiling glycine and homogenizing techuniques; while Dearborn
Chem;éél Co. concentrated its éfforts on an acetone-TRIS
exeraction technique. These. three , yith a2 later addition of an

acetone-TRIS-Mg EDTA procedure, were compared and evaluated in a

recent study by Dearborn Environmental Consulting Services (13).

LY
From this study it was conecluded that the_boiliqg glveine and.

homogenizing techniques were superior to the other procedures in
terms of precision and accurécy.

In the boiling glycine technique, the ATP is extracted in
boiling alkaline glycine buffér containing magnesium disodium
ethylene diamine tetracetate (Mg-EDTA). The extracts are cooled
and then centrifuged to remove deb}is. This method results in
complete ext;ac:ioﬁ and no hydrolytic loss of, ATP. However it is
not safisfact&ry for sediments cont;ining high amounts of
humic acid substances as well as high metal concentrations.

In the homogenlizing method, the ATP is extracted from the
T;ample by homoge;iéation in trisodium phosphate solution

containing chloroform (CHCIB)' This method 13 more versatile

—_,AZ'*-
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than fhe pre&ious oné in that it can ﬁé used for seddiment
Qamples. The extracts of sediment.sampléhlaré centrifuged., The
-extracts of aqueous sasples.and the supernatant of sediment
extracts a?e filtered under vactum for clarification and the
removal of dissolved chloroform. The ciarif;ed sediment extracts
are diluted prior to analysis toe prevent tﬁe interference of
soluble humic substances with the bioluminescence assay.
Nevertheless, for thé assay of waters, wastewaters, and
4 activated sludges, the boiling glycihe procedure is recommended

A -
as the preferred extraction method because it is more practical .

for field applications than the homogenizing technique.

2:2.2 Dissolved Oxygen Uptake Rate (DOUR)

In aerobiec éystems, such. as the activated sludge process or
aerobi; digestion,‘the removal of substrate and/or reduction of
endogenous mass is accompained by Piological oxidation o£ part of
this material. In tﬁis oxidaiion the final electron acceptor is
S dissolved oxygen (D0O). The ;ate of DO uptakélhas been used

extensively as a measure of activated sludge activity.

Patterson et al. (44) and Weddle and Jenkiﬁs (65)

investigéted the use of DOUR in th; activated sludge process and
,concluded that this parameter offered a good indication of the
siudge activity. The latter authors Teported incregses in DOUR
(egpressed on a VSS basis) from 8 ng DO/mg VSS-hr at a net growth

rate of 0.03 d_l

-1

to 120 mg DO/mg VSS-hr at a net growth rate of

6.9 d ". When expressed on a viable cell basis, DOUR rfor ﬁilot, -
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plant and laboratory data was found to be constant at 10.1

:u:lO-8 pg DO/cell-hr with 4 standard deviation of + 6.3 xlO_8

pg DO/cell-hr for the net growth rate range. tested.

Barnhart (6) monitored DOUR during ldboratoFy and pilot-scale
Batch"digestion experiments on a variety of industrial waste
activated sludges. The author studied the variations of DOUR with
aefation time and concluded that a first'order relationship
between these two variables existed.

Benges (9) coﬁmenting on the work of Randall et al. (50)
proposed the use of DOUR as =2 means of assessing the rate
coefficient K in aerobic batch digestion systems. He proposed the
following first order relationship :

v

n  (d0,/dt) - - Kt (2.18)

(dozldt)o
where (dOé/dt) = DOUR of mixed liquour at detention time
t, mg—%zlhr |
(d02/dt)° = DOUR df;raw sludge, mg Ozlhr

The major stated advantages for basing the kinetic
determination on DOUR were that it 1s a direct measure of
biological -activity and mofe accurate than TSS measuremeﬂts at
high concentrations.

Ahlberg and Bovko (3) examined DOUR wvalues in seven full-scale
aerobic‘digestion systems of both batch and continuous flow
patterns. DOUR values versus total sludge age (total SRT) rather

than against hydraulic retention time were reported. A first

order relationship was found to closely ‘approximate the .

behaviour of specific DOUR measurements with an average reaction

- m——
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rate coefficient of 0.010.c!_1 for plants where the sludge
temperature was greater than 10°C. The authors proposed the use
of DOUR measurements as a better alternative to VSS for the

determination of sludge activity and stabilicy.

Although both ATP and DOUR have been reported to be accurate .

and reliable estimates of metabolic activity, some authors have

remarked that under certain 0pera£ing conditions: these tﬁo
méasures do not vary with detention timé in a similar manner.
Eikum et al. (21) reported differences in variation of these
measures during the stabilization of mixed primary-chemical {alum)
sludge. For semi-continuous reactors at both.12°and 18°Q,
specific DOUR's were reported to decrease steadily with detention
time while specific ATP concentrations increased during the first

ten days and then remained comstant for up to 35 days of

detention time. .

‘Upadhyaya andﬁEcRenfelder {62) have also reported discrepancies
between these té;mparameters. Ia their study, thef investigated
the effect of VSS concentration on activity parameters by varying
the mixed liquour Vés.concentration in an activated sludge uﬁit
while holding the organic loading rate c&nstant. For these

conditions, a decrease in specific ATP with increasing MLVSS was

observed, while specific DO uptake rates remained constant. They

attributed this discrepancy to the error in the determination of"

the uptake rate caused by the reduction in dissolved oxygen in
the test bottle as opposed to the actual uptake in the aeration
tank. They also remarked that variations in floc sizes with

different VSS concentrations could have an effect on the oxygen
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penetration through the floc.

2,.2.3 Dehydrogenase Activity

In the eiectron transport chain éf the energy—yiﬁldipg
metabolism af bacteria there are several enzymes that catalyse
the transfer of electrons b; dehydrbgenation of a substrate. The
activity of these enzymes, which ate collecﬁively known as
dehydrogenases, can be useé'as a‘mea§ure'of ﬁacte;ial activity.
In the dehydrogenase activity test, oxygen (tﬁé ultimate electron
acceptor in the oxidafion chain j is replaced by colourless 2,,3,
3 tripﬁ;nyltetrazolium ch}oridg (TTC). This.combbund is
subsequently reduced teo red insoluble formazan which can be
ext?adted from the cells and measu:gd?colorimetrically.
Dehydrogenase activity is usually expressed in units of
milligrams of triphenyl formazan per gram of VSS per hour (mg
TF/g VS8S-hr). .

Weddle and Jénkins (65) measured dehydrogenase activity for
activated sludge over a growth rate range of 0.02 to 6.4 a i,
In their study, they compared th;ir measured values to those
presented by Ford et a;. (22) and Washington (64) using
temperature, time, and pH corrections developed by Ford et al.
{22). The latter autﬁsfs\éeported values of 31 to 38 mngF/g
VSS-hr as compared to 2 to 10 mg TF/g VSS-hr of Weddle and
Jeﬂkius; for growth rates between 0.2 and 1 d-l. The values

reported by Washington ranged from 1l to 32 ng TF/g VSS—hf for

growth rates between 0.03 to 0'.45 d-l, No agfinite reason for
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the discrépancies between the above results was given. However

-

ﬁeddle and Jenkins pbinted out that the increase in dehydrogenase

activity in the three studies reflected an increase in viable

-

organism content of the activated sludge.. T w -

Patterson et al, (45) gvaluated.a ngmber oj sludge activity
paramepe;s and their application to toxicity meaéureménts in the
activated sludgg process. Included were ATP, DOUR,\ and
dehydrogenase enzyme aétivi;y. From their resﬁlts, the aQ:;AES

concluded that the measurement of cellular ATP was a good

indicator of sludge activity and a quantitative measure of

microbial biomass. DOUR was also found to‘provihe a direct

-

measurement of cellular activity aund teo offer an advantage over
the dehydrogenase enzyme activity test in that DOUR measurements
did not cause drastic changes in the intracellular environment.

Because of interferences with the normal metabolism of sludge

microorganisms, the dehydrogenase test wai reported to present
4

_ certain hazards in both technique and interpretation of results.

2.2.4 Bacterial Plate Count

-

Plaie counts neceséitate the growtp‘of bacteria an& the
forma;ion of visible coionies inllaboratory'média. Stanigy. et
al, (56). stated that the s;andara plate cé;nt procedure 1is the
most sensitive méthod for viable cell determinations in pure
micrabiallcultures. éowever’this technique must Ef aﬁplied with
caution to biological,K sludges. The hetérogeneous nature and floc

forming characteristics of biological slﬁdges pose two major

R LTS, Y
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Probléms.with this method. o ' h
Dispersion of the bioclogical flocecs prior to plating haé been
reported to be essential, but tﬁis results in the eliminagion of
symbilotic or parasitic associations between microorgénisms.
Several sgudies ha#e shown three-, fOuf-,'ané even nine-fold
ipcreases in bacterizl counfs with £loc diéperéion (4, 28, 42, 65)

-~

The second difficulfy.with plate éount;ng“is that there i;
never any assurance that the growth medium'selec;ed will support.
colony formation ;f all viable cells from a mixed population. It
‘haq been generally aSSume§ thag,aerobic heterotrophic bacteria
form the basig'of théhactivated sludge floc and the types of
media used reflect this assumption, Dias and ﬁhat (18) atgémpted'
to provide a nonselective medium for bacteria iﬁ-acti#ated
sludge by for;ing sewage.agar (sewage—solidified &ifh 2 i agéa
and adjusted to pH 7). Prakasam ana Dondero (47) prepared’an
activated sludge extract agar (ASE agar) by solidifying an
autoclaved and filtered activated sludge sample with 2 % agar. -
The authors reported higher bactgrial.counts éith this medium
than with nutrient or sewage agar. Weddle aﬁd Jenkins (65)
employed this ;edium in their research with good results.
Ho;ever, Upadhya;a and Eckenfelder (62) obtained consistently
more numercus, clearer amnd easler to count colonies with tryptone
glucose extract agar {(TGE agar) than with nutrient or ASE media.

The interpretation of the viable bacterial count is further
complicated by the existence of non-reproducing cells that remain

ﬁetabolically active in the .sludge. The metabolic importance of

such c¢ells has not been well documented. Only a couple of studies
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were encounteréd during this literature s;;&ey: A study by
Wooldrige and Standfast (66) showed total to\viable count raties
for biological sludges in a range ;f 100 to 1000, The authors
attributed a high degree of enzymatic activity to these
'dead cells'. ﬁalker and Davies (63) investigated viability and
respiration rate varigtions in activated sludge at low net growth
rates. They demonstrated, in contradiction to the workndone by
Wéddle and Jenkins (65), that respiration rates per viable cell
'did not remain constant but in fact increased at low growth
~

rates. They attributed this variation to the activity of

nonviable Dbacteria, these miérobrganisms been responsible for

1

over 80 I of the total respiration at a growth rate of 0.1 d

From the above observétion% it is clear that viable counts
(plate counts) are subject to considerable variations apd are at
most a limited estimation of the number of active organisﬁ# in

activated sludge. In spite of this, their use 1s very popular due

to the simplicity of the test (8, 62, 65).
2.2.5 Direct Counting of Bacteria

Due to the problems assoclated with plate couﬁting, nany
-alternative enumeration techniques have been investigated.

Strugger (59) proposed the use of acridine orange as a vital
staln for soll bacteria and the examination of the stained
specimens by fluorescence microscopy. This technique reportedly
yielded a difference in fluorescence between cells and detritus,

and offered the additional. advantage of differentiating between
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Jiving and‘dead bacteria. According to thg author, viable cells
~would fluoresce green whereas mnonviable ‘cells would.fluorescé
red. hqwever this élaim has been refuted_(lZ,-ZD,m33). Kofgaonkar
and Raﬁade (33) demonstrated that although a fluorescence shift to
red-orange occured in highly degraded cells, the shift was not
obligatorily linked to viability when cells we}e kilied by
various physical treatments. This was furfher substantiaéed by
the work of Donald et al. (20). Pure cuitumes of Klebsiella,
Escherichia coli iandxﬁacillus subtilus containing both red

\

and green fluorescing cells, were sutoclaved, boiled, or treated

with formalinm or merCquz Afrer tﬁese treatments large number of
green fluorescing cells were still observed..Nevertheless the
authors concluded that the acridine orange epifluoreécence
technique (AQOE) did perﬁit a rteady discrimination of bacteria
from detritus and was the method of choice in estimating total
microbial counts.

In a recent study, Zimmermann et al., (68) prbposed a new
enumeration technique- involving the AOE procedure and the
activity'.of the deﬁydrdéenase_enzymes. The technique is bhased on
the principle that the electron transpoTrt system of regpiring
organisms reduces 2—(p—iodophenyl)—3-(p-nitrophenyl)—5-phenyl’
éetfazolium chloride (INT) to INT-formazan. Respiring bacteria
deposit accumulated INT-formazan intracellularly ;s dark red
spots. Corre§ponding to electron transport system activity, these
deposits attain a size and degree of optical density whiqh

‘allows them to be examined by light microscopy. However the

formazan deposits did not represent a definite outline of
. r
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bacterial cells and thus it was difficult to défine_the nature of
the.counted spoﬁs if uéed alone. But by comsining formazan
detection and epifluorescence microscopy a meth;d is obtained
which allo?s the differentiation of bacteria form detriﬁus au§ the
differentiation among the baqteria.be:ween respifing #nd

~

n&u-respiring'cells.

This technique has been applie& fdr-the enumeration of active
microorganisms in sea and lake waters. For these environments it
has been'claime§ to offer the great advantages.of being : 1) non-
selective, 1i) closer to in situ conditions than with comparable
methods of estimating bacterial activity, and 1iii) a direct and
raﬁid count of active microorganisms., No reports on Iits

application to the wastewater treatment field were encountered.
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CHAPTER 3 - | \/

- EXPERIMENTAL CONSIDERATIONS
The purpose of this chapter is to outline specific points the

research addressed and tﬁe theoretical considerations that

underlined the experimental design.
3.1 Measures of Activity
From the literature review, a series of controversies and

constraints rTegarding activity measures and their application

to biological treatment processes q$came apparent, Clearly, the

first step for the use of these measures in design of aerobic

digesters requires a clear determination and evaluation of the
merits and restrictions of each technique for this particular

process. To assess these, bench scale experiments with both batch

and flow—-through reactors were conducted. Four activity measures

were Investigated :‘ATP, DOUR, plate count anq the direct
counting technique inveolving epifluoresce;ce microscopy and
dehydrogenase eﬁzyme activity which will be refered to as
AQOE-Dehydrogenase technique.

It was also remarked in the review that the metabolic activity
of the microorganisms in the mixed liquour 1is very dependent on
sludge type, sludge prehistory, solids concentrations, and
operating conditions of the process. Consideration of all these

factors being impossible, it was necessary to testrict the study

g
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to the analysis of the effects of temperature and detention time

om activity. The reactors were fed with sludge from the return

sludge line of a conventional activated sludge plané‘treating
domes;ic-sgwage, ;nd the solids concentration was fixéd'at 7500
mg VSS/l. Both bateh and semi-cogtinuous reactors were run for
extended periods of time (up to 2 months) at diffgqent operating
témpefatures.
0f specizal interest during the experimeﬁts were the following
points :
i) gpplicability of the AOE—D?hydrogenase technique to
wastewater samples. -

11) Relations between variations of‘thg four activity

parameters and VSS concentrations with -detention time

and temperature.

iii) Differences in variation beween DOUR and ATP.

iv) Comparison of celi concentrations from plate counts and the
AQE-Dehydrogenase techniqué.

As noted above, the feed sludge was set to have a constant VSS
concentration. VSS was used 'as the base pérameter for expression
and evaluation of the diffe;ent measures - for- the following
reasons 3

1) All previous studies on the activity of biological sludges
have reported the activity measures per weight of VSS. Therefore
comparison of the experimental reéults with thoselof other
authors required the use of VSS_as the basls for expression.

11) It was remarked earlier that VSS gives no indication of the

reduction of fixed solids and consequently its replacement by TSS

7

P ——
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has been rgcoﬁﬁeﬁded. The magnitude of vagiation of‘the fixed
solids i; nevgrthelesé highly unpredictable and dependent on the
prehistory of the sludge and on the set of operating conditions of
the process itself (24). Due to this.reason, the utilization of
TSS 1in lieu of VSS was considered to be less reliable as tpese
sollds are composed in part of fixéd solids. Also it should be
noted that the decrease in FSS is due t; the decay of dead cells
and'as-§uch it has no relation to changes in metab;lic activicty
nor acﬁive mass during.the‘process.

. -

3.2 Biomass Estimation !

Activity measures are usually expressed as specific wvalues
(i.e., per mass of VSS) and as'sﬁch they are indicators of the
specific activity -of the mixed liquour only. A direct measurementq
of active mass.being impossible, it 1is common practice to
express it as active fractipn of suspended solidsl(FA). This
fraction is a . calculated parémeter, and 1s usually obtained from

the relationship (7, 43, 53, 62) :

-

&

FA = PS/PB (3.1)

where FA = agctive fraction of VSS

PS = gpecific activity content in mixed liquour
PB = base value QrAactivity measure per active cell
mass.
A direct determination of the ATP content per active cell mass
(PB) in a mixed culture being‘impossfble, it has been

approximated by the specific activity content‘of the culture as
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it approacheés 100 X activity . The two procedures that have been
enployed are :

i) Extrapolaﬁion from plots of.specific‘activity versu; sludge
age at or near 0 days (&3,A53, 62)

ii)lPlacing a small amoﬁnt of mixed liquour in an environment
containihg a large excess of substrate, repéating the procedure
several times with a small amount of cﬁlture‘obta:Led from each
preceeding step and c&lculating the specific éctivity parameter
for the last step. The underlying assumption is that under
such conditions the mixe@ liquour suspended solids will consist
almost entirel active biomass'(B, 53).

The zccuracy of biomass estimétion is vérf depeﬁdent on the
accuracy and variability of.PB. This value has béen generally
assumed to be constant for a particular waste, and.independent of
growth rage and metabolic state of éhé oégqnisms within . the
practical sludge age operating ranges of the activated sludge
process. However there 1Is no experimental verification of this
nor are there comments on the effects of changing envirﬁnmental

conditions.

Furthermore, the existing investigations have concentrated on

the activated sludge process, with very little attention glven to’
aerobic &igestion. It seems unlikely that such pr;cedures for
determining PB would give reliable resuitlen aerobic digestion
processes since 1t would entail its determinatién from a rapidly
growing culture and thus from a complétely different ﬁetabglic
state to that of cell decay in the mixed liquour.

Before Equation 3.1 can be applied to aprobic digestion, it

4
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must be first_determined whether or not there isAE'constant
activityftoncentration (in terms of pg ATP or mg Ozll—hr_for'

example) per active cell mass, and if there is, how it may be

T e

estimated.

It was pointed out in the’previous sections. that serobic

b

" digestion -isicoéﬁonfy_described.ms a'jrocess in’ which endogenous

%%;abolism is- the 9only phenbmenéu respoansible - for mass

reduction. Therefore the loss in mass during the process is

considered ta be a loss in active cell mass.
- On the other hand, it can be .said that for the activity
concentration to be constant with active cell mass duriﬁg

digestion, the rate of decrease 1n this measure.should be

proportional -to the rate of decrease in active mass or :

dA/dt = K dM,/dt (3.2)
where A= activiéy coucéntrat%on, pg ATP/1l or mg 02/1-hr or
| viable cellé/l 6; active cells/l
M, = active mass in mixed liquour, mg/l
K = proportionallity constant, activity units/mg acfive

mass.

The proportionality constant above would also be the slope of
a plot of activity concentration versus active mass for
corresponding detention times (see Fig. 3.1), and therefore it is

an estimate of the activity concentration per active cell mass

(or factor-PB in Equation 3.1).



- 47 =

. Corresponding concentrations
of Activity and Active Mass
at time t=t; :

Aclivity conceptration

o

Active Mass concentration

Fig. 3.1 Activity Concentration Versus Active Mass
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Obviously the‘probleﬁ'lies'in the determination of active mass

or at le#st in ité variatién'with detentfén time. Since'the
proéess has been qually monitored iﬁ'terms of VSS and-the
reductiod of biodegradable cell material duéing digestion is
usually beiieved to be the result of endogenous metab&lism alone,

it was considered that as a first approximation, the decrease in

-

BVSS could be assumed to parallel the decrease in active mass
during digestion in the batch reactors. This type of reactor was

used since it is not subject to interferences from variations in

feed nor accumulation 6f inerts nor inactive organics.
Therefore, the variations of activity parameters and

corresponding BVSS concentrations were investigated. The batch

s
reactors were run for extended periods of time to determine the

non-biodegradable or residual VSS content of the sludge, and the

BVSS concentration at any time was estimated ﬁy subtracting this,

residual from the VSS concentration in the mixed liguour at any

particular time.

It was ~believed that this analysis would give an

indication of the constancy of P_ and a verification of the

B

common assumption that endogenous metabolism is the main process

responsible for the decrease in microbial mass.
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EXPERIMENTAL PROCEDURE

4.1 Work Organization and Apparatus

-

-

4.1.1 Overall Organization

Experimental étudies were conducted with both semi-continuous
(fed once a da?j and batch-fed laboratory scale reactors. The
experiments were divided into three experimental runs of up to tw&
monthé each and having corresponding mixed liquour_temperatures
of 105 209 and 30°C. For ewch run, three semi-continuous and one
batch reactor were operated simuitaheOusly.

The-semi-contiguous units wer; given hydraulic detention times
of 10, 20, and 30 .days respectively and were monitored for a
minimum of three weeks after steady state conditions were
reachéa. Iﬁese units were operated withouF solids recycle nor
decanting, and under these conditions the hydfaulic de%%ntion
time is equivalent. to the mean cell residence time (38, 39, 41).
Steady state was assumed to be reéched when concentrations in VSS

varied within 10 X of the average concentration for a perioed in

excess of seven.days.

The batch reactor was fed only once during the run and was

monitored for extended periods of time until minimal indications-

of metabolic activity {(as given by ATP and DOUR) were detected.
For each unit, the following tests were performed on a periodic

basis : plate counts, AOE—Deh&drogenase technique, ATP, DOUR, TS,

L e t————



TSS, VSS, COD and pH.
4.1.2 Set Up

. All four digesters were located in a walk~in incubator. The
temperature of the inéﬁbator 'was set to obtain the desired
temperature of the reactor contents, and was Maintgined within
+ 1°C. The reactors were built to have an operating
volume of 10 1 fsr the semi-continuous units, and fo: fhe batch
unit an ianitial sludge volume of 20 1.

Alr to'suppiy oxygen and mixing was' introduced from a circular
diffuser ring located on the bott;m of each reactory These
diffusers were linked to the. laboratory cogpressed;air system.
The air flowrate ﬁo éacﬁ reactor was controlled'through metering
. valves (Tri-Flat Variable-Area Fiowmeters, Fisher Scientific Co.)
placed in-1line between the diffusers. An ailr flowrate of 6,500
cm3/m;n was fed to the semi-continuous units whereas the rate
to the batch reactor was set at 14,000 cm3/min. Thgse rates
" were s;fficient to maintain at ali times a dissolved oxygen
concentration in the mixed liqﬁdﬁr above 2 mg/l, and provided
enough mixing to keep all solids in suspension. DO concentratlons
were monitored regularly, whereas complete-mix conditions were
verified through preliminary dye studies an& visuaily during the

course of thestudy.

m
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4.1.3 Feed'SIudgg o s . ¢

[
-y

Waste activated sludge was obtained from the return sluage iine

of a 30,300 m3/d (8 MGD) wonventional activated élﬁdge'planb

treating domestic sewage (Watt's Creek Waqﬁew&ter Treatment

Plant, Ottawa, Ontario).

- - . - .

The sludée typically contained VSS ébncentrat{oné ranging -
between 3,000 and 4,000 mg/l. With Che deteation times and
‘reaeﬁdr volumes . previously specified these VSS concentrations
.would result in organic, loadings between 0.09 to 0.4 Kg
VSS/m /d. This range is much lower than the omne encouutered in
The-literatuft‘Survey..Therefore it was deeied necessary_to
concentrate the sludge prior to feeding tbe ex}efimenSal ﬁnits.
The preparation of the feed was dome in the following. manner : °

Sludge was collected on a weekly basis from the.éreatment plaﬁt.
aﬁd'was ailowed to settle for 24 hours at A;C. This was followei
by decanting of supernatant and stdrage oflconcentrated sludge in

" seven individual containers, each with enough volﬁme to feed alﬁé~\\/

.reactors for one day. These containers were again stored until

-
™

.

needed.at 4°C, Prior to feeding, the concentrated sludge was
analysed for TSS and VSS, and was diluted with distilled water to
a concentration of 7500 mg VSS/1. Thi;/@alue represents the °

highe;t concentration that could be acﬁieved safely with -one day

settling of the raw sludge. -*



. LY
e cbeng,

- " ) ]
e . - . ‘ -

4.1.4 Daily Opefation

~Every morning, the reactors® walls were scraped clean from any
sludge accumulation; the temperature and air flowrate ia each

tank were checked "and evaporation losses made up with distilled

water. . \;\

Y

Foaﬁiug was -controlled when necessary By the addition of

. 1 to 2 ml of antifoam agent (Dow Corning antifoam AF emulsion).

Sampling was performed immediately prior to each test, and the

volume withdrawn recorded. The semi-continuous units were fed

once a day, after testing for the day was completed. The

remeining volume of mixed liquour necessary to maintain the
R

corresponding detention time was withdrawn from the’ reactor prior.

-

to the addition of feed.-

4.2 Analytical Methods

Y

4.2.1 ATP Assay

The measuremént of ATP was performed by the

luciferin-luciferase enzyme reaction method. The extraction

procedure f;r'the release of ATP from sludge micfoorganisms
followed the boiling glycine techniquelés outlined by Tobin et
al. (61) and Afghan (2).

With this technique, ATP was extracted by :

1) Injectimng 0.5 ml of sludge sample-in 5 ml of boiling

alkaline glycine buffef containing magnesium disodium

r
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of

‘were stored just after extraction at 4°C

fo

-
-

ethylene.diamine tetra—acetate (Mg-EDTA).

- 1d). Allo#ing thg‘mixture'to boil.for five miﬁuﬁes.
ii1) dodling the.extracts‘to rqdn‘:emperature; .
iv) Centrifuging the extr;cés to :eiove debrié.
v) Decaﬂting'auﬂ peasurin;_the fi;;l extraé: volume.
All sludge s#uples ﬁefe procésﬁed in duplicate, always

immediately after collection, and their corresponding extracts'

untll measurements of
AT? were_perfgrmed, with a maximum of three weeks storage.

Extraction solution blanks were also processed with every set of

-

éamples.

A.liquid sc;ntillation‘éOunter (Beckman Instruments Co., model
LS-3133P) was.u;ed for the measurement of light emission. Gain
was set at 53, with =a window setting of 50-1000. The
spectrometer was set in & repeat count mode, with a 6-second
counting interQal separated by a lé~second data printout
;equence; A lo;ul aliquot of final extract was injected into a
standard quantity (100 pl) of buffered 1;ciferin—luciferase
reaction mixture {(Dupont Reagent kit No. 760145-902) and the
light emission was measured for up to three minutes. Due to the
very small volumes used in this measurement (110 pl in total) it
was nece;sarf'to modify the scintillation; vials, since their total
volume was 7 ml (or 7,000 gl). Iﬁitial attempts to 1increase
the feagent volumes through dilution with éxtraction golution
resulted in‘very low light emissions with poor reproducibiliiy.

Therefore it was opted to modify the wvials by the insertion of

p%oyethylene microtestubes (Brinkmann Instruments, Inc.) in the



"t

vials' cap as shown in'figure 4.1,

- 54 -
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integpretation of light emfssion data wﬁs closely patterned

after the procedure presented by Patterson et al. (45) with oaly

‘minor modifications.

The ATP luciferin-luciferase feaction is time depeundent, with
resulting light emission decaying rapidly with time. Therefore an

accurate measurement of elapsed reaction time 1s necessary.

Instead of attempting to reproduce the injection of the extract -

¥

-.into the wvial so that each assay entered the scintillation

counting chamber in the exact same period of time, timing was

started as the injection was per?ormed and elapsed time to t@g‘

eéd of the first éounting interval recorded. Figure A.Z
il;ustrates'reéﬁlts from this procedure.

Light emissions (in terms of counts pef minute) were normally
recorded for nine seQuéntial co;ntiné intérvals. This representéd
a total reacticn time of'about 3 minutes. Dupiicaie assays were
run for each sample and a third was fepeated if counts per minute
(CPM) differed by more than‘&,OOO units. =

It should be not;d that in this figure both replicates have
different median times since.their times to the end of first

counting interval differ. As previousiy stated, the counting

interval lasted 6 seconds whereas the printing interval 14

seconds, with a subsequent time interval between median times of

20 seconds. Figure 4.2 represents a typical decay curve for the

ATP assay.



micrg test tube

vial's cap

extract-enzyme mixture

/7

10u! volume

7mi volume \scinﬁllation vial

-
¢

Fig. _4;1 Modifications to Scintillation Vials
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This curve is a linear regression. (least squares method) of the

natural log of CPM (6-sec couﬁting interval) vewpms medilan

reaction time. From this regressJQE:-the predicted natural log of -

CPM at 1.0 minutes elapsed reaction time was calculated . The

selection of values at 1.0 minutes was based on the procedure of
Patterson et al, (45). )
Calibration curves;were construc{ed from CPM vglues at 1.0 min
" reaction time for several ATPfatandard concentrations. The
standards weré prepared from adenosine-5'-triphosphate disodium
ssalt (EASTMAN KODAK Co.) Jjust prior to testing, and
édncentrations of 25, 50, 100, 150, 200, and 250 ug/l were used
for the calibration curves. A calibration curve waslprepared_each
time the scintillatioﬁ counter wWas util;zed. The ATP
concentrations in the fiﬁal extracts were estimated from these
curves (see Figure 4.3), which are linear regfessions (léasb
"square method) of CPM a 1;0 min reaction time versus
corresponding ATP standard concentratioms.
The ATP concentration in the azeration basin was estimated from
thé equation :
LATP.B = ATP, (V_/V ) (4.1)
where ATPB = ATP concentratiorn in aeration basin, peg/l
ATPE = ATP concentration in final extract, pg/l
VE = fipal extract volume, ml

v = orig%nal sample volume, ml.

A more detaililed description of the assay 1is presented in

Appendix’ B.
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4.2.2 DOOR

g
- .

The. oxygen uptake rate was estimated as outlined in Section 213B
of Standard Methods (5). Dissolved oxygen concentrations were
measured witﬁ'a polarographic membrane électrode (fSI-Oxygen
Meter). BOD bottles of 60 ml capacity were used for the test,
with no dilutions attempted since preliminary investigations on
these indicated very poor reprodudibili;y be;ween feplicat;
samples. The meter was c#librated always prior to tésting by
means of the iodometri£ method (azide modificgtion or Winkler
methodi asIOutlined in Section 422B of Standard Methods (5).

Sample collection was always done jﬁst prier to testing and
duplicate samples were analysed for each reactor. The monitoring
of dissoived oxygen concentration.iﬁ_ the sample. was done by

means of a recorder (Perkin-Elmer, Colman 165) for a Seriod of 5

-

: ~
to 10 minutes, until the DO concentration in the BOD bottle

be;ame limiting (at about 1 mg/lq. The temperature of the mixed
liquour was recorded at the begiging and end of the testing
p;r;od, and usually varied within 2 or 3 °C. V$§ were also
dete;mined on tﬁe DOUR sample and the DOUR values were expressed
in terms of mg 02/g VSS-hr. The detailed testing procedure is

presented in Appendix B.

4.,2.3 Plate Count
The‘ﬁléting procedure was as outlined in Section 907 of

Standard Methods. (5) with some modifications :
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» Diluted and diﬁperéed suspeﬁsions of :dxed'iiquour were plated

on the surface of the culture media Qith.a bent glass rod.
Dispéréion of biological flocs was performed with a Waring
blendér. Plating was donégon TGE agar and thé samples were
incubated for up to 7 days at 20+1°C. The samples were
collected jgst priof to proceséing and controls were always run.

.

4.2.4 AOE-Dehydrogenase Activity

r

Dehydrogenase enzyme activity was analysed by the method

presented by Zimmermann et al. (68) with the following

modifications :

i) The floc forming characteristics of bilological sludges make
necessary the dispersion of these flocs in order for a
lmicroscopic examination to be possible. Therefore dispersion was
performed on -every sample by mean;'of a Waring Blénder..“

i1) High dilutions were also necessary to achigye .an
adequate distribution of organisms for microscopic examination
(40-60 microorganisms per field). These were carried out as
recommended in Section 907 of Standard Methods (5).

i1i) The microorganisms in processed samples were collected for
microscopic examination on 6.1 pm pore size polycarbonate
filters, N type (Nucleopore Corp.). The filters were supported
during filtration by drain discs (Nucleopore Corp.) instead of
silver membranes as recommeﬁded by Zimmermann et al. (68). The
use 0f these supports resulted in uniform distribution of

particles on the filter.

'_\. . . . ‘- ’ L] —.60 _‘
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All sawples were processed immediately after collection and
stored 'at'4°C'fo£ a maximum pf 10 days. The microscopic
preparation (filtration and staining) 6f the proceJSed samples
was performgd always prior to migrosc;pic examinatiqns.

A detailed description of the procedure is presented in

Appendix B. b

-

~
N

4,2,5 Overall Monitoring of the Units

The d;termination of solids conceptré?ions, including total
solids (TS), total suspended solids -(TSS), and volatile
suspended solids (¥SS5) were performed Sy the_g:avimetric
techniques given in séction 208 of Standard Methods (5). TSS and
VSS were determined by the glass fiber filter Eéchnique. A &rying
temperature-éf 103 fo 105°C w;s used for the TS and TSS teéts,
whereas VSS samples were ignited in a muffle furnace at 550°C for
15 min. Ail tests were éarriea out immediately after sample
collectidn to pre%ent deterioration.

Measurements of pH were made in.accordance with Section 424 of
Standard Methods (5). A TFisher .Acumet electronic pH meter (model
210) equipped with temperature compengation adjﬁstment and
combination electrode was-utilized. The épparatus was calibrated
always prior to testing with commercially available buffers of
known pH.

Chemical Oxygen Demand (COD) was measured with the dichromate
\ )

reflﬁx method as outlined in section 508 of Standard Methods (5).

LY
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CHAPTER 5

T

EXPERIMENTAL RESULTS -

]

5.1 Batch Reactors

5.1.1 Solids Variations

TS, TSS, and VSS were ﬁgnitored in all rTeactors througﬁout the
study. Figures 5.1 to 5.3 summarize the variations obtained for
the batch runs. |
T;o importéﬁt observations can be made from these figures :

1) The difference between TS and TSS concentrations increased

with detention time for the 20 and'30°C runs. This 1increase

indicates an accumulation of total dissolved solids (TDS) in the

reactors as digestion proceeds, This i1s especialiy true at 20°C
where varlation of TDS from 500 to 2400 mg]l occurred within
30 days of digestion. For the 30°C run, a gradual increase from 0
to 1400 mg/l was observed during the 55 days of detention whereas
no net increase occured at i0°C.

11) As previously stated, the non-biodegra@able portion.of the
sludge (NBVSS) was estimated as the residual VSS content in the
mixed liquour after extended periodsg of aeration. Values of 4420,
2600, and 2730 mg/l were obtained from these figures at 10, 20 and
30°C respectively. NBVSS values were assumed to remain constant
with detention time for each particular temperature ané set of

operating conditions. *

e ity e el
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-"5.1.2 Plate Counts
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No significagf decrease in the number of colonies per mg mixed
< . .

1iquour VSS (MLVSS) was observed fot any of the temperatures

. Lo oA ., '
-studied (Figs. 5.4-5.6). For temperatures of 10°C and 30°C, the

varations in specific viability (plate counts/MLVSS) were.erratic

with only mild downward treuds as opposed to the sharp decreases
observed for ATP and DOUR.. The range’of valuee'obtained were
0.25=-2.40 x‘lO8 cells/mg VSS for 10°C and 0. 26 -3.45 x108

cells/mg VSS for 30°C. The sPecific viability remained constant"

for the 20°C redctor at a mean value of Q.77 xlOS_cells/mg VSS.

3

v -

5.1.3 Dehydrogeease Enzyme Activity

. . LR

» The technique employed “in this study allows the determination

“

of the total and active (cells with formazan deposits). number of

bactETta from the same sample which enables one to make a direct

. measure of the actilve fraction of the population. This fraction

was termed % Activity and its varation with digestion time is

shown in F gures 5.4 through 5.6. The technique has'fo?merly been

- r

1 .
restricted to the enumeration of ad¢tive microorganisms in sea and

lake waters. For these environments it Was the great advantage of

being closer to in situ conditions than other techniques

.Tequiring incubation with labeled compounds (68). Early in the

study several limitations for 1its application to the wastewater

-

treetﬁent field became evident.
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- As with plate counts, dispersion of biological fiocs and sgerial

dilutions are req&ired. These drastie changes in’ environment can

cause shocks in the population and thus influence ‘the rate of

r

dehydrogenase activity during testing.

Another limitation is the inability to distinguish formazan

deposits in small bacteria due. to igterference from the étructure
(pore opgnings) of the filteé on which the microorganisms were
collected. It 'is to be'notgd %Eit a large number of “small”™
.b;cteria was obseéved throughout the study ang th;s the ;alues
reported here are consiagred to bé conservative estimates. In
spite of these problems which seem to account for the random
variation in the % Activity ."‘Rarameter {Figures 5.';_4-5.6), the test
was continued chrouééut thé study to obtain useful informaﬁion

regarding conflicting statements from plate counts. The principal

one 1s the ability of viable cells to repfesent the active number

of microorganisms in the culture (65, 65). Therefore testing for

dehydrogenase activity was always performed with samples taken

from the same serial dilutions used for plating. Results are

summarized in Fig. 5.7. From this table it can be seen that

viable éounés (plate counts) were significantly lower than
active and total counts, with viable counts rangliug between 0.1 Z
to 30 % of active counts and betweenm 0.0 % to 5.1 % of total
counts. The values presented in this table represent only the
ninimum and maximum estim;tes obéained for each operating
condition. A complete tabulation of these resulty is given in

Appendix D.
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5.1.4 ATP and DOUR

A striking similarity between /the decrease in pg ATP/mg VSsSs
and mg O /g VSS~ hr was observed for all three temperatures
(Fig. 5.4-5.6). Reductions in specific ATP content from 0.54 to

0.0 pg ATP/mg VSS after 50 days of digestion, 0.72 to 0.17 pg

ATP/mg VSS after 20 days and ‘0.53 to 0.06 pg ATP/mg VSS aiui0

days of digestion were observed at 105 20%and 30°C respectiﬁyhf
For the same digestion periocds, the DOUR varied from 6.4 to 0.0
ng Ozlg VSS-hr a; 10°C, 9.4 to 1.3 mg OZ/gIVSS—hr at éb°C and
8.1 to 0.8 mg 02/3 Vss-hr at 30°C. |
Comperisen-of the above reéplts with those of previous
regearchers'is difficult since most studies’ have been concerned
with the activity of the rxicroorganisms in the acivated sludge
process. Nevertheless for small growth-races, Weddle and Jenkins

a

(fS) reporte§ DOUR values of about 8 nmg Ozlg VSS-hr at net
growth rates of 0.026 d—} ard corresponding specific ATP
contents of 0.34 pg ATP/mg'VSS. Upadhfaya and Eckenfelder (62)
report values of 5.5 mg O /g VSS-hr and 0.53 pg ATP/mg VSS for
net growth Tates of 0 025 4 1. Both sets of data are in general
agreement with the values obtained at "the begining of digestion

in this spudy:

o ———
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5;2 Semi-continuous Reactors ‘ : . .

5.2.1 Solids Variations ' . L

It was remarked in the previous chapter’tha; VSS was used as
the basis for expression of the acti?iti parameters and that
steady state was assumed to bde reached as Qpe concentrations in
Vss va;;ed within 10 % of -the average concentration. The steady
state values obtained for these solids are presénted in Figures
5.8 through 5,10, These values are’a#erages estimated for over one
month of éperation for each reactor operating at "10, 20 and 30
days detention timg. The inaividual conceutratious'age presented
in Appeﬁdix D. The wvalues plotted'at'o days represent the start-up
'concentfations of the sludge. ‘

Particular variations in TSS and TS resulted from the |
ﬁdjustment of the feed concentrations to s constant vélue.of 7500
mg VSS/1. The values for fS ;nd TSS shown in the figures above
represent steady'state cqn;éntra:ibns corrected for these
variations. The corrections were made by me;ns of a mass balance
around the reactor withdthe assumption that mg/l of TSS Fnd TS
in.excess of the startup cohééntrations consisted of inect
- s0lids. The detailed 'procedure is-ﬁresented in Aépendix E.

As for the batch reactors, a sharp increase in the difference
between TS.and‘TSS wag observed at 26°C, indicating high

accumulations of dissolved solids. This phenomenon was less

'apparent for the other two temperatures. *
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5.2.2 Activityaﬂeasdres

Figures 5.11 through 5.13 summarize the specific activity data
obtained from semi-continuous units.

Specific viability and X Activity remained relatively constant

* awam
.

with d1incressing detention times, Siﬁilar to the-batch reactors,
:viable cell\coﬁnts were coﬁsistentlylloyer than active and total

cell counts (Fig. 5.11). Visble to active cell ratiosfvaried from

0.4 X.to 7.2 X2 and viable to total cell ratios from 0.1 X to h ‘
2.6 X, A co?plgte.tabula;ion of ﬁﬁeée da;a are given in Appendix

D.-Both specific values for ATP and DOUR were much ﬁigher than 'in
the.batch réactors gven.after 30 d;ys of detention tim%; Ig

particular, pg ATP/mg VSS remained close to the initfal values

recorde& in thé batch &igesters, and were.abserved.to decrease

only slightly. with sludge‘age. DOUR's di& vary significantly with

detention time but remained considerabl}vﬁigher than their

correSpﬁnding batch digestion va}ues. The effecﬁ of teﬁpeféture

on- the activity parameteré‘is complex, seeming to affect éhe rate

of decrease of the specific Qalues.

'It-;as remarked in the literature review that the ATP content
"per cell mass, rather than cell‘numbef, was a more meaiiﬁgf;l‘way
of expressing Lhe ATP pool. Nevertheless ATP coﬁﬁentrations in’
terms of viable, active and total c¢ell counts ﬁere'CQICulétei for‘
purposes of cpmparisoﬁ with those_ from other authoré.‘Figure 5.14
givés a tabulation of these &alues, while Figure 5.15 summarizes

the concentrations reported in the literature. '

o ' .o -

Foud
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- The values obtained imn this study in termslof active cells
differ py a factor of 10 to 100 from those in terﬁs of‘ viable
cells (i.e., plate counts), but agree in'general with the values
reported in thelliterature. Also, councentrations per Qiable..cell
from this study differ by an order of magnitude from those. of

other authors (Fig. 5.15).

These obsérvations appear at first to be in contradiction since

the values iq Figure 5.15 are all iﬁ terms of viable cells. It
should’ be noted however that the concentrations in the téble
above are for pure culturés of microorganisms. For these
conditions, plate counts oéfer a better representation of the
active microbial population in the media tested.

The only ATP pools encountered in terms of viable cells for
mixed cultures were reported by Weddle and Jenkins (65). They
estimated conéentrations ranging from 10 to 100 x10710 BE
ATP/cell in activated sludge cultures. These va%ues compare very:
well with the range of 45 to 165 :~~:10_10 pg ATP/cell obtained

in this study.
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CEAPTER 6

.

DISCUSSION ~

3

6.1 Activity Parameters

6.1.1 ADE—Dehyd;ogenase Activity

Percent activity ags determined from epifluorescence
microscopy and dehydrogenase enzymes does not reflect va;ations'
in actiﬁity or active bliomass in the mixed liquour. When compared
with other activity measures, this parameter varied randomly
with time Auring batch digestion studies, as opposed to
significant decreases observed Iin the specifié measurés of ATP
‘and DOUR (Fig. 5.4-5.6). The lack of accurﬁcy of the test can be
explained'by the adverse conditions created in the bacterisl -
environment from the réquireé blendihg, ﬁigﬁ dilution factors and
filter interference in the microscopic enumeration o} small
bacteria, the latter being the most significant. Nevertheless,
importgﬁt inferences can be méde from these test results
regarding plate counts. As previously stated, sampling for the
test was done from the same serial dilutions used in plating.

This allowed a direct comparison between viable (plate counts),

active (cells with formazan deposits) and total cell counts.

6.1.2 Plate Counts

Viability has been used by many researchers to be synonymous to
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activity, implying that ouly reproduciﬁg cells are responsible
for suﬁsffate removal or endqgenou§ metabolism. Although
existence of non-reproducing bacteria which retain -their en;ymatic
activity ha; long been recognized (51, 66),'éﬁeir importance has
. been neglected due ;; the inability of determining their number
and activity rate. The oﬁly study encountered by the autﬁor is
the work of Walker and Davies (63), in which non-reproducing
bacteria were shown to be responsible for up to 80 X gf the total
respiratiqn in an activated sludge unit at low growth rates.

Further evidence on the metabolic 1lmportance of ;hese type of

cells has been accumuiating in recent years. Extensive research

o
by DEARBORN ENVIRONMENTAL CONSULTING SERV%CES on chlorination of
treatment plant effluents and correspouding ATP variations have
indicated that chlorinated c¢ells incapable of reproduction in
platihg media contained high levels of ATP (13), and thus

h

a high level of metabolic activity.

Picciola et al. (46), in their study of envirommental
applications of the ATP assay, compared bacterial concentfatidns
determined from ATP and plate counts for pﬁre cﬁltures of E.
coli. The bacteria/ml calculated from ATP measurements was
reported as 1.76 times the bacteria/ml calculated from plate
counts, The departure from unity was explainéd in part by the
existence of cells that cannot reproduce in the plating media but
that are otherwise intact.

Reéults in the present study show viable cells to account for

only 0.1 Z to 30 % of actively réspiring cells, and percent

viabilities (viable to total cell ratio) of only 0.0 % to 5.1 Z
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for all.temperatures and flow regimes analysed (see Fié. 5.7 and

5.11). These low values demonstrate the inadequacy of plate counts

‘as a measure of activity and corroborate the existence of

nonviable bacteria wigh significant ﬁétabolic activity, as
prdposéﬁ above.

.'HoweVEr a further c1arifidation is in order. Nonviable
bacteria refer to bacteria that were not able.to re;roduce in the
plati;g med;;\under specific experimental conditiomns. That these
miéroorganisms‘afe not able to reproduce in the mixed liquour,

with no abrupt changes in their environment, has yet to be shown.
6.1.3 ATP and DOUR

A close relation between specific DOUR and ATP was observed in
the bétch units for all three temperatures studied. The
sultability of both pgramet;rs as measures of activi;yfhas been
recognized by several authors (8, 43, 50, 65), and the similarity
in theilr variation with digestion time would seem to confirm the
above, However, examination of the semivcontinuous‘data reveals
an inconsistencyAbetween the two measures. As shown in Figure
5.12, DOUR decreased significantly with detention time whereas

ATP remained relatively comstant. Similar discrepancies have been

reported by Eikum et al. (21) and Upadhyaya and Eckenfelder (62).

"The difference in behaviour has been attributed to inherent

errors in the DOUR techhiéue and/or variations in oxygen

penetration through the blological floc from variations in the

floc size with operating conditions., Thesé arguments alone

~
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- would not be sufficient to explain the differences obtained
in the present study due to the close relation observed between
the two activity parameters in the batch reactors, for all three

temperatures considered.

-

T%é major requirement for oxygen during aerobic metabolism is
for the generation of energy. Oxygen is used as the terminal
electron acceptor Iin the electron transport chain (EIC}. In
eucaryotic cells, the electron transpprf cha};s are neatly
arranged within a specialized organelle, the mitochondrion, and
the components of the chain are similar among different types of
6rganisms. Electron transport and ATP synthesis from oxidative
phoséhorylation are tightly coupled in this organelle, and thus
the number of molecules of ATP synthesized for eaﬁh atom of
oxygen reduced can be predicted (23). In procaryotes however, the
electron transport system with associated enzymes and AT;
synthesizing apparatus are embedded in the cytoplasmic membrane.
Uﬁiformity of components among different genera is nonexistenth
Branching in the electron_transport chains 1is éommon, with
electrons entering the chain at Aifferent levels and with more

.
than one electron carrier capable of transferring electroms to
oxygen. The situation is futher.complicatgd by the ability of
many bacteria to use alternate pathways of electron transport
with switching from one pathway to another depending on
environmental csnditions such as changing DO concentrations in
the mediﬁm or variations in substrate -composition.

It seems possible then that changes in environmental conditions

and/or changes in predominant species could result in different

R S
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ahounts. of ATP synthesized per electron pair transferred to
oxygen.

.Partial proof of this can be seen in the situation where
respiration (utilizatioﬁ‘of oxygen) proceeds as rapidly in ceLls
that are unable to grow because of the abscence of an essential
nutrient (such as nitrogen) as 1t does in growing cells. In such
2 situation, uncoupling between cell growth and respiration has
been accounted for.by production of reserve carbon and/ér energy
sources, use of alternate electron transport pathways with
different sites of oxidative phosphorylation and possibly waste
of energy through ATP hydrolysis (23). ‘

}he question then arises as to whicﬁ parameter, DOUR or ATF is

a better indicator of activity or active biomass. To address this

question an examinationm of the relation betweeh ATP, DOUR, and -

cell synthes;s is required.

'ATP is essential ﬁo the metabolism of the cell, without its
generation no blosyunthetic process can function. The mass of cell
material that éan be syunthesized from a substrate depends upon
two factors : the efficiency of energy generation (i.e., the
- amount of ATP formed from available sﬁgstrate) and the efficlency
of energy dtilization (i.e., the amount of cell mate;ial
synthesized from available energy). It has been shown by many
researchers ‘that a large number of microorganismg produce 10.5
grams. of cell material per mole of ATP generated. Consequently,
this value has been considered to be a "universal constaant™ by
many. For this-to be true, it would be necessary for the

efficiency of cell' production to be the same for all organisms

f .

~
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and all sﬁbstrates. However, the energy réq&ifcd for synthesis is
influenced by the t}pe.and oxidation state of the energ;f
substrate as well as 'the complexity of the growing medium.
Thgrefore it is likely that the counstant efficiencies of cell
production obtained are due to the narrow rﬁnge of substrate and
media employed in microblological research, and it 1s doubtful
that this constancy woﬁld be obser;ed with the broad range of
condit%gns encoﬁntered in wastewater treatment (24). Nevertheless
the cl;se relatiou.between ATP production and c¢ell synthesis is
evident.

This is not the case with DOUR. As previously mentioned,
bacteria have the ability of uncoupling cell synthesis and
respiration in pﬁrt through the use of aliiigate electron
transpoft pathways with different sites of oxidative
phosphorylét;on and through ATP- hydrolysis. Furthérmore, the
uptake rate is obt;ined by the measurement of the dissolved
oxygen concentration in the mixed- liquour, an external element
to the cell, and thus is subject to interferences from the medium
and depeqdent on the efficiency of oxygen penetration into the
biological floc.

In summary, it 1s believed that ATP offers the best estimate
~of activity for a mixed bacterial population. The discrepancy
between ATP and DOUR in the semi-contin&ous units could be
explained as a result of the development of predominant éb
species having a more "efficient”™ ATP yield per oxygen atom

reduced.
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6.2 Active Fraction Determination

.

Extensive research has been done with'regard:to'the use xof AIP'

+
-

as a measure of biliomass. The géneral belief ;sAthat.ATP is
maintained .at fairly constant levels in the cell through
biochemical reguiation. On this basis it has been proposed'to
. estimate active mass by meéns-of an average AIf content per cell
or cell mass. However several.factors have been recognized to

affect the ATP concentration in the cell, These include :

[}

i) grow%h rate of culture, . ) - -

ii)'substrate composition and concentreztion,
1ii) predominance of"species in mixed cultures,

\\” iv)

Assessing the extent of variation from these factors is

environmental stresses.

difficult due to the different‘ways in which the AT? pool has
been expressed (i.e., in terms of cell mass or cell number),
therefore the use of an universal average seems presently
inconclusive.

These problems have led several researchers to estimate the ATP
content per active cell mass (éé) for a particular type of
substrate and environmental conditions, and to determine active
mass or active fracFion of suspended solids from the relationship
presented in Section 3.2 (Equation 3.1).

. An attempt was made in this study to estimate the base value
PB in the equation above and to verify its constanéy with

detention time during aerobice digestion..Therefore, with the

assumption that .the decrease in VSS in the batch reactors (no
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interferencg from varia ions-in'feed)'repiesents the decrease of
;ccive mass_in the mixed liqudur, ATP and BVSS cogcenﬁrations were
plotted'vérsus digestion ime (Figures 6.1-6.3). The upderlying
consideration was that- in order for PB to be constant, the rate
of decrease in ATQ.concenCratLon'in'the tank should be
broportiohal to the rate of decrease-in BVSS. The biodegradable
VSS remaining at time t in the aeration tank was obtained by
subtraéting -the VSS residual at the end of the run from the VSS
concentration in the mixed 1iquour at that particular time. _

Examination of these plots revealed that for the.ZO‘C run and

;he latter part of the 30°C rzun, the rate 6f deérease‘in BYSS was
much larger than the ATP rate of decrease. Under thg assumptions
considered, this would imply that larger amounts of ATP were
being generated from lesser amounts of active mass available. It
is unlikely for such a situvation to occur. A more plausible
exblanation would be that processes other than endogenous-
metabolism were being respousible for the rgﬁuction in suségnded
solids.

Indeed, for these two ;uns, a large increase in total
dissolved solids (TDS) and a corresponding decrease in fixed
suspen%ed solids (FSS) were observed (Fig. 6.4). These variations
revealed that a large portion of the-cellular solids had been
solubilized and not metabolized. The reduction of VSS through
solubilization would account for the higher rate of decrease in

BVSS as compared to the ATP rate.

A=

w Q] -
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Similar situationé‘in which high rates of solubilization occur
with no further utilization of the soluble material by the
remaining orgdﬁ;;;; havehbeen feported in the literature (49). The
solubilization of fixed and Qolatiie solids was mttributed to
cell iysis; |

i%r further analysis between the rates of‘decrease of ATP and
BVSS, an agtempt was made to correct for this reduction in solids.
This was.dqne by assuming that for.a specific digestion time, the
amount of VSS solubilized c0uid be approximated'by the difference
between TDS increase and FSS decrease from their initial
respective value. Sample calculations are shown in Appendix F.

It 1is recégniied that such an aﬁproach is rather crude,

o

nevertheless it gives an indication of the endogenous mass

present in the reactors. Plots of the “corrected” BVSS values are

presented in Figures 6.2 and 6.3. It should be noted that_no

correction was ﬁade forafhe 10°C reactor since no significant
variations of either TDS or.FSS were observed. From thefe plots
it can be seen that the .rate of decrease in BVSS from the
adjusted solids concentrations does follow relatively closely ‘the
rate of decrease of ATP, Thé latter point is better illustrated
in Figures 6.5 through 6.7 which are plots of pg/l ATP versus ng/1
of "corrected” BYSS at corresponding detention times. All values
plotted were derived from fitted values on curves from Fig. 6.1-
6.3. The linear regressions were performed by the least squares
méthod and the correlation coefficients (r) obtained are indicated

in each figure. All regression analysis are shown in Appendix C.
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For all ;hree temperatures, the correlations were found to be
significant at the 1 ¥ level. The above results indicate that

both rates of decrease are indeed proportional and that the ATP

poel in terms of BVSS is constant with detention time.

Furthermore, with the previou% assumption that variations in

-

active mass parallel variations in “corrected” BVSS,«tbe ATP
coptemﬁ.per active cell mass for factor EB) may be approximated
by the slopes of the above linear regressions,'yielding the
values-of 1.2, 1.3 aé& 0.9 ug ATP/mg active cell mass at 10 20

and 30°C respectively. These values compare very well to the

value of 1.1 ug ATP/mg:active'MDVSS given by Upadhyaya and

Eckenfelder (62), but are somewhat smaller than those repofted by
Patterson et al. (45) of 2.0 pg ATP/mg of cell material, and
Nelson and Lawrence (43) of 2,5 pg ATP/mg VSS at 100 X activity.

"The determination of the ATP content per active cell mass
(PB) allows the calculation of the active fraction of the
sludge (FA) from Equation 3.1.

'A comment on thé assumptions used in the previous sections is
in order. From the definftiom in this study of BVSS and by
correcting for solubilized 6rganics that accumulated in the batch
feactors, the value of the adjusted wvolatile sélids‘repfesents
the ‘amount of V5SS that remains to be degraded through metabolic
activity at any time t. The assumption that the decrease in these
solids parallels the decrease in active mass during batch
digestion implies that the reduction in mass from the digestion
of inactive organic matter is negligible. This is in agreement

with the usual overall simplification of the process, for
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.

secondary sludges, in which autooxidation of microbial cell mass

-

"is assumed to be the main process occuring. In defence of this,

it can be argued that for it to be otherwise, ATP would be

expected to decrease less rapidly than BVSS if at all, since the

inactive organics would act as exogenous sources of food to the

remaining organisms. Therefore the close interrelation between
the rates of decrease of ATP and BVSS ,as shown in Figures.ﬁ.S
through 6.7, seem to.justify the assumptién .

Benefield and Randall (8) in their propoéed model for aerobic
digestion made similar assumptions by 6onsidering the I1nactive
fraction of influent TSS to be non—-degradable and bf assuming

that only degradable active TSS decreased during digestion.

o

-3
6.3 Active fraction wvariations

-

Plots of active fractioﬁayersus digestion time indicate that
very significant reductions in activity occurred in the batch

runs (Figure 6.8). Percent reductions in FA greater than 80 %
>

of their initial value were observed for all three temperatures

after 30 daygdbf digestion. The curves in Figure 6.8 were fitted
by the least square method assuﬁing a first order rate of
decrease (i.e., d(FA)/dt = — K(FA) Yo ..

The corresponding values'of the rate constants and .correlation
coefficlents of the curves in thelr linearized form are tabulated

in Figure 6.9. All regressions were significant at the 1 % level.
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Fig. 6.9 Active Fractiomn Regreséion Analysis in Batch Units.

Tenmp. Initial Value Rate Constant Correlation Coefficient
" F K T
° )
o -1
(°c) ' (a ™)
10 N0.41 0.058 0.892
20 \;?37‘ 0.057 0.940
30 0.53 0.151 0.977

Above coefficients refer to equations of the form :

-Kt .
FA F‘oe ' v
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were not
A

observed in the semi-continuous units. On the contrary, the

Surprisingly, such magnitudes of reduction in F

active fraction of the sludge remained more or less constant with
digestion time for all three'tempergtures (Figure 6.10). The
average values obtained were 0.45, 0.53 and 0.61 at 109 20° and
30°C respectively. For these reactors, the active fractiomn was
determined from Equation 3.1 with the éxtrapolation of  Dbase
value PB from the batch data at the corfespopding temperature,
The &ifference in variation of FA indicates ghat essentiall§
different metabolic states of the mixed liquor'§écurred beteweeﬁ
the two flow patterns. The high active fractions observed ;n the
semi-contiducus units would seem to suggest =z fétter adaptation of
'?ﬁ;croorganisms.to the environmental conditions at which they were
subjected, although decreases in volatile solids still occurred in
these units in similar magnitudes as in the batch reactors
(Figures 5.8 throﬁgh 5.10). The above observations have direct
implications in proqes§ design, and will be discussed in the

" following sections.
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Fig. 6.10 Active Fraction Variatiens in
Semi-Continuous Units
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6.4 -Design Considerations

6.4.1 Solubilization of Vélatilé Organics

It was observed in Section 6.2 that a large portion of %gllular

-
solids was solubilized and not metabolized during batch digestion
at 20°and 30°C. Randall et al, (49) have reported similar.

solubilization of volatile solids in batch. reactors. They found

. this phenomenon to be most pronounced at high temperatures (above

40°C) élthOugh significant solubilization at a temperature. of
25°C was also repofted. .

éhis fype of solids reduction can have.significant influence on
the.magnitude of the.éndogenous decay coefficient;when egtimated
in terms of leatilg organic solids.;Ra;e coefficients calculated
frdm the model of Adams et al. (1),4}0E the 20°C batch run,

resulted in values of K = 0.151 d~ ! with no correctioms for

1

cell lysis and K = 0.057 d”~" with correcti%ns. It is doubtful

for the uncorrected value‘ to be représentative of endo;enous
digéstion as the loss in susPendéd mass from solubilizationm is
both fandom and independent of c¢ellular metabolism.

The effect of solubllization on the decay Eoefficient was
minimal  at 50°C. This coefficlent was determined from the first
16 days of digestion since no sigﬁificant decrease in solids was
apparent after that.time. ﬁuring this init;al period no
solubilization was dete;ted ( refer to Appendix F). '

The assessment of this phenomenon in semi-continuous units is

complicated since variations in feed composition and "detention



- 107 -

time from tﬁe previous process affect the concehtr#tions_of theu
differept solids in the reactors. The problem can nevertheless be
eliminated by the estimation of decay coefficients fro? more
direct measures of active mass. | |

-

6;4.2 Extrapqlation of decay coefficients

Another important point’ that .developed from thié research is
éhe significant difference that exists in the metabolic activity
of the sludge between batch and semi-continuous flow regimes. This_
has direct implications in the determination of the_endogenoﬁg
coefficlients.since it is usﬁél practice ﬁo determine these
coefficients from batch studies and to extrapolate them to
semi—coptinuous or continuous flow regimes (1, 24). The
difference between the two metabolic states would caution against
such an extrapolation. Indeed, analysis of the experimental data{
revealed largé differénces in rate coefficients between the two
flow patterns. These coefficients are tabulated in Figure 6.11.
They were determined from the model presented by Adams et al.
(1). Detailed calculations are presented in Appendix C (Sectiong
C.6 and C,7). Also iIndicated in the figure are the correlation
coefficients of the linear regressioms. All correlations were
found to be significant at the 1 % level.

The table below shows that the decay coefficients from batch

react?rs were consistently lower than those obtained from

—_—



- 108 -

Fig 6.11 Comparison Between Batch and Semi-Continuous
‘ Decay CoefficienEF

Temp; Batch Reactors - Semi—&ontinuOus Reactors
IK 2_1- -1K 21‘ ' l : -
(°C) (@ H (a™H
10 0.056  0.925 T 0.267 0.995
320 0.151 0.894 0.187 0.996

0.057 0.944

30 0.120 0.959 0.158 0.998

lK = Decay rate coefficient.
2r = Correlation coefficient.

3Lower values correspond to BVSS corrected for cell lysis.
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semi-continuous reactors. This is particularly true at 10°C where
the decay coefficient from the semi-continuous unit is up to 5

times iarger than that 'from the batch unit. Similarly the

" corrected value for the 20°C coefficient is much smaller than its

corresponding semi-continuous one.

These results are in contradiction to the claim by Adams et
al.,” (1) that the endogenous decay coefficient from batch data is
interchangeablel with the ope from semi-continuous studieé, a claim
that has been widely accepted (24). Their conclusion was nade
with data from .2 single batch reactbr at a single unspecified

temperature. It is believed that the results presented here offer

enough evidence to prove the above wrong and imply the need

of designing digestion processes from bench scale studies with

dimilar ~ flow regimes.
6.4.3 Temperature effects

It is well recognized that tempkrature has a significant
effect on the aerobic digestion of activated sludge. However
there is considerable doubt on how to represent this effect. As
pointed out in the literature review, the preferred a;proach has
been to quantify variations in decay rate coefficients by..means
of an Arrhenius relationship (Equatioen 2.2).

Some authors however,-warn against the accuracy of this
approach, especially for temperature - variations <from mesophilic

to thermophilic ranges (24).

Inspection of data from the present study reveals that the



..... e ma At e A e e e e e e me mm e e e oo s - . . e — -

- - 110 ="

. decay coeffipieﬁts from the semi-continuous units decrease with

. ‘ increasing temperature. This is in direct contradictioq to the
formulation above (Eq..2.2). The trend observed can only be.
explained by the important effect of temperature on the
estimation of tﬁe.non—dégradable portion of volatile solids

(NBVSS). These values are tabulated in Figure 6.12 along with the

ultimate biodegradability of the sludge at each temperature; A

sharp difference in NBVSS exists between the 10°C and the other

two units.’'
’

The dependence of decay rate coefficients on NBVSS is best

illustrated with the equation :

vsSS - VsS - Kt (6.1)
[} e R

VSSe.- NBVSS
where all vériables are as defined previously.

This equation is the iinearized form of Equation A.% with the
substitution of NBVSS from Equation A.5 (see Appendix %). The
above relationship indicates that a significant Iincrease in NBVSS
would result in a corresponding increase in decay rate
coefficients, as can be verified in Figure 6.12. These
coefficlents are based on how rapidly BVSS are destroyed rather
than on the magnitude of solids feductions.

Therefore it is important to note that Equation 2,2 cannot be
used to predict the effect of temperature variations when
determining decay coefficients in terms of BVSS for
semi-continuoug‘ﬁnits. An experimental estimation of the

temperature influence is recommended.
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Fig 6.12 Temperature Effects on Decay Rate Coefficients.

Temp. NBVSS 1Ultimat; . "2Decay Rate Coefficient in
Biodegradablility Semi-~Continuous Reactors
¢c)  (mg/l)  (mg/1) (@
10 4420 3080 | 0.267
20 2600 E 4900 0.187
30 2700 4800 ' 0.158
1

Ultimate Biodegradability = Feed VSS - NBVSS.

Decay rate coefficients, estimated in terms of BVSS.

- 111 -



oA,

L1

6.5 Active mass as process varlable
The main objectives of this study were to determine the best
measure of microbial activity and its relation to the active mass
content of the sludge. In the previous sections, the expression
of activity as active fraction of the organic content of the
sludge (FA) was established. This factor allows the
determination of active mass_(MA) by means of the equatlion :
-HA - FA (vss) _(6.2)

where HA = active mass in mixed liquour at time, t

FA = agctive fraction of mixed liduour VSS at Eime, t
VSS = volatile susé;ﬁdeé-solids concentration at time,t

The use of active mass as a process variable offers many
advantages over the traditiomal use of V55 1in that active mass
responds more rapidly to loading variatioms, shifts in metabolic
activity and/or toxic conditions, allowing a better control of
the gro&ass. In terms of design, activity studies have already
been proven useful Iin this research, as they inéicated? i) the
possib;l%;y of solubilization of large amounts of organic matter
with no subsequent degfadation by the remaining organisms, and
11i) the difference in metabolic activity between batch and
flow—through patterns; both polnts _have direct iﬁplications in
design;

Unfortunately, due to the extent of the topilc, not#enough data
was gathered for a formal development and presentatlion of a
mathematical model of the process. Further research is required

for such a development. Nevertheless, several observations are

« - . - 12 -
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presented below and may prové to be useful 1in future

-

investigations.

Examination of active mass variations ia the batch units

indicates that the decrease in M, may be approximated by first f

A

order kinetics as follows : \

dHA = -K MA | (6.3)

dt

‘which from a mass balance around a batch reactor gives :

=Kt

: ' 1 Ao

where MAe'- active mass in reactor at time, t { mg/l )

HAo = initlal active mass conceantration at time, t {(mg/l)

K = batch reactor rate coefficient for active mass, d_l.

Figure 6.13 shows the variation in active mass with time for

the three temperatures investigated. Correlation coefficients and

decay rate constants are tabulated in Fiéure 6.14., All three
correlations were found to be significant at the 1 Z
level. Active mass at any time of digestion was determiped
from Equation 6.2.

LA

In the semi-continuous units however , the use of first order

"kinetics did not give significant correlations at the 1 % level.

The decay apd correlation coefficients obtained are tabulated in
Figure 6.15. For the reactors rum at 20°C and 30°c¢, the
correlations were significant at the 5 % level, but this is not
ghe case for the 10°C run. Comparison of percent mass reductioﬁs

illustrate the poor fits obtained, particularly for the first

-

10 days of detention time.

N



o

i 1 i { ]
400 . - — 102C -
: ——a==200°C
_ —--0=--30°C
S,
o
£
- 3000F -
a
=
[+2]
2 2000 -
[+ ]
<L
1000 i
: a
N N
B>==0C—
0 — = .gl_c
0 30 40 50

Detention time, days

[
)

/

Fig. 6.13 Active Mass Variations in Batch Units
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lFig. 6.14 Active Mass Regression Analysis in Batech Units.

Temp. Initial Value Rate Constant Correlation Coefficient
' (M) ' - K7 T
o : s
¢:C) (mg/1) @ h
10 -2+,900 0.069 0.917
20 3,780 0.087 0.981
X0 0.197 0.973

3,310

lpetailed calculations are shown in Appendix C.
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lFig. 6.15 Active Mass Regression Analysis in Semi-Continuous Units.

Temp. Rate Constant Correlation Detention Mass Reduction
: K~_ Coefficient Time Observed Calculated
(*c) @™ (days) (%) (%)
o ¢ 0 "0 . 0
10 0.0195 0.887: 10 28 16
) 20 39 28
- L 30 . 36 36
- 0 -0 0
20 0.0537 "0.981 10 46 35
.20 55 52 )
- 30 62 62
, ' 0 0 0
30 0.0357 "0.969 10 33 26
. ' 20 .37 42
: ' 30 sS4 52

lpetailed calculations are shoyn in Appendix C.
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Investigation of higher order; kinetics or variations in
decay rate with time of digestion is not justified at present due
to the limited amount of.data gatﬁ?red: Such an investigation
would require the monitoring of the digesters at more detention .
times, in particular during the first 15 days of digestion since
most of the solids reduction occurs in this time period.

A last point to consider ;s the difference in active mass
variations between the two flow patterné; ‘This,difference'raises
iﬁportant questions regarding the portionm of the oréanic
volatile solids that can be biodegraéed and the degree of .
stabilization achieved in the réﬁg;ofs. .

In this study, the maxiﬁum aﬁoﬁﬁf of Blodegradable material at
each operating temperature was estimated as the difference
betwéen the initial VSS content and the fesiduai volatile mass in
the batch reactors at the end of extended periods of digestion
(all in excess of 30-days). This is the usual procedure
r%pommended in fhe liéerature (1, 62). At these stages the active
mass content of the mixed liquour was minimal (Figure 6.13) and
thus no further blodegradation was possible, On the other hand,
high concentrations of ATP and consequently of active mass were
observed in the semi-continuous units even at thirty days
detention time; and as previously remarked, reductions in
volatile solids in these units were very similar to those of the
bateh units, and were app}oaching the maximum blodegradable
content of the sludge. This may be illustrated in Figure 6.16
which compares activity and organic solids reductipns after 30

days of digestion for batch and semi-continuous units.
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The smaller reductions of active mass in the semi-continuous

4

-

reactors indicate a priori, that further biodegradation of
organic matter could be -achieved if the reactors' effluent was
batch- digested once steady state was reached. This point requires

experimental verification, and its clarification may prove to be

useful in the overall understanding of the'pfoéeés, since it

would indicate whether or not microbial populationél}n
fIOWfthrOugh.units'become better adapted to their environment and
consequently are able'gé maintain higher levels of activity.
Also, the possibility of further degradaiioﬁ of organics gnd the
high aétive mass content oSserved after long detention times have
important implications in tﬁe definitions of non-blodegradable
content and degree of stabilization.eof a sludge under specific

operating conditions.

-

- 119 -
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CHAPTER 7

-

 CONCLUSIONS

Based on‘specific objeqtiygs_and'analysis of the data
coilected,'the follow%ng‘;onclusions can be.ﬁade : |

(1) The floec nature of the sludge, high cell concentrations
and.backgrouﬁd filter interference for small baEteria, Testrict
the use of the epiflnorescenéé microscopy ;echniqué in the .
monitoring of an£ivity of activated‘slédges.
I (2) Plate couﬁté do not»pffe: a reliabiq éstimation of
activity in a mixe& miﬁrobialrpopﬁlation. Viable cells were found
to account for only a_small perrentage of either respirigg or
total cell counts for all conditions tested. ]

(3) Changes in environmental condifions and/or changes in
predominanf-spedies of the mixed‘liqﬁour can result in different
yields of ATP per oxygen atom reduced in the bacterial population,
explaining then the different variations of specific ATP and
DOUR measures. - . |

{(4)-The closé fhterqslétioﬁ between ATP generat;on and cell
synthesis makes ATP a better index of activity among the

four measures examined, in a mixed microbial population.

(5) Cell lysis can play a significant role in the reduction of

organic volatile solids during aerobic digestion, and therefore

its bossible interference 1in the determination of kinetic

coefficients should be ;ecdénized.

-

(6) The ATP content per active biodegradable cell mass was

~

s
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found to be comstant with diges:ion time for a specific waste and
set of operating conditions during aerobic batch digestion.
Temperature did not seem to have a significan: effect on this ATP

pool. Values of 0.9 to 1.3 PE ATP/mg active cell mass wére

obtained for temperatures between 10 and 30°C. These facts permit

the estimation of :he‘active fraction of the sludge (FA) by the
ratio of the specific ATP content to the content per active cell
mass. Coa

(7) Studies on the wvariation of F, with detention time

A -
revealed essentlally different metabolic states between batcﬂ and
semi-fontinuous flow regimes.

(8) Decay rate coefficients determined in terms of BVSS'from
batch expériments cannot be used to accurately predict percent
sollids reductions in semi-continuous or continuous units. This is
;érticularly true at low temperature; of operatian, where batch
coefficients were found to be up to Sl;imes smaller than the

*
.

semi-continuous" ones.

(9) Decay rate coefficients determined in terms of BVSS from
semi-continuous data were observed to decrease with iﬁcfeasing
temperatufe, in contraﬁiction to common expectatlons. This
bPehaviour can be explained by the high variations .in
non—-degradable organic solids ;ith témperature changes., An
experimental estimation of temperature effects is recommended for
design purposes.

(10) Active mass, as determined in this study, 1s considered

to be a useful parameter for the monitoring and design of aerobic

sludge digestion. Its use in the determination of the kinetic

[

o vt e ad

.-
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const;nts would overycome the problems assdéi#ted with
solubillization of volatile brganics and/or accumulation.of
non—degradable'solidé in flow-through reactors. However further
research is required to better define its behaviour im both batch

and flow-through processes.

2 e e e
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CHAPTER 8

- SUGGESTIONS FOR FUTURE WORK

.

Further résearch is required before.a comprehensive
mathema:ical fo?mulation of the process in terms of acti;e mass
or metabolic activity is possfble. From experimental observations
and the experience gained from this study, several suggestions
may be put forward which will help in future investigations on the
topic..

Specifically :

(1) Laboratory scalé batch and.semi~continuous-digestion
experiments should be conducted to further asseés the iﬁportance
of - various design variables such as.solids &etention time and
drganic solids loading rate. .

With-respect to detention time, ;emi-continuous units at
‘'several ﬁetention times between 0 and 15 days should be monitored
since the major part of solids reductions was observed during
this time interval.

Organic solids loading raée 1s a process variable that can
significantly influence the performance of the process.
Unfortunately, time and economic constraints did not allow its
investigation in this study, nonetheless its consideration 1s
deemed essential in the development of a model. Variations in
loading rate from 0.4 to 4.5 Kg VSS per m3 digestgr volume per
day are recommended, this being the range of values encountered

in the literature. P

Rl ST SR |
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(2) Use of a iaboratory scale acti?a;ed sludge unit for the ~
production of the feed.sl;dge-té the digesters is’recommeuded..
The unit should bé.run at thé temperature of operation of the
gerobic digesters; This would reéﬁit in : 1) more consisteﬁ;
characteristics of the feed sludge in terms of metabolic activity
and dissolved or suspended solids concehtrations, and i1) -
microbial populations acclimatized to the temperatures under
consideration, with consequent elimination of possible adverse
conditions created from abrupt temperafure chénges.

(3) A close monitoring of the soluble organic content of the
;1udge, through tests for socluble COD an@ TOC, is recommended. -
The importance of solubilization of organic solids with no
further blological degradation was highlighted in this study.

(4) Examination and comparisoﬁ of the non-biodegradable
portion-of the mixed liquour between batch and semi-continuous
units‘is suggested. This may be carried out by batch digesting
the mixed liquour content of the semi-continuous reactors once
steady state conditions have been achieved£ and monitoring solids
variations until no microbial activity is detected. Informationm
obtained from such experiments would be of considerable help in
" determining the efficiency of stabilization of the reactors and
~also would provide a better understanding of the overall process

Vg
kinetics.

REE TSR, W |
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APPENDIX A
KINETIC MODEL DERIVATIONS

A.l Adams et al. model

Refer to figure below :

Q, BVSSO ——————— > v, BV_SSe —_—————> Q,BVSSe

Fig. A.l Complete-Mix Aeration Basin

where . Q = Volumetric flow rate, (L3T-1)

V = Reactor volume, (L35

BVSSo = Biodegradable suspended solids concentration in
influent, (M L_B)

BVSSe = Biodegradable suséended solid; concentration in
effluent, (M L-S). .

i) In the case of a batch reactor, the rate of biomass loss

through biological activity 1s assumed to be first order :

d(BVSS) / dt = —R(BVSS) | (A.1)
where K = Reaction rate coefficient, (T-l)
1

t = Detention time, (T Y.

-_”-.h
LT
4
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\ ¥ .‘ . 7 ' . -
‘,//) .- Integration of above equation between limits gives :
3V Se\ . L t
d(BVSS)/(BVSS) = -K [t dt (A.2)
BVSS - -~ Jo
- 0 ' N
. o
- . - ? . ~ ‘ .‘ .
. in ( Bvsse # Bvssd }) = -K ¢t (A.3)
) or‘
. . ‘ '—Kt )
- BVSSe / BVSSO e ) (A.4)

~The blodegradable fraction of VSS' 1s determined from the equation:

~

. BVSS, = VSS, - NBVSS ' (A.5)
" where VSS = ﬁo;al volatile suspended solids in sgeration basin-
at any time, t=1i, (M L3)

NBVSS = non-biodegradable VSS content of sludge; value is

.equated to the residuwal VSS obtaimed in batch

-

reactors at end of ruyn, and assumed constant
thréﬁghout the digestion pro;ess, (M L3).
Substituting the above equation into Equation A.4 and solfing
for VSSe gives :
vSs_ = e 0 4 (1-¢"X%) §Bvss (A.6)
ii) In the™ case of flow—thgbugh reactors with no recycle, a mﬁss
balance arroundfthe reactor gi}es :
'IN - OUT + GENERATION = AC&UHULA:ION -
. or in‘termé of the variables pfesénted in figure A.l :
Q(BVSS ) - Q(Bvsse)r-rv;dsvss/dc)R = V(dBVSS/dt) (A.7)

where ° (dBVSS/dt) = Rate of net biomass loss with tiﬁe

A - * - bl

-~

L] -
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.(§BVSS!dC)R'- ﬁate‘of 'b;onass loss thfough‘biélogicgl
activity. B . ' |
With a first order rate assumption for\(dBVSSldt)R, and under
steady state eonditions equgtigh (A.7) becomes :
Q(Bvssoi'; Q(BVSS,) - K(BYSS_)V = 0 L (A.8)

Letting t = V/Q and solving for BVSS /BVSS_  gives : °

BVSS, = 1 (A.9)
BVSS_ 1 + Kt ' oo
or from equation (A.5) :
VSS_ = VSS_ + Rr(NBVSS) C (A.10)
1 + Kt

.
- .

A.2 Benefield. and Randall's Model
Assumptions :

1) Total suspended solidsﬂare composed of an active and an
inactive fraction. ..

1i) Inactive fractiom of influent TSS is non-degradable (i.e.,
not oxidized nor‘soluﬁilized).

iii) Active fraction of influent TSS 1is éomposed of
non-degradable and degradable f}actions, where degradable
deseribes material that can be oxidized 9f solubilized through
microbial activity.

iv) Only the degradable active fraction of TSS decreases during

digestion.

TSS breakdown and changes during the process are presented in

-
-

Figure A.2.

N
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Lost through end&génous
respiration: (1-D)M

: oad ~
‘ _ . _ >
. . Degradable: . _ ; .
Moaa . ' . ' E
Active in effluent:
\/Mea-F(Moand)+D(Moad)
- .
ACTIVES. A i = .
M . .
oa

Influent TSS:y ° ) ) Effluent TSS
o . . M =M M '

o ~, . a el
. . -
Non-Degradable:
M -
oand : A
\yInactive in effluent:
Me_:i-Moind'*(l'-F.?\Moand
-

Inactive,
Non-Degradable: .

Moi-Hoind

Figure A.2 Changes in TSS during aerobic digestion
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The constants in the figure above are defined as follows :

F = fraction of non-degradable active mass that remains active

:

1-F = fraction of non-degradable active mass converted to

inactive masé

D' =fraction of'degradable active mass in influent that

appears in ‘effluent

1-D = fraction of degradable active mass. that is lost through
endogenous respiration.

The model is based onm the assumption that the loss of active

-

degradasble mass through endogenous respiration follows a first

order relation :

(dM/dt)R = —Ke(D Hoad) (A.11)
-where Ke = decay rTate of degradable activaea biomass
approximated from the decrease in TSS, z:I'-1
D Moad = degradable active biomass in effluent or-

reactor, mg/l.
A mass Dbalance 'arrOund a flow-through complete-mix reactor with
no recyéle gives :
IN - OUT + GENERATION = ACCUMULATION
In terms of active degradable bilomass : o
QM ) = QD M__ )+ V(aM/de), & V(aM/de) (A.12)
- For stéady state conditions and substituting Equation A,ll

into A.12 :

QM aq) — AUD M 4) - K (D Mqad)v =0
Dividing by Q and letting tg = V/Q gives
Moad - (@ Moad) - Ketd(D Moad> =0

or 1n terms of td

—— e meo e L e e ———————
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ty = (1-p) 1 . (A.13)
D K
e

In order to obtain a relation between mass and retention time,

the following steps are necessary :

From Figure A.3 it can be seen that :

C - He = Mea t %ei (A.14)
Mea = F(Moand) * D(Moad) (A:IS)
Mei - Hoind + (I-F)Hoand (4.16)
Therefore,
. . N '
Me = (F Moand + D Hoad) (Moind f CI-F)Moand)'
Me - D(Moad? + Mc;ind + Hoand . ‘ ‘A'17)
Also from the figure :-
goa = Moad * Moand | . } (4.18)
Solving for M, . and substituting into equation A.17 :
'Me - D(Moad) * Moind + (Moa-uoad) (4.19)
From the figure :
| Mo - Hoa + Moind (A.20)
Therefore substituting into Equation A.19 gives :
Me = D(Moad) * Ho - Hoad (4.21)
Factoring Moad gives :
Me = Md + (D-l)Moad
SoXving for (1-D) :
) 1-p = (Mo—He>!Moad )
~ Substituting into equation (A.13) gives fiﬁal}y :
tg - Mo-Me ' (4.22)
D(Mo ad:)Ke

From the definition of D, the value 'of D(Moad) fepresents

f'\
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the degradable active mass in the effluent, or:
| Head - D(Moad) . (A.23)
Therefore :
D =M /M (A.24)

ead’ “oad

Substituting D into equation (A.13) and solving for

. Meadluoad gives : w
1—;_- K tyD-
or,
- D = 1
- 1 + KeFd_
'or,
cad - 1 . - (A.25)
oad 1 o+ Ketd
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APPENDIX B
SELECTED LABORATORY:PROCEDURES
B.1 ATP.Extraction Procedure

Boiling Glycine Techhique :

1. Transfer 5 ml of extraction solution (glycime-Mg EDTA solution)
to a clean vizl and loosely secure the. cap.

2. Prior to the introduction of the sample, pfeheat the extractant
for 15 minutes in a heating block, maintained at 110-115°C.

3. Into the preheated extraction solution, pipette 0.5 ml of
sludge sample.

4. Quickly replace the cap loosely on the wvial.

5. Begin timing of extraction. Swirl vials occasionally to
facilitate mixing.

6. Heat for 5 minutes, maintaining the block temperature between
110%and 1l15°C. | : :

7. Remove vial from heating block and cool the extract to room
temperature by placing vial at 4°C for 10-20 minutes.

8. Transfer extract to centrifuge tube and centrifuge at 1500 to
2000 xg for 10 min.

9. Carefully decant the supernatant into a suitable size stoppered
tube and record volume.

10. Store extract at 4°C until measurements of ATP are performed.
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. t
B.2 ATP Measurement Procedure :

Use of Liquid Scintillation Counter :

l. Prepare standard solutions fer scintillation counter

1) Prepare stock ATP solution (1.0 mg/ml) from
Adenosine-S'-Triphosphate disodium salt.

i1) Prepare standard solutiouns of ATP at concentrations of 25,
. 50, 100, 150, 200, and 250 pg/l by dilution of stock ATP
solution with extraction solution(glycine-ng EDTA solutton).

2. Prepare Luciferin-Luciferase Enzyme reagent half an hOur prior
to testing.

i) Dissolve one buffer salt tablet from reagent kit (Dupont No.
760 145-902) in 3 ml of freshly deionized dihtilled water.

™~

T
11) Add entire contents of one vial of enzyme powder and mix

gently (do not shake).
1i11) Allow to stand 15 to 20 minutes at ambient temperature.

3. Prepare 1iquid scintizlation counter (Beckman, model LS-3133P)
for measurements:

i) Set gain at 53.
.11) For chamnel C, set window setting at 50-1000.
ii1i) Set preset error to 0.2 Z. |
1&) Switch to 6 sec repeat count mode.

v) Activate channel C.

"

4, Perform ATP measurements as follows :

i) Pipette 100 pl of buffered luciferin-luciferase reaction
mixture into modified scintillation vial with a
micropipetting sampler system (Oxford P-7000 Adjustable
Sampler).

11) Inject 10 pl of sample into vial contents by means of a
micropipetting sampler system (Oxford P-7000 10 pl Sampler),
and concurrently start stopwatch.

111) Place scintillation vial in sample position over the
elevator of scintill-ation counter. Lower elevator and start
automatic counting sequence. '

iv) Monitor sﬁopwatch'and Tecord elapsed time until ‘end of first

¢



...... i et slrigten®

1_- _ ‘ T = 142 -

-

6 sec counting interval as indicated by optical counting
timer in scintillation counter.

v) Allow at least nine data printout sequences before raising .
sample elevator and removing vial £from scintillation
counter. : :

vi). Run duplidates for standards, blanks and reactor samples.
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3.3 DOUR .

- .

Calibrate DO probe by means of Winkler method (part 4223 of
"Standard Methods”™ ) prior to tesgting.

"Calibrate recorder (Perkin-Elmer, Colman 165)

1) Adjust DO scale to 1 cm per mg/l. dissolved oxygen with a

variable resistor placed in series between oxygen meter and

recorder. . , -

L

1i1) Set paper feed rate to-10 mm/min and verify rate with

stopwatch. L

.
e

1iif) Put recorder in stand by mode.

3.

10.

-Specific DOUR(mg Ozlg/hr)-SIOpe of Curve(mgozlllmin)xSO(min/hr)

Fill 60 ml bottle with sludge to be analysed, insert BOD probe
as quickly as possible, switch on stirrer, switch meter to
temperature mode and record temperature,

. -

Switch meter to DO measurement mode, switch recorder to chart
mode and record DO variations until concentrations reach 1 mg/l
or time exceeds 10 minutes,

Switch chart to stand by mode, switch meter to temperature mode
and record temperature. ~

Rinse DO probe thouroughly with distilled water. )
Perform duplicate measurements for each reactor.

Determine VSS concentration Iin reactor by gravimetric
procedure.

Estimate DOUR in mg O /1/min from slope of line obtained with
recorder.

Express DOUR in terms of mg O /g/hr with the following
equation :

VSS(mg/;)x10'3(mg/g)
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B.4 AOE-Dehydrogenase Activity Procedure

l. Reagents @

Phosphate buffer (6.6 mM, pE=6.7): Dissolve required amount of °
KHZPO in double deionized distilled water and set
to"pH 6.7 with 2.5 M NaOH. -

Acridine Orange Solution (1:10 000): Dissolve required amount of
Acridine Orange (BDH Chemicals Ltd.) in phosphate
buffer, filter through 0.22 pm pore size filters
(Millipore Corp.) and store refigerated at 4°C.

0.2 % INT aquous solution : Dissolve required amount of

- p—IODONITROTETRAZOLIUM VIOLET (Sigma Chemical Co.) in
double deionized distilled water, filter through 0.22
pm poTe size filters and store refrigerated at 4°C.

Sudan Black B (1:15 000) : Dissolve required amecunt of Sudan
Black B (Harleco div.) in absolute ethanol, dilute to
- required concentration with double deionized distilled

water, filter through 0.22 pm pore size filters and
store refrigerated at 4°C.

e

Dilution Water for plating (refer to section 907 of “Standard
Methods”™ ) .

37 % Foymaldehyde solution.

2. Processing of Samples

-

i) Obtain 10_6dilution from serial dilutions used in plating.

ii) Pour 10 ml of diluted sample into small sterilizéd test
‘ tubes.

iii) Add 1 or 2 drops of 5 2% Na2503 to drive off excess
OXygen.

iv) Add 1 ml of 0.2 % INT solution into test tube and mix
carefully,

v) Stpre for 30 minutes in the dark at in situ temperature.

vi) Stop reaction by adding 0.1 ml of 37 X Formaldehyde and
nixing. .

vii) Store at 4°C until microscopic examination is performed.

35\Micro§copic preparation

1) Stain 0.1 pm polycarbonate filters (Nucleopore Corp.) by
immersing in Sudan Black B solution for 24 hours. Prior to

- 144
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utilization, rinse sFilters thouroughly with distilled
water. . '

Filter 2-5 ml of processed " samples (depending on total

concentrations of microorgamisms in samples) through stained -

filters.” Filters should be supported by drain discs

(Nucleopore Corp.) and care should be taken into avoiding
gas bubbles, ‘

After filtraction, pipette 1 ml of Acridine Orange solution
on the filter and leave for 2 minutes contact time,

Remove Acridine Orange solution by filtration. - -

Remove filters f£rom filtration apparatus and perform
microscoplc examination.

4, Microscopic Examination

Appara

Micer
Lamp
Exit

tus :

oscope : Zeiss Universal
: HBO 200 W
ation filters : KP490 AND sKP500

Dichroic beam-splitting filtet 510

Barr
Adso
01l

Examin

i)

i1)

111}

where

ier filter : LP 520
rption filter : Zeiss VG9 (for bright field illumination)

immersion objective : Planchromat 100x
ation
Mount each filter with a drop of immersion oil (Cargilie,

Type A) on a microscopic slide and cover with cover slip.
Do not store embeded filter wedges for more tham 2 hrs.

Examine slides by simultaneocus (mixed light) or by
alternative epifluorescence and transmitted bright field -
illumination. For the latter case mask diaphragms of bright

field and incident light paths alternatively with small
object.

Estimate respiring and total cell concentrations in reactor
from equation :

(Counts/ml of mixed liquour) = ACF x AR x bR x VR ., (B.2)
ACF = Average Count per Field
AR = (filter area)/(field area)
DR = (dilution factor)/(filtered volume)

VR = 11 ml(volume of saﬁgle + INT solution)
10 ml(sample volume)

tm e o ———
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v) Estimate percent of active cells in sample froﬁ the eﬁuation :

. . . S
‘ - - e ey o aee e oun
i .
.
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% Activity (%) = respiring cell count (counts/ml) i 100

total cell cournt (counts/ml)

where réspiring'cell counts and total cell counts are as
estimated from Equation B.l.

L

25
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APPENDIX C

REGRESSION ANALYSIS

-

C.l Fitting of ATP and BVSS vs Time curves (Fig. 6.1-6.3)

Least squares approximation with polynomial of 3th degfee

where

2

T = ax® + bx? +7ex + 4

X --time, days

Y = ATP, pg/l ; or BVSS, mg/l.

1
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(C.l?

Fig. C.1 ATP, BVSS vs Time Curves, Regression Parameters for

Batch Reactors.

femp.

variations occurred after this time.

= Correlation Coefficient.
= Determination Coefficient.

= Standard Error, pg/l.

Para.  a b c d 2c.c. 3p.c. 4s.E.
*c B
10°C  ATP -0.1171 10,955 =333.243 3824, 0.972 0.946 369.
.BVSS -0.0844 7.942 =-253.217 3294, 0.989 0.978 198.
20°c ATP -0.2872 20.282 -515.360 5320. 0.993 0.988 279.
BVSS -0.3601 23.616 -=512.950 " 4679. 0.993 0.986 261.
30°C  ATP -2.459 84,287 -944.289 3786. 0.994 0.988 370.
BVSS -3.607 112.991 -1121.368 4397. 0.979 0.959 710.
1 Curves fitted for first 16 days' of digestion since only small

S.E. In this appendix refers to the standard deviation of

the correlation, i.,e., 68 % of estimated values

will

lie

within + ome standard error of the regression gurve. S.%E.

has therefore the same units

regression equation.

as

the ordinate of the

T A e iyttt
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. Fig. C.2 ATP, BVSS v3 Time Curves, Regression Data for
: Batch Reactors., .
_ Temp. ‘Detention “ATP Conc. BVSS Conc.
‘ s Time in Reactor Corrected for lysis
(°c) (d) (pg/1) (mg/1)
.10 o] 4050 - 3080 - -
10 T2 > 2750 3000
10 5 . 2800 2350
10 13 520 1240 -~
10 17 1140 580
10 - 24 640 610
10 29 430 ~e 570 _
10 32 530 710 -
. 10 36 670 a 660
. 10 - 43 250 = 170
. 10 50 . Q 0
20 0 5410 4900
, 20 2 T e— 3430
20 5 h 3070 -
20 . 6 - < 2385
20 8 2230 —_—
20 13 .- 1405
20 15 1550 _—
20 19 820 ~ -
20 20 - - 850
20 24 450 - N
20 26 -— . 985 - |
20 30 440 845
30 0 - 3980 4740
30 1- 2650 2860
30 6 760 1220
30 11 250 790
30 i6 200 640
.30 21 200 720
30 - 33 220 15
30 39 270 610
30 46 60 . 240
30 55 140 440
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C.2 Fitting of ATP ve ‘BVSS curves (Fig. §.5-6.7)

Least squares approrlmétiéﬁ with polyﬂonial of first degree :
Y = aX + b . (c.2)
where X = BVSS, mg/l

-

Y = ATP, pg/l

Fig. C.3 ATP vs BVSS curvea, Regression Parameters for

Batch Reactors. T _ =
Temp.’ a b ‘lg.c.  2p.c. 35.8. 4v Sr_
(°C) |
‘10 1.17 -133.1 0.997  0.994.  100. 9 - 0.735
P S ' ,
20 l;£§ -362.1 0.990 P.980 274, -5 0.874
30 0.93 -+ -325.7  0.998 - 0.996 93. -9 _ 0.765
! ¢c.c. = Correlation Coefficient.
2 D.C. = Determination Coefficient. -
3 S.E. = Standard Errora ng/l.
4y Degrees of freedom. o ¢
> R, = Critical Correlation Coefficient at 1 X level of
significance. :

Notes : -

1. If. C.C. D R,, then 1t can be concluded that
correlation exists and that the level :of gigmificance

represents the probability of having drawn the wrong
"conclusion.

2. Critical correlation coefficients were obtained from

' table A.11 of J.B., Kennedy and A.M. Neville, "Basic 4
Statistical Methods -f6r Engineers and Scientists”,2"
edition, Harper and Row, N.Y., 1976.
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Fig. C.4 ATP vs BVSS Curves, Regression Data for Batch Reactors.

; L .
Temp. Detention . ©_ ATP - BVSS -
(%€ Time . (pg/l) - - (mg/1): ;
10 . 0 ' 3820 . 3290
10 - 2 - 3200 2820
10 . 5 ' 2420 2220
10 . © 13 1090 . 1170
10. ' 17 750 880
10 24 . 520 . © 620 .
10 .29 - 520 560
10 © 32, 540 . - 550
10 _ 36 ' 540 530
10 ‘ 43 460 400
10 . 50 . 0 0
20 ‘ . 0 _ 5320 : 4680
20 5 3210 , 2660 -
20 8 2350 1900
20 : 15 1180 ’ 1080
20 19 " 880 990
20 24 ~ 660 990
20 30 h 360 820 .
30 0 3790 4440
30 , 1 ] 2920 3390
30 ° 2.5 . 2000 ‘ 2500
30 6 . 620 960
30 . 1 320 800
30 . 16 : 230 715
30 . 21 220 . 670
30 33 190 560 . .
30 - 39 170 500 :
"30 46 ' 160 440
30 : 55 . ©130 . 360

- Note : Above values were obtained from lines of best fit "in
section C.l. ' .
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C.3 . Fitting of FA vs Time Curvés {Fig. 6;8)

-

Least ;auares'method, linearized equation of the form

-
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c.3)

significance (refer to notes in Fig. C.3).

o - 1ln (FAIFAo) = Kt + b
where FA = Active fraction of sludge at any time, ¢
FAo = Initial active fractiom
t = Detention time, 4
K= Decay raté coefficient, d-l. -
. kY
-Fig. C.5 F, vs Time Curves, Regression Parameters for
Batch Reactors. ‘

Temp. K v I 2c.c. Ppic.  ts.E. Sv Sg)
(*c) (a™h

10  0.058 0.110 0.41  0.892 0.794 0.521 9  0.735
.20 0.057 -0.166 0.6& . 0.940 0.882  0.239 5 0.874
730 0.151 0.048 0.53 0.977 | 0.955 0.257 3 0.959
1 Equation C.3 can be converted to :

-Kt -b
FA = Fo e with Fo FAo e, .

2 C.C. = Correlation Coefficient.
3 D.C. =-Determination Coefficient,
b S.E. = Standard Error.
> v = Degrees of freedom. ’
6 Bd_ = Critical correlation coefficient at 1 % level of

7 Values at 30°C were obtained through fitting for first 16 days
only as no significant variations occurred after this-day.

-

%

—



ot e ha A Ak e e = e s £ e o Ak e e . k a a  — — o ——— e o e ot —————r

Fig. C.6 FA'_ vs Time Curve, Regression Data for Batch Reactors

Temp. Detention Py ATP/VSS 1FA -la F,
time . ’ ﬁAo

(°C) (d) SN

10 0 1.17 0.54 0.46 -
10 2 1.17 0.37 0.32 0.38
10 -5 1.17 0.41 - 0.35 0.27
10 13 - 1.17 0.09 0.08 1.71
10 17 1.17 0.23 0.20 . 0.87
10 24 1.17 " 0.13 o 0.11 1.43 .
10 29 1.17 0.09 ' 0.08 . 1.83
10 .32 - 1.17 0.10 _ 0.09 1.61 -
10 36 1.17 ‘ 0.13 0.11 1.43
10 . 43 1.17 0.05 0.04 2,30
10 . 50 1.17 0.01 0.01 . 3.91
20 0 ' 1.26 " 0.72 - 0.57 0.0
20 - 5 . 1.26 0.66 70.52 0.08
20 8 1.26 0.50 . 0.40 ©0.27
20 15 1.26 0.54 0.43 0.30
20 19 126 0.31 ~0.25 * £0.85
20 24 1.26 0.16 0.13 1.5l
20 30 1.26 , 0.17 0.13 1.45
30 0 0.94 . 0.53 , 0.56 0.0

30 . 1 0.94 0.48 0.51 . 0.10
30 6 0.94 0.19 ~0.20 1.01

- 30 11 0.94 0.07 0.07 2.06
30 16 © 0.94 0.06 0.06 2.22
30 21 - 0.94 0.06 0.06 2.22
30 33 0.94 0.08 0.03 2.51
30 39 0.94 0.08 . 0.06 - 12,22
30 46 0.94 0.02 . | 0.02 2.60 .
30 55 0.94 0.05 0.05 2.48

8 = (ATP/VSS)

A
d B
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C.4 Fitting of HA vs Time for Batch Reactors (Fig. 6.12)
| .‘1‘ - . -. " '
Least square methodL linearized equation of the form :
. : 1
|
N—Hn (HA/MAO) = Kt + b

»

(C.4)

where MA Active ﬁass in 'mixed liquour, mg/i

.
R

Ao Initial active mass, mg/l

Detention\time, d
y

(2
[ ]

Decay rate coefficient, d_l.

\ : "

=
[ ]

.Fig. C.? M, vs Time Curves, iegression'?arameters for Batch
Reactors X '
'
) .
Temp. K > I 2cic. 3p.c. bseE. Sv Be
-1, \ \ ' .
cec) (&7l (mg/l\) |
\ . . -
10 0.069 0.174 2900 \- 0.917 0.841 0.536 9 0.735

»

20 0.087 Q:IZA . 3780 \\0.981 0.963 0.199 5 0.874

Y

730 0.197 0.237 3310  '0.973  0.947 0.197 3  0.959
A \ . “

Equation C.4 can be converted;to :

- K t ‘\“ ..
MA = Mo e wifh _Mo M e .

C.C. = Correlation Coefficient)\

D.C. = Determination Coefficiegpﬁ

4 S.E. = Siandard Error.

3 'V = Degrees of freedom. s

6 R = Critical correlation coefficient at 1 % level of
significance (refer to notes in Fig. C.3).

7

Values at .30°C were obtained through fitting for first 16
days only as no significant variations occurred after this
day. - g

«ad

B e TSP TR,
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Fig. C.8 HA vs Time Curve, Regression Data for Batch Reactors.

Temp. Detention _ IHA ‘ -ln(HA/MAo)
Time

(°c) (d) {mg/1)

10 0 ‘ 3450 - 0.0 <>
10 2 2370 0.38
10 5 2370 o 0.38
10 13 ' : 450 2.04
10 17 1000 1.24
10 25 550 1.84
10 ' 29 400 2.15
10 . 32 v 460 2.01
10 36 - 560 1.82
10 43 180 2.95
10 50 40 4,46
20 c - 4275 - 0.0
20 5 2410 0.57
20 8 1600 0.48
20 : 15 1230 1.25
20 19 670 1.84
20 24 360 2.47
20 30 350 2.50
30 0 4200 0.0
30 1 2820 0.40
30 6 : 790 1.67
30 ’ 11 250 ' 2.82
30 16 200 . - 3.04
30 . 21 210 3.00
30 33 250 2.82
30 39 290 i 2.67
30 46 55 4.34
30 55 140 3.40

M = F x VSS



F.S ,Fitting of yA'vs Time for Semi-Continuous Reactors
Least square, method, equation of the form :
) uAe;‘f"qu' = 1/(1 + Kt) (C.5)
or in linearized fotm : .
‘ (M, - M, )/M, = Kt (C.6)

where MAe = Active mass in effluent or reactor at time t, mg/l

~

Hﬁo = Active mass in influent, mg/l

rt
L}

Detention timg. d . ) -

K = Decay rate coefficient, d-l.

.éw.

Fig. C.9 MA vs Time Curves, Regression Parameters -for

Semi-Continuous Reactors.

Teapn K le.c. 2p.c. .e. v Sy, R sy
(ec) (a7 h

10 0.0195 0.887 0.786 "0.161 2 0.990 0.950
© 20 0.0537 0.981 0.963 = 0.164 % 0.990 0.950

30 0.0357 ‘0.969 0.940 0.142 2 0;990 0.950
! c.C. = Coérelation Coefficilent.

2 D.C. = Determinatiorn Coefficient.

3 S.E. = Standard Error.

4 vV = Deérees of freedom.

3 R - Critiéal correlation coefficient at 1 Z level of

elz gignificance.
6 RcSZ = Critical correiation coefficient at 5 % level of

significance.

i s e - ————
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Fig. C.10 'MA vs Time Curves, Regressibn Data for

Semi-Continuous Reactors.

e b e e it e me e e by B e e R A e A Ak A B A T e N Bk e An A e o Ao -

. !
Temp. Detention M M, =M
e " Time Ae _fﬂi__if_
M Ae
(*C) (d) (mg/l)
10 . 0 3450 0.0
10 10 2480 0.39
. 10 20 2120 0.63
10 30 2220 0.57
20 0 4290 /J.N
20 10 2330 ) - 0.84
20 20 1920 * 1.23
20 ® 30 1610 1.66
30 0 4230 0.0
30 10 2820 0.50
30 - - 20 2660 0.59
30 30 1.16

1960
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C.6 Fitting of BVSS vs Time for Batch Reactors

Least squares method, linearized equation of the form : _ -
: -~

.= In (BVSS_/BVSS_) = Kt ‘ (C.7)

Biodegradable volatile suspended solids in
effluent, mg/l

where BVSSe

BVSS
o

Biodegradable wveclatile suspended solids in
influent, mg/l :

X = Endogenous decay rate coefficient,'d_l

t = Detention time, d.

£

r

Fig. C.il BVSS vs Time, Regression Parameters‘for Batch, Reactors.

Temp. k - Byss_. le.c. 2n.c. 3.8 v SRy

(°c) 7Yy  (mg/1)

10 0.056 3080 0.925 0.854  0.368 9 0.735

820 0.151 4900 0.894 0.799 0.984 5  0.874

0.057 4900 0.944 0.891 0.257 S 0.874

T30 0.120 4770 0.959 0.901 °  0.311 3 0.959
1

C.C. = Correlation Coefficlent,

D.C. = Determination Coefficient,

3 S.E. = .Standard Error.

4 V ‘= .Degrees of freedom.
3 Rc = Critical correlation coefficient at 1 Z level of
gsignificance.

Lower values correspond to corrected BVSS concentrations.

7 Values at 30°C .were obtained through fitting for first 16 days
only since no significant veriations occurred after that time.
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Fig; C.12 BVSS vs Tfme,_RegreBsion Data for Batch Reactors.

- »
Temp. Detentioch BVSS -1n(BVSS /BVSS )
Time € °

Q) (a) (ng/1)

10 0 3080 0.0

10 2 3000 0.026

10 5 2350 0.271

10 13 1240 0.910

10 17 580 '1.670

10 24 610 1.619

10 29 570 1.687

10 - 32 710 1.467

10 36 660 1.590

10 43 170 2.897
" 10 51 0 -

. % . *

20 0 4900 . 4900 0.0 0.0
20 2 3260 3430 0.41 0.36
20 6 1730 2385 1.06 0.72
20 13 370 1405 2.58 1.25
20 20 30 850 5.10 1.75
20 26 230 985 3.06 1.60
20 30 50 845 4,58 1.76
30 0 4770 0.0

30 1 2860 0.51

30 6 1220 1.36

30 11 790 1.80

30 16-- 640 2.01

30 21 720 1.89

30 .33 0 -

30 39 510 2.24

30 46 10 6.17

30 55 1 8.47

*

Corrected values for cell lya}s.



C.7 Fitting of -BVSS vs Time for Semi-Continuous Reactofs

Least squares method, equation of the form :
(BVSSe/BVSSO) = 1/(1+Kt) ‘ (c.8)-
or in linearized form :

_(BVSSO—BVSSE)/BVSSe = Kt (C.9)

where BVSS Biodegradable volatile suépended solids in
¢  effluent, mg/l -
v
Biodegradable volatile suspended solids in

influeat, mg/l:

BVSS
o

K = Endogenous decay rate coefficient, d_l

t . = Detention time, 4.

Fig. C.13 BVSS vs Time, Regression Parameters for Semi-Continuous .
Reactors. )

Temp. K le.c.  2p.c. 35.€ by TS

(ec) (a7
_ - -

10 0.267 0.995 0.991 0.413 2 0.990
20 0.187 0.?96' 0.§93 0.253 2 0.990
30 0.158 0.998 0.994  0.200 2 . 0.990

1 C.C. = Correlation Coefficient.

2 D.C. -.Determination Coefficient.

B'E.E. = Standard Error.

4 v = Degrees of freedom.

5

R = Critical correlation coefficient at 1 % level of
significance.

A e il |
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Fig C.14 BVSS vs Time, Regression Data for Semi-Continuous -
Reactors. ' : ' '
Temp’s | Detentidn BVSS, BVSS -BVSS,
T - Tinme . ‘
' ‘ - Bvsse'
{*C) ' (4) ' . (mg/1)
10 0 3080 ' 0.0
10 . 10 955 2.23
10 20 - 540 C4.70 e .
10 30 : - 340 8.06
20 - 0 4900 0.0
20 10 : 1775 1.76
20 20 1125 3.36
20 30 730 5.71
30 o 4770 0.0
30 10 1610 1.96
30 20 1110 3.30
. 4.82

30 30 . 820
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APPENDIX D.

EXPERIMENTAL DATA

[ 2

Fig. D.1 Solids Concentrations in Batch 'Reactor at 10°C.

-

- 161 =,

<L Siudge

TS

TSS VSS FSS TDS.

Age - - : ‘ ‘

(d) (mg/1) - (mgfl) (mg/1) - (mg/1) (mg/1)
0 15030 7500 7530 - -
2 14110 7420 6690 -— --
3 - - t - 13320 -
5 12900 6770 - 6130 — 380
6 -— - - 13260 -
13 - 11990 5660 6330 - 590

14 —_— - ‘— *12480 —
17 12100 5000 7100 - 320

18 -— - - 12400 —

24 11280 5030 6250 - 880

25 -— - - 12120° —

29 + 11220 4990 6230 -— 700

30 - — - 11870 - —

32 11570 5130 6440 — 390

33 — - - - 12000 -

36 11120 5080 6040 — -—

37 . T - — 11570 —

43 10900 4590 6310 — 860

44 — - — 11790 —

51 11070 3940 7130 — 620

52 . - -1//”’ — 11670 —

61 11160 4740 6420 — 350
62 — — ‘ — 11440 — ‘

~

NOTE : All tabulated wvalues in this section
duplicate measurements.

represent averages of .
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Fig. D.2 Solids Concgntrations'in Batch Reactor at 20°C. .
! ty » 2 .o e
Sludge TSS - vss . - FSss TS~ TDS
Age : ) - - . , : .
_g@% S (agl/ly ‘(mg/1) . (mg/1)  (mg/l) (mg/1)
Q 11010 7500 3510 — —
2 10150 5860 . . 4320 -— 175
.3 -_ LT = - . 10140 -
-~ 76 8290 4330 - . 30 — 1180 ‘
8 L — . = - C . 9030 -_ .
13 6500 2970 - 3530 - - 2100 .
19 - - - N 8080 -
20 - 6030 2630 . '3400 - -, 2020
26 5860 - ° 2830 3030 - - Lowe— —
30 6800 . 2650 . 3350 8200 2200
. T . B . e ~
*Fig. D.3 Solids Concentrations in Batch Reactor at 30°C. .
Sludge TSS™.. vss FSS . . TS . TDS
Age ' . .
(d) (mg/1) (mg/1) -~ - (mg/l). (mg/l) -(mg/1)
0 12730 - 7500 . . 5230. - . —
1 12450 5530 ° "~ 6920 ) — -
- - - C - 11370 -
6 . 8720f . 3950 4770 - - 850
7 ERp— : — oL == 9120 —
‘11 7910 - 3520 4390 i —_ 810
12 -— - —- : 8620 -
16 8170 3370 4800 & — 660
18 - - ) - 8870 —
21 . 8000 3450 4550 — g25 |
22 — - — . - _ 8810 _—
32 b = - 8650 -
33 7750 2730 5020 - — 930
39 : 7680 3240 4440 o= 1210
40 - — e 8920 . -
46 7410 . 2740 . . 4670 e 1460
47 - - = 8860 -
55 7290 . 2730 4530 - - 1450
56 -_ - — 8730 —
~ - b
\
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Fig. D.4 Activity Coﬁcencrations- in Batch Reactor a;’ 10°C.

Sludge ‘ ATP . DOUR Vviable Count
Age S T : -8
(a - T (pg/l) ' (mg/1/hr) (cells/mlx10 ~)
0 4050 48.0 —
2 2750 . 37.8 9.6 '
5 o 2800 - 24.0 7.7
‘13 ' 520 11.4 10.5 ‘
17 - - 1140 13.8 6.5 )
24 640 10.2 56.0 ‘
29 : . 430 7.8 T 6.7
32 530 8.4 12.3
36 - 670 18.8 4.0
43 . 250 3.0 1.7 .
51 _ 0 0.0 1.0
61 0 2.4 S 1.2
1 9
Fig. D.5 .Activity Concent%ations in Batch Reactor at 20°C.
Sludge ' ATP . "+ DOUR ° . Y Viable Count
. Age . . , . 5.
(4) (pg/l) , (ng/1l/hr) (cells/mlx10 )
0 - 5410 67.0 - -
2~ . - : 55.0 . -—
5. T 3070 . - 2.9
6 . — 32.4 -
;.8 . 2230 — 3.2
13 K — 12.6 L =
15 ”. . 1550 : _ . 2.5
19 . 820 L — . -2.0
20 — 6.0 -
24 450 o = - 2.1
26 ' -_ 3.6 —
30 440 . 3.0 .o2.1 , -
¢ ‘,,“ ' .
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e : Fig; D.6 Activity Concén;rations iﬁ Batch Reactor at 30°C.
’ ; .o .
Sludge " ATP DOUR ~ " Viable Count
" Age _ U ‘ —8
(d) . (gg/l) * (mg/1l/kr) (cells/mlxl0 )
0 3980 60.0 -
1 2650 — 19,1
3 . — 39.6 —
6 760 19.5 7.0
11 - R 250 3.0 2.2
16 200 ‘2.4 1.4
T 21 200, 3.9 —_
33 220 2.3 6.0
39 .270 ’ 1.8 2.1
46 . . 60 2.7 0.7
55.%° 140 1.1 —

Fig. D.7 Specific Activities for Batch Reactor at 10°C.

Sludge  Specife . - Specific Specific’

Age ATP DOUR : Plate Counts .-
. (d)  (pg/mg VSS) (mg 0,/g VSS/hr) (cells/mgVsSsx10 )
0 - . 0.54 6.40 ' - .
2 0.37 ° 5.05 1.29 -
5 0.41° _ 3.55 1.14
13 0.09 ‘ 2.04 1.86
~ 17 0.23 -, 2.76 . 1.30
: : 24 ©0.13 2.03 ' 11.13
29 0.09 _ 1.56" 1.34
32 0.10 - 1.64 . © 2,40
36 . 0.13 ’ 3.70 ' 0.79
7 43 0.05 . 0.65 - ] 0.37
51 0.00 ‘ 0.00 : 0.25

61 0.00 0.51° ) " 0.25
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Fig. D.8 Specific Activities for Batch Reactor at 20°C.

Sludge Specife . Specific . Specific
Age ATP : DOUR Plate Counts _g°
(d) (pg/mg VSS) (mg Ozﬁg vsS/hr) (cells/mgVsSSxl0 7)
0 0.72 8.90 -
) -2 _-— 9.39 ‘ . =
5 0.66 —_ ‘ 0:63
6 - 7.48 C-—
8 0.56 - — - 0.80
13 : - 4.24 . : -_—
15 0.54 . - 0.87
19 0.31 -— 0.75
20 —_— : 2,28 ' -
24 0.16 - . 0.76
26 -— 1.27 . -
T30 <0.17 1.13 0.79
Fig. D.9, Specific Activities for Batch Reactor at 30°C.
Sludge . Specifid Specific Specific
Age ATP . DOUR Plate Counts o -
(d) (pg/mg VSs); (mg 0,/g VSS/hr)- (cells/mgVvssxl0 °)
0 0.53 - 8.00 ' -
. 1 0.48 . . - : 3.45
3 - T 8.08 : ' .-
6 0.09 4.94 1.77
11 0.07 . 0.85 _ 0.63
16 . - 0.06 - 0.71 0.42
21 . 0.06 1.13 _
33 c.08 0.88 2.20
39 0.08 0.56 0.65
46 0.02 0.99 - ] 0.26

55 . - 0.05 : T .. 0441 ) -

e i e e
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‘Fig. D.10 Viability and Dehydrogenase Enzyme Activity Data for
Batch Reactor at l10°C. '

Sludge ' Viable Active Total z Viable/Active Viable/Total
Age cells " cells cells Activity " cell ratio cell ratio
(d)  (cells/ml) (cells/ml) (cells/ml) () \ (%) ()

x1078 x10710  x10710
2 9.6 0.6 1.9 32 16.0 5.1
5 7.7 0.8 3.3 . 24 9.6 2.3
13 10.5 l.6 5.7 .. 28 6.6 1.8
17 6.5 1.5- 3.7 - 41 4.3 1.8
24 56.0 4.9 17.3 28 11.4 3.2
29 6.7 5.4 11.0 49° 1.2 0.6
32 12.3 3.3 46.2 7 3.7 0.3
36 4.0 6.1 39.6 15 0.7 0.1.
43 1.7 4.7 20.2 23 0.4 Q.1
51 1.0 10.1 84.7 ' 12 0.1 0.0
61 1.2 21.0 57.1 37 0.1 0.0
Fig. D.11 Viability and Dehydrogenase Enzyme Activity Data for BN
Batech Reactor at 20°C. : A
* 5\

Sludge Viable _ Active _ Total 4 Viable/Active Viable/Tatal
Age cells cells cells Activity cell ratio - cell ratio
(d) (cells/ml) (cells/ml) (cells/ml) (%) (%) (%)

%1078 x10718 ~-xyg710-
5 2.9 0.8 2.8 29 3.6 1.0
8 3.2 0.8 1.9 42 4.0 1.7
15 2.5 0.5 1.3, 38 5.0 1.9
19 2.0 0.4 1.1 36 5.0 1.8
24 2.1 0.8 2.4 33 2.6 0.9 - .
2.1 0.4 2.2 18 5.3 1.0 3

30




e e e e _—

AU R

| o |
.F- | { - 167 -
|
|
1

-

Fig. D.12 Viability and Dehydrogenase Enzyme Activityrnata for
Batch Reactor at 30°C, .

Sludge Viable ~ Active Total - z° Viablg/Active Viable/Total -
Age cells " cells . " cells Activity cell!ratio cell ratio
(d) (cells/ml) (cells/ml) (cells/ml) (%) (%) ()

x10~8 x10710 © x10710 ; )
1 19.1 7.0 13.2 ° 53 2.7 - 'ﬁ) 1.5
6 7.0 5.6 15.4 ) 36 .1.3 0.5
11~ 2.2 1.9 14.0 14 1.2 0.2
16 1‘.&\ — -_— _— _— —— ’
21 —_— 0.7 2.8 25 —_ . -
33 6.0 0.2 1.2 17 ‘ 30.0 5.0

39 2.1 0.2 1.2 17 10.5 1.8
46 0.7 0.3 0.7 43 2.3,, . - 1.0
55 — 0.2 1.0 20 - @ —R : —

*
~ .
! -
\. )
- ) ,



Fig. D.13 Solids Concentrations in Semi-Contlinuous Reactors at

10°C, 10 Days Detention Time.

) Days. from ITSS vss 1pss rs lrps
st¥rt ) , i
(d) (mg/1) (mg/1) (mg/1) T (mg/1) (mg/1)
0 12400 7500 4900 13090 - 690
4 11170 © 7300 - 3870 - -—
5 - SR -— 11750 635
9 10890 5690 5200 - SR
10 - : - -— 11475 . 585
12 11890 , 5950 5940 — —
13 —_ - — 11560 520
- 20 . 12120 - 6680 5440 f— -
21 - — -— 12060 - 310
24 10640 6030 4610 T - —
25 e — - - -—
— i — — — — — — — —— ———— — — —— — —— — — — — —— — —— 3
31 9780 5550 4230 — ———
32 - - - 11360 1480
36 10270 5420 4850 — -
37 - -~ -— 11200 1080
39 9810 5690 4120 .- —
40 - — - 11640 1770
43 10040 5540 4500 — —
44 — — —_— 10960 900
50 9930 5050 4880 — —
51 — - — 10820 905
58 9840 5000 . 4840 — —
59 - — — -10740 905
Average : 9950 5375 4570 11120 1170
Std Dev.: 185 285 338 345 368
2s.,s. 1~ 9950 = 2% - S375% 4% 4570+ 6% 1112037 1170226

1

2

Values corrected for solids. variations in feed (refer to
Appendix E).

S.S. = Steady state values at 90 Z confidence level.

Steady state assumed after 30 days.

Ladtaakd

[
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Fig. D.14 Solids Concentrations in Semi-Continuous Reactors at
10°C, 20 Days Detention Time.
Days from ITSS vss - lpss | lrs lros
Start e ‘ . : ‘ :
(d) *  (mg/l) (mg/1) (mg/1) (mg/1) (mg/1)
0 12400 -~ 7500 4900 13090 . ~ 620
4 . 10540 7210 3330 - -
5 .- — - 11830 1320
9 10340 .+ 5380 4960 - -
‘ 10 — - _ 11460 740
12 10340 5410 4930 . —_—
13 - — 2m 11270 920
- 20 10410 5210 5200 . - -
. 21 : —_ - - 11810 1540 -
24 9860 4950 4900 - - ‘
25 — - — 12000 2210 é
31 9340 5110 4230° — -~
32 - - - 11350 1950
36 9630 5380 4250 - -
37 - - — 11130 1670
39 9110 5020 4080 — —
40 - — -— 11435 2220
43 9530 5060 4470 —_ -
44 — — —_— 11130 1650
50 9180 4630 4450 — -
51 - -_— - 10340 1190
58 8930 4550 4380 — —
59 - — — 9810 800
! Average : 9290 4960 " 4330 10870 1580
25¢a Dev.: . 264 313 173 646 . 514

S§.5. - 1 9290 :2% 4960 5% . 4330 3% 10870+ ST 1580:27%

2

Values corrected for solids variations in feed (refer to
Appendix E). - :

S.5. = Steady state values at 90 7 confidence level.

Steady state assumed after 30 days.

.

&
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" Fig. D.15 Solids Concentrations in Semi-Continuous Reactors at
10*C, 30 Days Detention Time.
Days from LTSS - vsSs lpss lps Lrps-
Start ) '
- (d) ‘(mg/1) (mg/1) (mg/1) - (mg/1) (mg/1)
0 12400 7500 4900 13090 - 690
4 10050 7020 3100 i - -
5 — — — - 10675 . - 645
9 9950 5100 4850 - —
10 . - - e 10520 ' 610
12 9840 4660 " 5180 - -
13 —_ -7 . - 10700 . 830
20 10090 4850 5235 - -—
21 - — - S 11205 1210
24 9710 4380 5330 — —
25 - - - r1100 1475
__________ — . — — — — — — — — _.l____3
31 9100 4720 4380 — —
\ 32 - -_ - 11340 2090
. \ 36 9840 5030 * 4810 -
37 - S - 10860 1140
39 9470 5070 %400 — —
40 - - - 11075 1625
43 9400 4840 4560 - —
44 - - — - 10450 1120
50 8900 4660 4240 - — —
51 - - 10230 1360
58 8640 4240 4400 — —
. 59 - - — 9970 1340 ‘
Average : 92300 4760 - T 4470 10650 1450
Std Dev.: 432 1302 197 - 525 365

‘ZS.S. ‘ : . 9230 s 4% 4760 £ 5% . 44702 4% 10650=4% 1450:21%

! Values corrected for solids variations in feed (refer to

2

Appendix E). .
$.8. = Steady state values at 90 % confidence level,

Steady state assumed after 30 days.’
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Fig. D.16 Solids Concentrations in Semi—Continuous Reactors at 3

20°C, 10 Days Detention Time.

Days from 1TSS vss lrss - 1rs Lrps
Start ‘
(d) (mg/l) (mg/1?) . (mg/Ll) _ (wg/l) " (mg/1)
— 7 ,
0 ‘ 15020 7500 7520 15500 480
6 11420 : 6130; 5290 13910 2490
10 10910 R 4550 6410 _ - —_—
13 10590 4370 6020, L—_— -
17 10910 5960 © - 4950 12150 1240
21 11110. 4770 s 6340 - -
—_—_————,e—,—e—,—eeeee —_—_e——Eeee ——_ee e e —— — — —3
34 11070 4350 6725 - -
37 10490 3630 6860 - -
38 - - - 13280 2ZA00
41 10840 4300 6540 - -
43 - - - .12020 240
48 10620 4680 6130 - -
53 - - - . 12150 N 210 .
54 11000 4540 «~ 6460 - -
60 11090 4710 6480 —_ -
Average : 10850 4370 6530 12480 \;-1600
Std Dev.: 249 398 251 " 693 850
2s.s. : 108530 =2X 4370+ 7% 6530:-31 12480+ 9% 1600-%
1 Values corrected for sol¢dsr:;:;2tions in feed (refer ;o' N
( Appendix E)., . )
2 5.5. = Steady state values at 90 % confidence level. -
3 Steady staii\jijyéed éfter 30 days.
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Fig. D.17 Solids Concentrations in Semi-Continuous Reactors at
20*C, 20 Days Detention Time.

Appendix E).
2

.

- §.5. =" Steady state values ét,QO % confideng

3 Steady state assumed after 30 days.

.levgl.

& Days from 1Tss vss Lrss Irs l1ps
. Start :
(d) (mg/1) (mg/1) {mg/1) (mg/1) (mg/1)
0 15020 7500 7520 15500 480
6 10990 5060 5930 12150 1160
10 11180, 4870 6310 — —
13 10230 5510 4720 _— -
17 10330 4990 5340 11850 1520
21 8050 3610 4640 - -
—————— —_ - —————_———— —— 3
34 9520 4020 5500 — S
37 8860 3250 5610 —_— -
38" - - — 11690 2670
4) 9500 3770 5730 - - -—
43 - — - - 11370 1920
48 9330 3500 5830 — —
53 - — - 11900 2225
54 9740 3660 5960 - -
60 9790 4240 5580 F — - -
~ . Average : 9460 3740 5700 11650 2270
Std Dev.: 337 356 172 267 308
Zg5.s. s 9460 +3% 3740 * 8% 5700'= 22 11650+4% 2270+23%
1 Values correctéd for solids variations in feed j;(refer to
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Fig.‘D.IB Solids Concentrations in'Semi—Continuous Reactors at
20°C, 30 Days Detention Time.

%

Days from LTSS vss - - Ipss les -~ lrps
Start L

(d) (mg/1) (mg/1) (mg/l) = (mg/l) (mg/1)

0 15020 7500 7520 15500 480

6" 10540 5080 5460 11700 1160

10 11560 4540 7020 . - -

13 8960 4530 4430 - T —-

17 - 7730 3480 4250 19280 1550

21 7370 3070 4300 - -

_____._.._‘é..______________ _____________

34 8020 2845 5175 - -

37 8100 3220 4880 - -—

41 8340 3350 - 4990 — -

43 -— — -— 10800 2895

48 6820 3430 3390 — -

53 - — - 10500 4250

54 6140 3610 2510 — . -

60 7250 3410 3840 - -

Average : 7450 . 3320 - 4130 10650 . 3570

Std Dev.: 859 243 1063 212 958
23,s. : 7450 = 9% 3320:6% - 4130:21% 10650292 3570 -%

Valggs corrected for solids variations in feed (refer to
. #Ppendix E).

2 S.8, = Steady.state values ay 90 % confidence level.

3'§teady state assumed after 30 days.
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Fig. D.19 Solids Concentrations in Semi-Continuous Reactors at
30°C, 10 Days Detention Time.

‘Days from ~lTSS vss lrss 1rs l1ps
Start . . -
(d) (mg/1) . (mg/1) (mg/1) - (mg/l) - (mg/l)
0 12710 . 7500 5210. 14160 1450
1 . 12420 7330 . 5090 - -—
6 9100 4570 4530 9205 - 1h%
11 . 8450 3490 4960 — -
12 - — - : 8590 730
16 9150 3870 5280 L= ) -
18 o - T -, 8960 920
21 8670 4370 4300 — : -
22 — - - 9800 1010 _
________________________________ 3
33 10150 4420 5720 11430 1280
39 9780 3920 5860 — —
, 40 — — — 11690 1870
46 10030 4570 5460 - —
47 -— - . — 11430 1420
55 . 9870 4440 5430 C— -
56 .- . - - 11520 1670
Average : 9960 4340 5620 11520 1560.
Std Dev.r: 165 286" . 208 123 262
25.5. = :  9960%2% 4340+ 8% 5620 = 4%  11520%1X 1560%20%

Values corrected for sdlids varliations in feed (refég'to

_ Appendix E). _ -
2 e

$.S., = Steady state values at 90 Z confidence level. *

Steady state assumed after 30 days. N
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Fig. D.20 Solids Concentrations in Semi-Continuous Rgactors at-
30°*C, 20 Days Detention Time.

t

Lo ' Days from 1"I.‘SS

vss . lrss lrs Lrps
Start , N '
(d) (mg/1). (mg/1) (mg/1) (mg/1) (mg/1)
0 12220 7500 4720 13860 .. 840
: 1 11520 6140 5380 - -
) 2 — - i 10850 ¥ 20 -
6 8960 <" 3920 4140° - R -
7. g - — 8450 480
11 7620 3290 4330 -— ~—
. 12 - _— - 8220 530
16 7980 3260 4720 - -
18 - -—_ A 5 8800 910
21 7520 * 3700 3820 - = ¢
22 — s - s == =1 8450 860"
e e e 3
32 - — — 9740 1460
33 8350 3710 | 4640 - -
39 8800 3720 5080 - . —
40 “ — - 10850~ . 2090
46 8540 4220 4320 - —
47 - — - 10880~ 2360
55 8340 3710 4630 - — )
56 - — — 10440 2100
Average : 8510 3840 4670 10480 2000~
Std Dev.:. 216 253 313 531 383
2s.s. . : 8510+3% 38402 8% 4670+ 8%  1048026% 2000:23%

p—

.% Values corrected. for sollds variations in feed (refer to

2

Appendix .E).

5.5. = Steady state values at 90 X confidence level.

-

Steady state assumed after 30 days:-

1
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Fig. D.2)1 Solids Soncentrations in Semi-Continuous Reactoré at )
30°C, 30 Days Detention Time. )
Days from lTSs vss lrss iz, lps
Start ) . .
(d) (mg/1) (mg/1) (ng/1l) (mg/1) (mg/1)
0 11820 7500 4320 13320 1500
1 11660 5540 6120 - —_—
6 7890 3580 4310 L - —_—
7 - - - 8170 . 420
11 7170 3400 3770 ‘ _ -
12 - - - -7960 700
16 7610 3490 4120 - -
18 - -_ —_— - 8240 830
21 ¢ 7110 3570 3540 - —
22 - - R - 8355 1130
— — — — e . e e — — — — — —— —— ——— — —p— — — — — — — — — — 3
32 - - - 9085 710
33 8490 3920 4610 - -
39 76580 3630 4050 - -
40 - - - 9880 2220
46 7480 3340 4140 - -
47 - - - - 9810 2340
55 7410 3320 4090 — -
56 —_ - - 9580 2170
Average : 7770 3550 4220 9590 1860
Std Dev.: 496 283 260 359 770
25.5. : 7770 + 8% 3550+ 9% 4220+ 77 © 959042 1866:492
ad

2

—r

Values corrected for solids variations in feed (refer to

Appendix E).

o

5.5. = Steady state values at 90 % confildence 1131:5.

Steady state assumed after 30 days. 5 /

‘



» Fig. D.22 Activity Measures in Semi-Continuous Reactors at 10°C

Det.-1D.s/ ATP DOUR Viable  Specific  Specific ‘Specific
Time ' ) C- Count ATP .DOUR Viable count
(d) ) (pg/l) (mg/1/hr) (cells/ml) (pg/mg VSS) (mg/gVSS/hr) (cells/mg VSS)
. x1078 . , x1078
10 31 3080 41.1 - 0.55 7.41 -
10 36 2940 38.7 6.3 ° 0.54 7.14 1.16
10 39. 2920 36.0 6.6 0.51 6.33 . 1.16
10 43 2730 30.3 —_— 0.49 5,47 L -
10 30 - 28.2 3.7 - . 5.58 " 0.73
10 58 2850 24,0 3.6 0.57 4.80 - 0.72
Average : 2904 33.1 5.1 0.54 . 6.12 0.94
std Dev.: 128 6.6 1.6 0.03 1.02 0.25
23,s. : 2900  33.1 5.1 0.54 6,12 . 0,94
s4% +162 $37% 6% t14% T 31
20 31 | 2630 16.5 5.1 0.51 . 3.23 ' 1.00
20 36 2450 24.6 -~ 5.0 0.46 4.57 . 0.J93
20 39 2780 24.2 . - 0.55 4.78 -
20 43 2760 23.1 6.4 0.55 4.57 1.26
20 50 - 20.1 2.9 -—_ . 4.34 0.63
20 58 1700 22.2 3.0 0.37 4.88 0.66 .
Average : 2464 21.8 4.5 0.50 4.40 0.90
Std Dev.: 447 3.0 . 1.5 0.08 0.60 0.26
2g.s. . 2464°  21.8 4.5 0.50 4,40 0.90
+17% +11% +32Z +15% <112 + 347
30 31 2210 22.2 + _ 3.8 0.47 4.70 0.81
+30 36 2730 20.7 _— 0.54 4,12 —
30 39 2510 21.6 6.4 - 0.50 4.26 1.26
30 43 2740 16.5 - 0.57 3.41 -
30 50 - " 15.0. 2.0 - 3.22 0.43
30 58 2780 15.6 3.0 0.66 3.68 0.71
Average : 2594 18.6 3.8 0.54 ~ 3.90 - 0.80
Std Dev.: 239 3.3 1.9 0.07 . 0.56 0.34
2g.s. . 2594 18.6 3.8 0.54 3,90 0.80
+97 157 +59

% *137% +12% t50%

1
D.S. = Days from start.

2 s.s. = Steady state values at 90 % confidence level.
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Fig. D.23 Activity Measures in Semi-Continuous Reactors at 20°C
Det. 2D_'.S. ATP DOUR Viable Specific Specific Specific
Time .. Count: ATP DOUR Viable count
(d) (4> (pg/1) (mg/1/hr) (cells/ml) (pg/mg VSS) (mg/gVSS/hr) (cells/mg VSS)
:clO'-8 ’ :~c10-8
10 133-34 3010 30.0 1.9 0.69 . 6.90 ' 0.43
© 10 36-37 3080 41,4 3.9 0.80 11.40 1.01
10 .40-41 3030 33.6 3.7 0.73 7.81 0.90
10 43-48 2680 36.6 9.8 0.61 7.82 2.22
10 50 2750 - 9.1 0.39 -— 1.97
10 53-54 2950 31.8 8.9 0.65 7.00 1.95
10 58-60 2950 25,2 8.4 0.63 5.35 1.81
Average : 2920 33.1 6.5 0.67 7.71 1.47
Std Dev.: 149 5.6 3.2 0.07 : 2.02 0.68
};.s. © i 2920 33.1 6.5 0.67 7.71 1.47
4% 142 *36Z% 8% 227 T34%
20 33-34 2910 . 18.5 1.4\\ 0.73 45.85 : 0.35
20 36-37 1740 25.2 . 2.6 0.50 7.75 0.74
20 T 40-41 3020 19.2 2.0 0.83 5.09 0.55
20 43-48 1800 " 16.8 2.8 0.49 4,80 0.76
20 50 1750 - 3.5 0.59 - 0.99
20 53-54 2560 34.8 3.9 0.71 9.51 1.07
20 58-60 3180 19.2 3.3 0.79 4,53 0.81
Average : 2430 22.5 2.8 0.65 6.09 0.75
Std Dev,: 637 6.7 0.9 0.15 2.05 0.25
S.S. T . 2430 22.5 2.8 0.65 6.09 0.75
$19% 2247 £24% +17% £28% . r24%
30 . 33-34 1110 12.0 2.1 0.38 4.15 0.71
30 36-37 1590 15.6 2.7 0.51. o 4,84 0.87
30 40-41 1870 13.8 2.1 0.56 4,12 0.63
30 43-48 2680. 15.0 3.1 0.80 4,37 . 0.92
30 50 2360 - 3.9 0.68 - 1.12
30 53-54 2250 12.6 7.3 0.63 3.41 2.04
30 58-60, 2310 12.6 5.6 0.66 3.70 1.61
Average -: 2025 13.6 3.8 0.61 4.10 . 1.13
Std Dev.: 536 1.5 1.9 ~0.14 0.50 0.52
S.5. : 2025 - 13.6 3.8 0.61 4,10 ‘ 1.13
+197 9% £37% 177 £10Z *34%

o

First number refers to day of ATP and Plate Count tests, whereas second
number refers to day of DOUR test.

2 D.S. = Days from start.

3 S.5. = Steady state’ values at 90 % confidence level.
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Fig. D.24 Aétifity Méésures in Semi-Continuocus Reactors at 30°C
Det. lD.S. ATP DOUR ~ Viable Specific Specific Specific
Time . Count ATP DOUR Viable count
- {d) (d) (pg/l) (mg/l/hr) (cekls/ml) (pg/mg VSS) (mg/gVvSS/hr)} (cells/mg VSS)
' x10”8 ' S x1078
10 33 70 27.9 - 0.54 6.31 -
10 -39 1860 21.9 2.3 0.47 5.59 0.59
10 46 3430 28.8 1.5 L 0.75 0 6.30 0.33
10 55 2930  28.2 1.9 0.66 6.35 O\ ' 0.44
Average : 2650  26.7 1.9 0.61 6,14 0.46
Std Dev.: 680 3.2 0.4 0.12 0.37 0.10
5.S. : 2650 26.7 1.9 0.61 6,14 - 0.46
+30% $147 +35% +23% +7% +37%
20 33 1830  .15.6 - 0.49 4.20 -
20 39 1920 12.0 1.6 0.52 3.23 0.43
20 46 3400 4.7 1.4 0.81 3.48 % 0.33
20 55 2760 14.4 1.4 0.74 3.88 0.38
-l
Average : 2480 14.2 1.5 0.65 3.70 0.38
Std Dev.: 744 1.5 0.1 0.16 + 0.43 0.05
$.S. : 2480 14.2 1.5 0.65 3.70 . 0.38
+35% $12% 117 *29% © o x14% - *22%
30 33 1740 13.5 - 0.44 3.44 BE S
30 39 1450 10.2 1.5 0.40 2.81 0.41
30 46 2380 8.4 0.8 0.71 .2.51 0.24
30 . 55 1760 10.8 1.1 0.53 3.25 0.34
" Average : 1830 10.7 1.1 0.52 3.00 _ 0.33
Std Dev.: 390 « 2.1 0.4 0.14 0.42 0.09
S.S. : 1830 10.7 . 1.1 0.52 3.00 0.33
+25% $23% $61% +32% £16% $46%

! D.S. = Days from start,

2 5.5, = Steady state values at 90 % confidence level.



 Fig. D.25 Dehydrogenase Enzymé‘ACtivity-Data for Semi-Continuous
o Reactors at 10°C. - '

Detention Days from Total {ounts  Active Counts ZActivity

Time Start ,
(d) (d) (cells/ml) "~ (cells/ml) ) *
N : xlO—lo . xlO_IO

10 . 31 31.0 8.5 27

10 - 36 . 16.1 6.9 43

10 39 35.3 5.6 16

10 43 28.7 8.7 30

10 50 53.8 23.9 44

10 58 74.3 : 14,5 20
Average : 39.9 11.4 ~* 30
Std Dev.: - 20.8 o 6.9 ’ 12
S.S. : : 39.9+432 11.4:50% 30+ 32%

20 31 29.2 6.3 22

20 36 21,0 : 11.9 57 . .

20 39 55.3 8.1 15

20 Y 24.3 11.2 _ s46

20 50 : 39.7 15.2 38

20 . 5'»8i '55.8 12.0 22
Average : , . 37.6 10.38 33
Std Dev.: 15.3 3.2 16
ls.s.. - 37.6:33% 10.8+24% 332407

30 31 - 12.7 3.9 31

30 36 18.2 5.5 30

30 39 41.0 13.4 . 33

30 43 28.6 6.9 24

30 50 34.6 10.1 29

30 58 79.2 16.1 20
Average : 35.7 - 9.3 28 ,
Std Dev.: 23.7 4.8 5
5.S. : 35.7%55% 9.3%427 282142

l"S.S. = Steady state values at 90 % confidence level.’

(\
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Fig. D.26 Dehydrogenase Enzyme Activity Data for Semi- Contiuuous
. Reactors at 20°C.

-

A
- . T

Detention Days from Total Counts Active Counts RActivity
Time Start ‘ ' ’

(d) _ (d) {cells/ml) (cells/ml) %)
x10”10 x10” 10
10 40 4.1 1.0 24
10 ‘ 2.4 -~ 1.5 63
10 50 2.0 - 0.6 30.
10 53 1.6 0.5 31
10 * : 58 2.2 0.8 36
Average : 1 2.5 0.9 37
Std Dev.: 1.0 0.4 15
Is.s. 2.5+ 38% 0.9242% 37+39%
20 © 40 2.9 0.9 ~ 31
20 43 1.6 1.0 63
20 . - 50 1.2 0.5 42
20 . 53 1.0 0.3 30
20 58 3.2 0.8 25
Average 2.0 0.7 38 ~
.. Std Dev.: 1.0 - 0.3 15°
is.s. . 2.048% 0.7+41% 38238%
30 : 40 8.6 2.2 i 26
30 43 1.1 0.5 [ 45
30 50 1.3 0.6 I 46
30 53 1.2 0.7 58
39 - 58 3.0 0.7 23
Average 3.0 0.9 40
Std Dev.: 3.2 0.7 . 15
.S. : ’ 3.02100% 0.9274% 40+36%
: -

S.5. = Steady state values at 90 7 confidence level.

]

AN
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I

Fig. D.27 Dehydrogenase Enzyme Activity Data for Semi-Continuous
Reactors at 30°C.

T

Detention Days from Total Counts  Active Counts ZActivity
Time . Start ‘

(d) d) " (cells/ml) " (cells/ml) ()
] . x10~10 xlO-lo

10 33 . 1.6 - 0.6 38

10 39 1.3 0.5 38

10 46 1.7 0.5 29

10 55 1.8 0.5 28

Average : 1.6 0.5 33

~-8§td Dev.: ) ) 0.2 0.1 6
s.S. . 1.6¢15% 0.5224% 33:20%
‘ -

20 33 1.8 . 0.6 33

20 39 1.7 0.5 29

20 46 1.5 0.4 27

20 _ 55 1.9 0.5 26

Average : 1.7 0.5 29

Std Dev.: 0.2 0.1 3
Is.s. 1.7214% 0.5:24% 292132

30 .33 . 1.8 0.5 28

30 39 . 1.7 0.5 29

<30 46 . 0.8 0.4 50

30 55 1.5 0.4 27

Average : 1.5 2 0.5 34

Std Dev.: 0.5 0.1 11
Is,s. . . 1.5239% 0.5:24% 34 39%

1 $.5. = Steady state values at 90 % confidence level.



T T e S e e — = — — -

- 183 -

Fig. D.28 COD Data for Batch Reacto:é.

Temp.=  10°C 20°¢C 30¢C N
Detention COD Detention ' COD Detention COD
‘ Time Time Time -7
* * (d)  (mg/l) ) (d) (mg/l) (d) (mg/1)
0 10070 0 13740 0 10510
3 107107 2 8940 : 2 9720
6 11440 6 6100 7 5410
14 9240 13 5610 12 - 4950
18 9660 20 5550 18 6830
X 25 10080 26 5590 - 22 5680
30 8400 ’ . 32 4870
33 . 10080 - 40 5000
37 7480 47 ) 4920
44 10000 -
52 3000
61 8880

Fig. D.29 COD Data (in mg/l) for Semi-Continuous Reactors at 10°C.

/""“'{

Days from Detention Time

Start :

(d) 10 days 20 days 30 days
0 10070 10070 . 10070
10 9660 8190 7980
I3 9680 9240 8360
21 - 10710 . 8820 7980
25 10080 8800 7960
32 10080 8800 8400
37 9600 8400 8000
40 8640 8280 9360
44 8500 7480 8160
51 9000 -9000 8000

59 9010 ' 8000 8500
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Fig. D.30 COD Data (in mg/l) for Semi-Continuous Reactors at 20°C.

Days from . _ ﬁ}fention Tinme
Start - /
(d) © 10 days ' 20 days S 30 days
0 13740 13740 1340 -
10 10530 11060 11480
13 9650 _ 9210 8770
17 7610 8040 6740
21 7330 : 5600 6860
34 7440 | 4960 4550
37 9760 5690 6860
41 6910 ‘ 4880 4880
48 7480 ‘6075 5610
- 54 7340 ] 6190 4590

60 7570 " 190" 5730

Fig. D.31 COD Data (in mg/l) for Semi-Continuous Reactors at 30°C.

Days from Detention Time

Start : .

(d) C o 10 days 20 days 30 days
0 10810 - - . 10530 ‘ 10750
2 : 10650 9720 10650
7 : 7210 4950 4950 -
12 6760 ‘ 5860 5860

18 6830 5510 5950

22 ) 6330 5460 6770 .
32 6780 5720 5300

.. 40 7310 6150 5390

47 6820 « 6440 7200




he - wr Tm A & At W T - g o e o o e ke e o o n = > - - = . e . s

- 185 -

-
Fig. D.32 pH Data for Batch Reactors:
Temp.= 10°C ' 20°C 30°C
Detention pH Detention pH . Detention pH
Time Time Time
(d) (d) (d)
3 5.0 2 7.2 2 7.8
6 8.2 6 6.6 7 8.3 .
14 8.3 20 4,9 12 , 5.9 .
18 8.3 26 4.4 18 5,9.
25 - 8.3 32 6.0 .
29 8.3 40 5.5
33 8.3 47 5.5
37 7.5
44 5.5
61 5.1
62 5.1
Fig. D.33 pH Data for Semi-Continuous Reactors at 10°C.
Days from _ Detention Time
Start )
(d) ’ 10 days 20 days 30 days
10 7.2. 7.3 7.3,
13 7.0 7.0 7.0
21 6.3 6.1 6.1
25 6.2 6.0 6.0
32 6.2 6.0 5.7
36 6.2 5.9 6.2
40 5.9 . 6.2 6.2
C 44 5.9 5.7 5.7
51 5.8 5.8 5.7
59 5.8 6.4 5.9
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Fig. D.34 pH Data for Semi-Cdntinuous Reactors at 20°C.
- Days from Detention Time
Start
(a) 10 days 20 days 30 days
3 6.0 C 6.0 6.1
6 5.9 5.9 5.8
17 5.7. S.1 5.2
21 6.0 . 5.6 5.7 )
34 5.0 5.9 5.2
37 5.0 . © 5.8 5.2
41 4.9 5.7 5.1
54 4.9 5.3 5.0
60 4.9 5.3 5.0
Fig. D.35 pH Data for Semi—Continuous Reactors at 30°C.
y,
Days from Deténtion Time
Start . — — -
(d). 10 days 20 days 30 days
2 7.7 7.7 7.0
7 8.4 8.4 8.5
12 6.3 6.2 - 6.1
18 5.4 5.9 5.8
32 5.1 4.8 5.1
40 5.4 5.2 5.2
47 4.9 4.6 4,5




..for these variations, which are independent of the treatment

o . " APPENDIX E

CORRECTION OF SOLIDS CONCEETRATIONS

FROM FEED VARIATIONS

\
\ »
“ The feed to the semi—dontrnuOus reactors'was set to have a

constant VSS content of 7500 mg/l. The ratio of VSS to TSS in

. the testing medls not being constant resulted in variations of TSS

ﬁs the volatile matter iﬁ the feed was been “fixed. To account
s

process, a correction procedure was used baseq\?n the assumption
that the suspended solids in excess of the reéctors' start-up
concentra;ions were for the.most part coumposed of inert solids.
and therefore could only.éCCumulate in the reactors.

The corrections were estimated from a mass balance around the
digester és follows : ' . . K

IN - OUT = ACCUMULATION

or in terms of solids concentrations : -

4

RinCiq ~ Q ¢ = V (AC/AT) (D.1)

out out

where (:]._n = différence in TSS betwegnlfeed and start-up

concentrations, mg/l

.

COut = difference in TSS between output and start-up
concentrations, mg/l
AC = C - C
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L

°  with C, .= difference in TSS between reactor and

start-up concentrations at time t+At, .mg/l

. Ci = difference in TSS petween reactor and
B : start—up concentrations at time t, mg/l. "
.

V = reactor volume, 1

Q = flowrate, 1/d.

Equation D.i can be rewritten as :

[

Qin‘At c - Q At C oom V(Ci+ -C.)

in out=. out 1 i

« ‘ ‘ o

vincin - vo'u.tcout - V(C:i.-i-l.*.ci) (sz)

Since the reactors were fed by withdrawing the reactors’ mixed

liquour before addition of feed, C,y ¢ ©207 be equated to C )

»

giving :

V(C.,. .) = (V-7 C.+ V. C (D.3)

i+1 out) i ‘in " in,

The above equation was used tb evaluate the corrections. for
T3S. The \corrections were done by substracting the corrgction
calculat for the previous day from the measured, TSS
concentration. This was done because sampling was performed
during the day while feeding was performed at night.

Total solids (TS) were cérrected with the same values obtained
above. Lack of TS éata for the feed did mot permit an estigation

on the variationé in dissolved solids. However due to the low

* ’

content of dissolved solids and the way the feed sludge was

prepared (l1.e., by decanting settled sludge and diluting to

*

- ) - 188_-
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required concentration with distilled water) variations in
dissolved solids were assumed to have a negligeable effect on TS

variations.

Below are tabulated'the daily feed TSS concentrations and their

respective’ corrections.
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Fig. E.l Seclids Corrections for Semi-Continuous Reactors at 10°C.

Day from TSS , Corrections at detention times of =
Start R feed _ 10 4 : 20 4 30 4
(d) (mg/1) (mg/1) (mg/1) (mg/1)
"'Pl.
0 12400 - - —-—
1 —— J— I ——
2 — —— — ! J—
3 15420 302 151 . 101
4 . 12440 276 " 145 - 99
5 12120 1220 124 86
6 _— 170 104 74
7 15950 508 276 190
8 13700 587 327 : 227
9 13570 646 370 258
10 13530 694 . 408 287
11 12200 605 377 271
12 - 524 ' 348 255
13 —_— 452 321 240 .
14 12860 ) 453 328 . . 247
15 - 454 335 : 255 o
16 - - 454 341 261
17 - 455 347 " 268
18 11860 ‘ 355 302 241
19 —_— 266 260 215
20 15370 536 . 396 . 307
21 1597¢ 840 554 416
22 13830 899 598 449
23 —_— g52 640 482
24 14090 1026 692" 522
25 . - : 1092 742 « 561
26 16000 1343 885 : 663
27 - 1569 1021 - 761
28 i 12630 1435 981 743
29 15630 - 1614 1094 826
30 11650 1378 1002 773
31 ) 15840 1584 1123 862
32 13180 1504 1106 859
33 13730 ' 1486 1117 875
34 11810 1279 1032 826
35 - 1092 951 779
36 - 924 874 733
37 12390 830 830 7.09

38 13740 . 881 855 . 730
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Fig. E.l Solids Corrections for Semi-Continuous Reactors at 10°C.

- (Continuation)
Day from ‘'TSS Corrections at detention times of :
Stare feed - 10 4 20 ¢ 30 4
(d) (mg/1) (mg/1) . (mg/l) ~(mg/1) .
i '
39 14870 1040 936 788
40 12320 928 885 759
41 12210 8l6 831 727
42 - ‘ 716 780 697
43 12570 661 o 758 679
44 - 612 721 662
45 : 12660 577 698 649
46 14230 702 - 754 688
47 — 815 808 + 726
48 11560 649 726 674,
49 - 500 648 623
50 11510 361 571 573
51 —-— 236 498 524
52 11760 149 441 485
53 - 70 387 - 448
54 11780 1 336 412 :
55 - -61 289 378
56 12160 ~79 262 357
57 - -95 . 237 337
58 12740 -52 242 : 337
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'Fig. E.2 Solids Corrections for Semi-Continuous Reactors at 20°C.

Day from . TSS Corrections at detention times of :
- Start : feed 10 4 20 d 3¢ 4
(mg/1) {mg/1) (mg/1) (mg/1) (mg/1)
0 15020 0 0 0
1 15230 - 21 11 . 7
-2 — . 40 20. 14
3 15650 99 51 34
4 - 152 80 54
5 13680 3 9 ‘8
6 - =131 -54 =37
7 - =252 -123 ' -81
8 15030 -226 7 =116 ~78
9 14930 -212 -115 -78
10 16240 -69 -48 -35
11 16200 56 13 6
12 - ' 168 72 45
13 12950 . -109 : -62 ~43
14 12120 -326 -173 -118
15 13500 -445 =240 -165
16 12500 -653 -354 -243
17 12180. -871 -478 =330
18 14460 -~ =840 -482 -337
19 12190 -1039 ~600 =420
20 12040 -1233 -719 -506 R
21 - -1408 -832 -588
22 13800 -1389 -851 . -609
23 11480 -1604 -986 -707
24 13100 -1636 -1032 , -747
25 15680 -1406 -948 -701
26 11060 -1662 ~-1098 ~809
- 27 — -1891 o —~1242 -914
28 — -2098 ~-1377 -1016
29 15900 -1800 -1265 -953
30 - - -1532 -1157 -891
31 " 13040 -1577 -1198 -928
32 © 11800 -1741 -1300 -1004
33 - 12430 -1826 ~1364 -1057
34 12340 " -1912 -1430 =1111
35 11930 . =2030 -1513 -1177
36 - -2136 -1592 -1241
37 15210 -1903 -1503 - =1193

38 15940 -1616 =1379 -1121
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Fig. E.2-Sojids Correctidns for Semi—Continuous Reactors at 20 °C.
. = );,(Continuation) .
Day[%rom ‘ TSS Corrections at detention times of
Sifpt feed 10 d 20 d - 30 4
(dg/1) (mg/1) - (=g/l) - (mg/1) (mg/1)
39 16000 -1356 -1261 -1051
40 12240 -1499 -1337 -1109
41 12140 . -1637 -1414 -1168
42 15500 -1425 -1319 -1113
43w 11980 -1587. -1405 -1177
44 11310 - =1799. ~1521 -1261
45 16000 -1521 -1396 -1187
46 15780. -1293 -1288 -1122
47 11350 -1531 =1407 -1207
48 11580 -1722 -1509 - -1281
49 12960 ~1755 -1536 -1307
50 12210 -1861 -1600 -1357 .
51 11620 -2015 -1690 -1425 ‘
52 11670 -2148 - =1773 -1489
53 . 11660 -2269 -1852 .  -1552
54 15530 -1992 . —1734 -1483
55 - 12370 -2057 -1780 -1522
56 14530 -1901 -1715 -1488
57 15110 " =1702 -1625 -1435
58 (11730 -1860 -1708 -1497
59 12800 ~1896 -1734 -1521
60 -_— -1929 -1758 -1544




Fig. E.3 Solids Corrections for Semi-Continuous Reactors at 30°C.

Day from TSS Corrections at detention times of
Start. feed 10 4 20 d . 30 4
(d) (mg/1) (mg/1) (mg/1) (mg/1l) =
0 _ * 0 0 0
1 - 13400 69 59 53
2 12320 23 61 68
3 12140 -36 ' 54 76
A —_ -90 47 84
5 13240 -28 .. 96 - 129
6 13400 49° 150 177
. 7 12670 ) 36 - 165 199
8 12600 21 176 219
9 - "8 186 238
10 12620 -2 197 - 257
11 12300 - -43 191 269
12 12490 -60 195 278 .
13 12650 - =60 207 296 .
14 - -60 218 314
15 12630 -62 227 331
16 _ -64 237 347
17 12880 -41 258 370
18 12820 -26 275 391
19 12790 -15 290 411
20 12870 3 308 432
21 — 18 325 453
22 14120 - 157 403 514
23 — 282 478 574
- 24 - 395 549 631
25 . 14380 523 630 695
26 S — 637 706 758
27 - 741 ‘ 779 818
28 14020 798 830 T 864
29 — 849 879 908
30 . 14040 897 926 952
31 11700 706 853 916
32 11600 525 780 878
33 —_ 361 710 842
34 12880 392 707 849
35 — 325 705 856
36 : - 309 703 863
37 12850 292 699 868
38 —_ 277 696 974
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'Fig. E.3 Solids.Correctioms. for Semi-Continuous Reactors at 30°C.

(Continuation)
Day from TSS Corrections at detention times of :
Start feed ) 10 d . 20 d 30 d
(d) (mg/1) (mg/1) (mg/1) (mg/1)
” " &
39 _ . 263 692 879
40 13210 287 707 896
41 -_ © 308 721 913
42 - . 328 . 735 928
43 13210 395 748 944
44 o 360 760 959 - )
45 - 374 771 973
46 . 12800 346 : 762 973
47 ’ - 320 753 974
48 «12910 308 749 977
49 - 297 © 746 981
50 - 288 . 744 985
51 13100 - 298 . 750 : 995
52 _— 307 757 1004
53 13200 ’ 325 768 ) 1017
54 ' - 342 779 1020
55 —_— 357 789 1041

/

For this run the three reactors had different initial
TSS concentrations but were fed with same’ feed sludge.
The initial TSS concentfations were : .12710, 12220, 11820
mg/l at 10, 20, and 30 days detention time respectively.
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APPENDIX F

; ~ CORRECTION-OF BVSS -

FOR SOLUBILIZATION FROM CELL LYSIS

Variations in TDS and FSS with detentlon time were presented in

Figure 6.4. The variations,indiéated that a large portiom of

ot

cellular solids had beern solubilized and not metabolized. To
account for such reductions in suspended solids a corréétion
procedure was used based ;n the assumption that for a specific
detention time, the amount of BVSS solubilized could be
approximated by the difference between TDS increase and FSS
decrease from their initial réspective values.

The corrections were estimated from the equatioms :

BVSSci = BVSSi + ABVSSi | (F.1)

with
BV’SSi =-A'I‘DSi -AFSSi (F.2)

and
A'I.‘DSi = .'I‘DSo - TDSi (F.3)
/_\FSSi = FSSo - FSSi {F.4)

wﬁere BVSSci = corrected BVSS concengrations at detention time
t = ti’ ng/1

BVSSi - uncorreq&gd BVSS concentration at detention time

t o= t,, ng/1l

ABVSSi = correction for BVSS at time t = t ng/1

i,

’

L-
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A TDSi = change in TDS from t = 0 to ¢t =ty mg_l
A FSSy = change in FSS from t = 0 to t = ty» o8/
TDSO = initial TDS concentration, mg/l

TDSi = TDS concentration at time t = ti» mg/ 1

FSS = initial FSS concentration, mg/l

FSSi‘- FSS concentration at time t = ty» mg/1

The plots presented in Figure 6.4 were obtained from least

squares approximations with polynomialsjof second degree. Values

for TDS and FSS-in above equations were obtained from tﬁese

plots. Figures F.l and F.,2 summarize the corrections performed.

e



Fig. F.1 BVSS Corrections for Batch Reactor at 20°C.

Detention BVSS TDS _Fss - A BVSS .BVSS
Time el
(d) (mg/1) (mg/1) (mg/1) (mg/1) - {mg/1)
0 4900 0 4515 - 4900
2 3260 365 4320 170 3430
6 1730 1190 3980 655 2385
13 . 370 2015 3535 “ 1035 1405
20 30 2050 3285 820 850
26 230 2050 3220 755 985
30 S0 2030 3260 795 845
Fig. F.2 BVSS Corrections for Batch Reactor at 30°C.
Detention BVSS DS FSS A BVSS BVSS
Time . ci
(d) (mg/1) (mg/1) (mg/1) (mg/1) (mg/1)
0 4770 790 4960 _— 4770
1 2860 - - — 2860
6 1220 775 4860 - 1220
11 790 780 4780 —— 790
16 640 800 4720 - - 640
21 720 840 4670 -_ 720
33 0 1005 4595 15 15
. 39 510 1125 4585 100 610
46 10 1300 4590 230 240
55 1 1565 4640 440 440






