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SCOPE AND CONZIENTS:
Using soluble organic carbon in the form of glucose as a
growth limiting nutrient, the kinetics of mixed microbial populations
(mainly bacterial in content) were studied using completely mixed batch
and continuous biochemical reactors, in order to determine if kinetic

» o,

data obtained from these two processes is identical and reproducible,

W8

Significant differences were found in the metabolic activity of

of bacteria growing in batch and continuous culture; also periods of
continuous culture wers found to alter the kinetics of subsequent
batch cultures., Simultaneous batch experiments and consecutive batch
experiments were found to be substantially reproducible with respect
to kinetic data, but inconsistency was obtained in continuocus culture
xinetic data. The degree of dispersion of the bacteria was also
found to be different in baitch and continuous culture; continuous
operation gave rise to dispersed growth of bacteria, whereas batch

operation gave rise to. flocculent bacterial growth,
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The eppilcation of wavon dadta to The design of continucus sysiems
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s Imsortant exampie of <his is in reactor design, where rate constants

experiments are used to predict the performance of

lzny continuous cremical engineéring processes can os deslgned
assumption is that for =
fixed set of external conditions, changing from batch operation to
convinuous operation does not alter the physical properties: for example,

ate constant for a particular chemical reaction will be identical in

natural selection epplies, and only the microorganisms which can adapt
themselves to a glven environment wiil predominate. For this reascn, the
microorganisms which grow in a batch unid may be significantly different

from those whaich grow in a continuous unit,

The treetment of waste waler by microorganisms can be represented

P~ P B 7
) bo;uu%e 7 CCz2 —+ H20
Y Crganic 02 (-
Microorganisms + \ Pollutant ¢11L§
-+ Nutrients ‘ New microorganisms
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A waste treatment process kacwn as the activated sludge process incorp-

ii) in the above scheme take place simulian-
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eously., keaction (i) is the process of oxidative metabolism and results

to the microorganisms. Heaction {ii) is a process
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of microblological growthr brought abocut by the conversion of carbon and
basic nutrients to nsw microorganisms,

'Y

The inherent aifficulties of such a process are:=

(1) the nature of the soluble organic pollutant may vary.

{2) if the nature of the waste varies, the properties of the

microcrganisms mey also vary.

(3) <the excess bacteria must be removed (usually by settling).

{(4) the bacterial population must be suificiently active to

produce an effluent with the required degree of purification.,

(5) the rate of reaction is dependent nct only on the concentra-

tion of pollutant, butl also on the concentration of microorganisms.

The microorganisms which are used in continuous waste treatment
are in mixed culture, i.e, the population consists of several diirerent
types oi bacteria. This is beceause the variety oi pollutants in waste
water encourage the growth of many different types of bacteria in
addition to the microorganisms which are introduced tc the process by
virtue of the feed being non sterile, In order to design a continuous
waste water treaiment process, kinetic data specific to the waste and

the microbial population must be obtained in the laboratory. At present

it is not clear whether this should be carried out in a bench scale
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ing to Stack (2), is that it affords az speedy and simple technique; i

[¥8
O]

disadventage is Tthat 1t cannot be used when the waste %o be treated

3

i these properties in any one waste would

iostatic or toxic, althouz

Lo}

also present considerable problems in a continuous process. Stack (2)
tses data taken from a balch process to design a continuous unit, and
assumes that the amount of pollutant removed at eguilibrium is a
constant multiplied by the concentration of pollutant., Busch (21, 22)
points out the dangers of meking such an assumption in design; the process
should be designed to give a fixed pollutant concentrastion in the effluent,
and not on a percentage removal of pollutant.

The crux of the problem in applying batch biological rate data
to continuous systems design, is in finding an expression which relates
the growth of bacteria (in terms of cell mass and time) to the rate of
renoval of limiting nutrient.

The most widely used growth exgression is that of Monod (10).
This exzression i1s based on a model which assumes the formation of a
complex enzymatic intermediate, the net rate of accumulation of which
is zero at steady state. This model has been verified for batch
and pure cultures by Herbert (11) and Novick (16). Monod's specific
growth rate is the product of an inverse function of nutrient concentra-

tion, and a maximum growth rate, which is fixed for any biological system,

4.


http:assurr.es

snother less coumon growih cxpression is that of Teissier (32).

wdicates that the growth rate at any time

is the product of an exponential function of limiting putrient concentras-
tion ard a maximum growlh rate, which is again fixed for any one blological
system, Contois (12) disagrees with lMonod and Teissler and suggests that
the important parameter by which growth should be nmeasured is not cell
mess, but population density; not only the mass of cells but also the
culture volume available to them should be considered, His ideas ere

.

verified experimentally, and his results indicate significantly different
growth expressions from those of Moncd. ZIaidler (13) and Hinshelwood (8)
provose several models of comsscutive enzymatic reactions. These are not
verified experimentelly however,

It has been assumed in all the work on the growth and chemical
kinetics of bacterial cells mentioned thus far, that tﬂe rate of growth
is lirited by a single-nutrien% whether it be organic or inorganic, When
the concentration of a particular nutricnt becomes limiting, the bacteria
can only grow as fast as they can absorb that nutrient. Since bacterial
matabolism is a process consisting of many intermediates, it is conceivable

thet the rate limiting nutrient could be a different chemical compound,

depending on the stage of the metabolic reaction. It is unsound, therefore,

g8
to trace experimentally the specific growth rates in terms of a unique
compound, and in the majority of cases organic or iﬁorganic elements have
been used as growth factors eg. carbon or nitrogen.

Monod, Teissier and Contols indicate that the expressions which

they derive are equally applicable to batch culture as they are to contin-



ne expressions have only been verified, however, on pure
cultures of becteria,

The hydraulics and dynamics of continuous pure cultures have
been extensively investigated by many workers, notably Herbert (11, 24),
Novick (16), ¥artin and Washington (7) and Schulze (3).

The basls of continuous completely mixed culture investigations

llowing mass balance on a continuous culture unit,

Rate of change Lmount produced Amount removed
of bilomass = per unit time by - per unit time due
concentration growth to hydraulic removal

At steady state the left hand side of the above expression is zero and
the specific growth rate of the bacteria is equal to the amount of
bacteria removed hydraulically per unit time, provided the system is
completely nixed,

Thus the rate of bacterial growth can be controlled by the rate
et which the fluid isAwashed out? provided sufficient nutrient is present.
Varying the detention time, and hence effluent concentration, enables
specific growth rete to be obtained as a function of nutrient concentra-
tion,

Spicer (19) provides an interesting mathematical analysis of a
pure culture system, operating at equilibrium, which is suddenly subjected

Iuctuation in feed concentration; the direction in which growth must

Iy

to a
tend to restore equilibrium is predicted theoretically. Other theoretical
studies of interest are those of Eackmen, Frederickson and Tsuchiya, (4)
which predict statistical cell age distribution in growing cultures.

In the mass balance on a continuous completely mixed pure culture
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unit, the most widely used expression for the
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vroduced per unit time¥ is the

by Hovick and Herbert. Schulze (3) favors the Teissier expressioa. He

lMonod expression, end is used extencively

has showa that there ls significant difference batween the maximum growth

rates ovteined in a batch culture of Escherichia coli, and the maximum
growith obiained in a continuous culture. This difference is said to be
due to
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s belance is based on the assumption of instantanecus
mixing in the growihk chamber...., 1t is reasonable to expect that the
experimesntal apparatus will only approach these conditions."

Bk

-
[t
.
w

b
3

1
¥

P

Washington (5, 7) has pointed out that am important facter in
considering the mass balence on a continuous unit, is the decrease of
microbial population due to death, although this should be negligible

in a centinuous culture where nutrient 1s being introduced at a steady

rate,
Yashington's work is carried out extensively on pure cultures,
and he justifies this by the following statement:-

"pacteria are the predominant organisms in activated sludge
processes, and it is assumed that the overall pby51ologlcal properties
f mixed cultures found in activated sludge systems will, in general,

be similar to the properties of pure cultures of bacteria,®

Pure culitures of bacteria have been widely used in waste water
treatment research, primarily on the assumption that properties which
apply to pure cultures can be applied to mixed cultures.,

Garrett and Sawyer (9) in an excellent paper published in 1952

out that:-

ct

poin

in e mixed culture it can be expected that there will be
organisms present that can utilise the end products of other organisms,
so that when g*owth ceases there will be very little soluble organic
natter remaining,”



Experiments were therefore conducted by Garrett and Sawyer, to
deterxzine whethsr or not the kinetics of removal of a given nuirient
he same relationship that has been found to

e utlilisastion of individual substances by pure cultures of
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erred in thelr work that batch techniques are not
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ently accurate to predict growth when nutrient becomes limiting.
Their results show that the rate of growth of bacteria is directly

portional to the guantity of nutrient remeining, up to 2 critical

i

pro
concentration, above which it is constant and independent of nutrient
concentration; i.e., 1n & mixed culture of bacteria the specific growth
rate is related to nutrient concentration by a linear relationship.
Thus the expressions of Teissier and Monod, according to Garrett and
Sawyer, do not apply to a mixed culture system, Busch (21), using a
rate of soluble organic removal per unit mass of bacteria as growth
paraneter, also indicates a linear relationship between his "unit
oﬁidation rate' and nutrisnt concentration, and concludes that in a
completely mixed system:-

Uoxidation rate is a function of eiffluent quality and can be
determined from batch data, bul the organisms utilised must be represent-
ative of the prototype population.”

This refutes an earlier statement by Busch (25) in which it is
stated that:-

for systems of the type

studied, mathematical extrapolation
of batch unit data to continuous unit &

design is not practicable.”
Bungay and Krieg (14) also further confuse the issue by stating:-

%Bateh studies of mixed cultures will not be reviewed becauses the
medium changes constantly and greatly complicates interpretation of data.”
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activated sludge process, where

(crganic carbon) is invariably

A reactors versus conbinuocus

reactors has been carried out by Slezak and Sikyta (27}, in which it is

said that the various stages ol the baltch microbial degradation oi organ-

a

ics can be simulated in

with different residence times,

series ol continuous stirred tank reactors

Tne nutrient variations in a batch

reactor with time should be represenied by nutrient variations with

distance in a plug flow reactor., Tails

caltur

may well be applicable to a pure

e process, vult In a mixed culture process this would result in the

predominance of one group of bacteria in az particular reactor, and the

inherent mutualistic relationships of
would be eliminated,

Gaudy et

g nixed culture batch reactor

al, (20) ircicate that a continuous culture unit is

useful for keeping a mixed culture of bacteria in a phase of constant

metabolic and physiologlcal activity, and that bacteria removed from

such a culture would be ideal ror use in a batch test, although tney do

not attempt to predict the performance

data,

£n interesting point arises from their work, however,

of a continuous unit from batch

By using

gluccse, a nuitrient readily absorbed by most forms of bacteria, they

-were able to simulate the bacterial population of an activated sludge
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Tihe growth of a batch pure cullture, given an excess of nutrient
can be repressnied by ithe following graph of viable cell numbers versus

time,

NU?V?BER OF | | | I
j I ] 1
VlABLE | ! 13 !
! ! . '
1 | & i
CELLS 1 ac |LoG -
lerowTr/ ' ' 2 '
' | ] (ﬁl — 1
PHASE PHASE [/ | &I < |

| &, © & | ENDOGENOUS

|2 ol £ T, RESPIRATION

IE El S | PHASE
l:) Egl < |
- 'z 0] = |
TIME

This occurs when the bacteria become acclimatised to the nature
and concentration of nutrient., In this phase vhe bacteria absorb large
guantities oi nutrient but muliiplication of bacteria by cell fission

is negligible,

11,



1z,

/5 S iR
\.{.) PHLSE
This immediately follcws the lag phase and is characterised by

the bacterial population doubling in successive equal generation times,
the methematics of the log growth phase are simples~ the rate

e of bacterial mass is proportional tc the mass of bacteria

present
am 1 dm
~- =km Or = == = k = SPECIFIC GROWTH RATE
Q< m ac
This states that the rate of change of bacterial mass per unit cell

. ® '

nass is constant, provided that the nutrient is not limiting, As soon
as the nutrient becomes limiting the growth curve enters phase (3)

(3) BUTRIENT IIMITING PHASE

This phase 1s a period of growth where the specific growth rate
is gradually decreasing.. This can be seen from the growth curve, whers
the gradient slowly approaches zero,

The nutrient concentration is also being reduced to zero during
this phase, so thal further growth of bacteria cannot occur.

Michaelis and Menten 1914) have proposed a kinetic model for

this period of growtih

Xy ks
E+ S =1 — P+ E
Ko
i.e. Engyme -+ nutrient — intermediate — 5  products

enzymatic complex
Assumptionss-
(i) One enzyme active in the reaction
{i1) This one enzyme acts on only one nutrient

(iii) The nutrient is in growth limiting concentrations.



Net rate of production of intermediate =

%i— = kK1ES - koI - k3I

the enzyme concentration at any time is equal to the initial

enzyme concentration minus the concentration of the intermediate

i.,e.: E=E, - I
0 al
At pseudo steady state IE - 0
: k1E.S
I = 0
ko + kg + kS
ar _ k1k3EOS
EE_k3I=
ko + k3 + kS
_ k3EOS
km + S

Where km = L}ig...j-__k.ﬁ_)_

ki
Also %% = k3E0
max
dp
dp _ & max'®)
dt (k_ + S)
m

i.e. 'the rate of product release is related to the conceniration of nutrient
at any time, and also to the maximum rate of product release possible under
the given conditions. Monod observed qualitatively that specific growth

rate was relate%lto n%%rient concentration by a similar relationship:-
max

km +(S)
It is felt that the assumptions made in the above derivation would be

K =

inapplicable to the growth of mixed cultures or bacteria, and a more important

parameter in the case oif a mixed culture process would be the rate of removal



n crder to e useiul in the field of waste

water utreataent, should stili be expressed as a function of limiting

b3

nuirient concentravion, but it is doubtful whether the mathematical

relationship beitwesen these two variabdles is of

0

U

L linear relavion was indalcated by Garretv and Sawyer (9), whose

evaluations ol rate data were made on & conitinuous unit.

ecsponds vo a complete depletion or available nuerient, <The net rauve
of growth of bacteria is zero., unls is Iollowea by:-

TN e, AETNTATTE TR A YT YT
DOERNQUS R PIAATLION

“his phase results in a gradual decrease of bacterial rumbers
due to autclysis, or self digestion of the bacteria, Viable bacteria

o utilise non viable bacteria as nutrient, It is possible-

ch

ere zble

to keep bacteria in the endogerous respiration phase for long perilods

the same fornr 2s Honod'ls.,

ws the nuurient limlving phase, and corr-
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anm _ .
A\ d‘_E' = a (mo - I'h) + KmV
K = specific growth rate
At steady state %% = 0 and if the feed is sterile, my =
K =4
\Y

i.e. only the bacteria which have a generation time less than or equal
to the detention time will remain in the reactor. The rest will be
removed hydraulically, Similarly the rate of removal of nutrient st

steady state can be evaluated using a nutrient balance:-

as _
= = q(S, - 8) - RmV



R is the rate of nutrient removal per unit time per unit

mass of bacteria.

At steacy state g% =0
(8 — S)

16.



Using pure cultures of bacteris, and the theoretical ideas de-
veloped earlier, the use of batcn data to predict the performance of a
continuous completely mixed unit has been proved possible in several
instances, (10, 11, 12, 15, 16). Uhen mixed cultures are used the
picture is more confused; Busch (21, 22) indicates that batch cultures
can be used to predict the performance of continuous units, provided
that the cultures used are of similar metebolic characteristics., This
assumes that bacteris which predominate in batch mixed culture units can
be reproduced in continuous units., Gaudy et g&.(ZO) suggest that mixed
cultures taken from a continucus unit would be ideal for study in a
batch unit. This again assumes that the nature of the population does
not vary when changed from one type of culture to another. In an attempt

to elucidate some of these questions, the batch and continuous growth

kinetics of a nixed culture of bacteris will be studied on the basis of

1) Suspended solids concentration

2) Soluble organic carbon concentration

3) Time
in order to determine:-
(1) if there is a difference in bacterial kinetics when cultures are
grovni in batch and continucus units,

(2) if there is a difference in the types of bacteria which predominate

17.



in batch and continucus culiura

Lo

(3) if the kinetics are altered by shifting from
corntinucus culture and back again,

[EN

(4) if batch or continuous kinetic data

batch culture to

s reproducible in itself,
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5.1 EXFRRIMINTA 2PN

3 Sl Dot
5,1,1 Batch Rszctors

bateh reactor, shown in Figure 1, consisted primarily of an
ercolator, the base of which had been cut away, and an

B

tached in its place., The cross

Qu

inverted sintered glass diffuser at
sectional ares of the diffuser was approximately the same as the cross
ctional area of the base of the percolator, When air was forced

hrough the diffuser complete mixing of the aeration chamber was achieved

ck
lax

and the possibility of microorganism build up in badly mixed sections of
the reactor was eliminated. Air was found to provide adequate mixing
of the reactor contents without additional mechanicdl mixing,

each of the three batch reactors was located

RN
=

The sampling point
at the 6 - litre level, where a small glass neck was fitted to the side of
the reactor. The sampling tube itself was a pilece of 4" 0.D. glass tubing
fitted into a rubber cork in the neck on the side of the reactor., The
tube had a right angle bend in it, so that it sampled from a point well
ingide the reactor. The sample was drawn off by a syphon controlled by
a screw clamp.

In order to D‘eVuﬁt a solids bulld up on the sides of the reactor.-
above the ligquid level and loss of reactor contents by evaporztion, the

following modification was made to the reactor, A plastic funnel was

cut so that its diameter was just less than the maximum dismeter of the

19,
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FIGURE 1. BATCH REA
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vercoletor, This funnel was lined with teflon
rin wes encircelced by & pilece of thick
lengthways, so that waen the funnel was pressed
avove the liguid level;, an airitight seal with U
This arrangement was to minimize bulld
inside wall of the percolator, Evaporation

©
pto

of the funnel the only path for air passing

The continuous reacter was identical in

v

<1,

water cooled condenssr to

ight seal around the side
of the reacltor was up the

of water vapour in the

the reactor,

construction to the batch

reactor, the difference being in the sanple take-off, and the absence of
a condenser. The effluent wes taken off at approximately the 6 - litre

el through a glass "Y¥ - piece (3"
I.D.

end block the tube (See Figure 2).

inside the reactor, and a representative sample

was wasted continuousl

Continuous Reactor

S T e T
! Systen For The

It was decided that mechanical pump
concentrated nuirient solution was the
The

flow of rutrient into the reactor.

the reactor using a Sigmamotor pcristaltic pump

I.D.). The

ing of

"Y" pilece was nmade of

tubing so that there was less tendency for the solids to clog

This eliminsted build up of solids

of the reactor contents

dilution water and

best method of ensuring a steady

diluvion water was pumped into

(MODEL T-6-S). The
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concentrated nulrient solution was puiaped into the reactor by a
isplacement pump (Model ES-1) whkich

was powered by a D,C, source, For detalls of the contents of the

4 constant supply of air to the reactor was reguired, btoth to
orovide an adequate dissolved oxygen level (approximately 6 mg/L), and
a high degree of mixing., The air was suppliied by the 30 p.s.il.g. air

PN

line in the labeoratory. In order that any particles of dust in the air

o,

did not pass into sintered glass diffuser and clog it, the air was first
filtered through glass wool; also as an extra precaution against evapor-
ation of reacltor contents, the air was then presaturated with water prior
to entering the rotamsters, where it was metered continuocusly using

individual czlibration curves,

A schematic diagram of the apparatus is shown in Figure 3.
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Semples (approximately 40 ml) were taken from the batch reactor

by opening the stop valve on the sampling line, and allowing the liquid

o

Semples from the continuous rsactor were taken both from the

O3
1

actual reactor contents and also the effluent, to ensure that any solids

bulld up in the reactor could bs detected,

in the following way. & Cellman millipore filter (47 mm dismeter, 0.45
micron pore size) was washed by drawing distilled water through it, using
Millipore vacuum filtration apparatus: 10 to 20 ML, of distilled water

Y

was usually sufficient for this purpose. The filter paper was then
placed on an aluminium weighing dish, and allowed to dry for at least

ne hour at 40°C in an oven, The filter paper was then welghed with the
aluminium dish, and once more placed in the vacuun filtration apparatus.
4 lmown volume of culiture was then filtered through under vacuun, The
solids collected on the filter paper, and the filtrate passed into a
clean Erlemmeyer PlasA._ The filter paper was then placed in the same
aluminiun weighing dish, dried again, and weighed, The difference in
he two readings gave the weight of suspended solids.

The welghings were carried out on & Mettler balance (Type H15)

which could be read to the nearest G.1 mg.
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ary test tube and stored in the refrigera

concentration of the filirate was then determined using a Beclimann infra-
red enalyser (1ODEL IR315) in the following way.

1. b - 3

formance of the carbon analyser was Ifound to vary from day
o day, & standard solution of sodiwuz oxalate was found to give readings
which differed on successive days by as much as two divisions on a 100 -
division scale, depending on the gain being used. The following procedure
was thercforc adopted.

The sazmple to be analysed was trsated with a few drops of

*

concentrated hydrochloric acid to remove any carbon present as inorganic

carbonate, It was then strippsd with argon for five minutes to remove
carben dioxide, and successive 20 microliter injections of the sample
were made inlto the analyser until four readings differed by less than two

»

divisions., Two standard solutions were then taken, stripped of carbon
dioxide, ard 20 microliter injections of these were put into the analyser.
The standerd solutions were chosen (see Appendix (iii) ) so that their
scale readings straddled the reading of the unknown sample, It was
arranged that the standards were as close together as possible in carbon

content (differing by 25 mg/liter usually), so that a linear interpolation
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ngs given by the two standards could be made, The carbon
concentration in the unknown sample was then calculeted assuming a linear
£it between the readings given by the standards,

The strength of the standards used varied depending on the

concentration of the unknown sample, and also on the gain used on the
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The pH of the reactor conitents was measured at intervals using

3 . \ . =
expended scale pH nmeter (model 75). The instrument was

calitrated before use, using a2 phosphate buffer solution of pH = 6.86

Microscopic examinaticns were made at intervals during the

-3
0]

g
i

experiments. cbservations were of a purely qualitative nature, No
attempt was made to make & count of the bacteria present, Photographs
were teken on runs B22 and C6 (Figure 16).

5,2,6 Settling Tests

Cn several occasions during the course of the experimental work
the air to one or &ll of the reactors was shut off and the culture allowed

to stand for 30 minutes. The settling vroperties of the bacterial

o]

suspension were estimated £ the volume of settled floc at the bottonm

H
o
15

of the reactor. OCnce again the observations were of a purely qualitative
nature,
5.2.7 Dotermination of Continuous Reactor Feed Rate

was used to pass the
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concentrated nutrient solution invo the reactor. Under a P.D. of 12

volts, and a current of 1 amp, this pump was found to have a cycle time
of 2.66 m¢nutcs, the total flow rate of nutrients into the reactor were
timed over one complete cycle of this pump., A carbon analysis was made

ga the liguid collected, in order to determine the inlet carbon
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Throughout the period of experimentation readings on the rotemeters
were meintained which corresponded to an air flow rate of 6000 ml/min at

N

Jass diffuser becare clozged
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he air line was insufficient
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to give the recuired flow. To remedy this, concentrated sulphuric acid
was poured into the emply reactor, and this was found to clean the sintered

glass efficlently.
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Batch runs were carried out simultaneously on the three batch

('!

reactors,

4 bateh run was commenced by equalizing the carbon and solids
concentrations in the three reactors by mixing the contents of each
together. The mixture was then inoculated with a suitable amount of
mutrient and the mixture redistributed equally into the three reactors,
Readings of carbon and solids concentration were made at half hourly
intervals until the carbon content showed no appreciable change on
successive readings (usually after about é hours). Readings of pH
were‘normally taken at the beginning and end of the run. Microbial

]

examinations were made during the run,

It was usual to reincculate the reactors with fresh nutrient at
the terminstion of a run, so that the next run could continue directly
from the end of the previcus one, The reinoculation was done without
equalizing the carbon concentrations.

-4t the beginning of a batch run a test was made on the filtering
properties of the bacterial flocc. If it filtered easily 20 ml samples
were used in the subsequent runj; if it did not filter easily 10 nl
samples were used, This wés a necessary precaution becauss the filtration

had tc bz complete by the time that the next sample was taken, and

filtering times greater than 4 hour could not be tolerated.



rhese were carried out in one reactor., A& nutrient solution of
fixed carpon concenitration was passed into the reactor until steady state

was obltained i.e, effluent carbon and solids concentrations did not vary

ihe procedurs consisted ol alliowing the continuous reactor to be
operated for two days, and then readings of effluent solids and carbon
concentration were taken at daily intervals until two successive daily
readings were subglantially constant, ‘lhese values were taken as being
the steady state values,
. I'ne method of znalysis of batch and continuous data is deseribed in

Appendix (iv).
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continuous runs made at ecach stage, Where three batch run numbers are
bracketed together, this indicates that three simultaneous runs were made,

Two or three seis of bracketed run numbers, at any given point, indicate

that two or three runs wers made consecutively in each of the three

For details of the nature of the initial inoculum see Appendix
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6.2 Simultaneous Batch Runs

Figures 5 and 6 indicate typical values of raw and smoothed data
(See Appendix (iv) ) teken from three batch reactors run simultaneously.
The solids concentrations show & tendency to_go through a maximum,
indicating the transition from the nutrient limiting phase to the endogenous
respiration phase, The carbon concentrations all vary in a similar manner
until the endogenous respiration phase occurs; the change of carbon
concentration with time is then effectively zero. The unit carbon removal
rates, calculated from the above data, are plotted as functions of soluble
carbon concentration, and are shown in Figure 7. The rate curve is
substantially the same for éach of the three runs. The rate curves indicate
that there is a positive value of carbon concentration, approximately 20

mg/L, at which the unit rate of removal of carbon is zero.
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6.3 Two Consecutive Batch Runs

Figure & indicates raw and smoothed carbon and solids data tzken
from two consecutive batch runs made on one batch reactor. The initial
carbon concentration at the beginning of each run is approximately the
same, The graphs of solids concentration versus time seem to indicate
that the culture passes from the nutrient limiting phase to the endogenous
respiration phase in both cases, The carbon concentratioh on the second
run shows a more rapid decrease than in the first run, This is due to
the increased bacterial concentration at the beginning of the second run.

The graphs of unit removal rate versus cafbon appear to be
substantially the same for both runs. There is again a positive carbon
concentration at which the unit carbon degradation rate is zero. This
value is approximately 20 mg/L which is the same as the value obtained

from the three simultaneous batch runs. (See Figure 9)
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6./ Three Consecutive Batch Runs

Figures 10 and 11 indicate raw and sﬁoothed carbon and solids
date taken on three consecutive batch runs, The carbon concentrations
at the beginning of each run are different. The first two batch runs
are reinoculated with carbon before they pass into the endogenous
respiration phase.r This manifests itself on the first two rate curves
(Figure 12) where the unit carbon removal rate does not reach zero. In
the third batch run, the curve of solids versus time appears to go through
a maximum, This may be due to the bacteria passing into the endogenous

respiration phase, which results in a zero value of carbon removal rate,
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6.5 Unit Rate Variations for Culture A

Figure 13 shows the variations in the unit rate of removal of
cerbon exhibited by the initial culture at different stages of the
experimental schedule, The points.labelled C2, C4 and C6 are the steady
state unit rates of carbon removal at which the continuous cultures were
operated, The arrowed dotted lines indicate the direction of transferr-
ence of the culture,

Runs C2, C4 and C6 were operated at detention times of approximately
10 hours, 7 hours and 7.5 hours respectively. The inlet carbon concentra-
tions were approximately 550 mg/L on runs C2 and C4, and approximately
475 mg/L on run C6,

From the values of detention time, it can be seen that the specific
growth rates in runs C4 and Cé should be almost the same, both being
- greater than the specific growth rate in run C2. Theory indicates,
therefore, that there should be a greater chance of a particular bacterial
species remaining after run C2 than after runs C4 and C6. The subsequent
batch run, B7, made directly after run C2, indicates that the unit rate
of carbon removal is considerably higher than either of the other two
batch runs shown.

It could be inferred from this that the greater the chance the
bacteria have of remaining.after continuous culture, the greater is their-
metabolic activity during subsequent batch culture. However, it can also
be observed from Figure 13 that:=-

(a) the unit rate of removal of carbon exhibited by the initial
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inoculum shows a tendency to be increased by subsequent continuous
culture,

(b) in two out of three cases, the continuous culture operates
at higher unit rates of carbon removal than does the preceding batch
run operating at the same carbon concentration.

Thus, from figure 13, continuous cultures appear to be more
efficient than batch cultures with respect to carbon removal, but they may
eliminate bacteria which are important'to the mutualistic processes of

the batch operation.
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6.6 Unit Rate Variations for Culture B

Figure 14 represents the unit rates of carbon removal exhibited
by culture B at various stages of the experimental schedule. The initisl
culture was first operated in a continuous unit, as opposed to culture 4,
which was first operated on a batch unit.

Continuous run numbers Cl, C3, C5 and C7 were operated at detention
times of approximately 10 hours, 10;5 hours, 7 hours and 8.5 hours
respectively. The inlet carbon concentrations were approximately 575 mg/L,
450 mg/L, 530 mg/L and 375 mg/L respectively.

The values of detention time indicate. that the bacteria in run
C5 have less chance of remaining in the continuous reactor than the bacteria
in runs C3 and Cl. From the discussion of figure 13, it was inferred that
the higher the detention time in continucus culture, the higher is the unit
removal rate in subsequent batch culture. This would suggest that batch
run B28, following continuous run C5, would exhibit a lower umit rate of
carboﬁ renoval than batch runs B4 and Bl19,

This is not the case, however. Batch run B28 (following continuocus
run C5 on a 7 hour detention time) exhibits a higher unit rate of carbon
removal than does either batch run B4, (following continuous run C4 on a
10 hour detention time), or batch run Bl9, (following continuous run C3
on a 10.5 hour detention time). ’ .

From Figures 13 and 14, therefore, there would appear to be no
consistent quantitative relationship between specific growth rate in

continuous culture and the variations in unit carbon removal rate during
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subsequent batch culture, However, as can be seen from Figures 13 and

14, periods of continuous operation éo tend to increase the unit rate of
removal above that exhibited by the initial culture. ‘lhe rate of carbon
removal in continuous culture is generally higher than that exhibited by

a batech culture operating at the same carbon concentration.
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6.7 Batch and Continuocus Unit Rates

Figure 15 gives an overall picture of unit rates of carbon
removal obtained from batch and continuous experiment during this study,

The batch rate data shown are those which correspond to the
steady state carbon concentrations obtained from a continuous unit.
The'unit rates of carbon removal exhibited by a continuous culture are
compared only to the batch unit rates which immediately precede and
follow that particular continuous culture. The curve shown is the best
approximate fit through the batch data,

The unit rates of carbon removal exhibited by continuous cultures
are erratic but mostly significantly higher than unit rates obtained from
batch cultures operating at the same carbon concentration. The reascn
for this could be twofold.

Firstly, the bacteria which predominated in continuous culture
were highly dispersed, whereas bacteria which predominated in batch
culture were flocculent in nature; this would suggest that the inter-
facial area per unit mass of bacteria available for nutrient absorption
is lower in batch culture than in continuous culture, and the efficiency
of nutrient removal would therefore be expected to be lower in the
batch unit,

Secondly, only viéble bacterial cells can predominate in -
continuous culture units, Non viable cells are removed ﬂydraulically.

In batch units, however, non viable cells are allowed to remain in the

reactor, and the efficiency of carbon removal per unit mass of bacteria

MILLS MEMORIAL LIBRARY
McMASTER UNIVERSITY
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is effectively lowered by the presence of these non active cells., This
could also account for the lower efficiency of carbon removal in the

batch units,
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6.8 Effect of Temperature on Reaction Rate

During ﬁhe period'of experimentation no attempt was made to
regulate the temperature of the reactor contents.,. This is because the
laboratory used was air conditioned end variations in the ambient
temperature were infrequent. However, it is possible that even small
fluctuations in temperature may effect the rate constant of the
biochemical reaction studied.

Wuhrmenn (31) has related the unit oxygen uptake rate to

temperature by the following relationships
log % = 0.0315 (T, - T,)

Where r; = unit oxygen uptake rate at temperature T;

r; = unit oxygen uptake rate at temperature T,

This relationship has been found to hold for & mixed culture of bacteria
using a sugar as carbon source,

Assuming this expression to hold under the conditions of this
study, and considering the most extreme case where the difference in
in temperature of reactor contents in two separate runs could be as

great as 39C it can be shown that

r, = 1.09 r 2
The differences in unit rate of carbon removal due to variations

in temperature would therefore appear to be negligible compared to the
differences which were obtained due to intermittent periods of batch
and continuous operation, and a temperature dependence of reaction rate

was justifiably neglected,
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6.9 Qualitative Observations

The culture selected at the beginning of the period of experimen-
tation showed a predominaﬁce of bacterial growth, and had excellent
settling properties, The'cuiture was divided equally between each of the
four reactors (three batch and one continuous) and during the ensuing
experiments the following oﬁservations were made,

1) The bacteria, which were initially flocculent, rapidly lost
their flocculent nature when grown in a continuous culture unit, The
bacteria which grew under continuous conditions were of a dispersed or
free swimming nature, and their settling properties were non existent.
This was observed each time a batch culture was put on continuous
operation, Figure 16 (a) shows a photograph of a typical continuous
culture, Bacteria are predominant, and these are shown in both flocculent
and dispersed growth, The bacterial flocs are much smaller, however, than
those shown in figure 16 (b) which is a photograph of a sample of a typical
batch culture, Yeast type fungli are shown both inside and outside the
bacterial floc, and a scaréity of dispersed bacteria is apparent.

2) The predominance of bacterial flocs could only be restored by
placihg the continuous culture in a batch unit and allowing it to be
aerated, without further addition of nutrients, for a period of two or
three days. This caused the bacteria to flocculate, It did, however, -
also encourage the growth of other types of microorganism, notably fungi

(mycelial and yeast types) and protozoa. See figure 16,
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FIGURE 16 (a) TYPICAL CONTINUOUS CULTURE
= Sl x 200]

FIGURE 16 (b) TYPICAL BATCH CULTURE (X 400



3) The continuous cultures were always difficult to filter
(approximately % hour for a 10 ml sample), whereas batch cultures
filtered easily.

4) The pH of the continuous unit was found to vary much more
than the pH of the batch unit. As steady state was approached on the

continuous unit the pH showed a tendency to increase, The pH of a

56.

batch culture, however, did not vary significantly during the course

of a run..
pH batch 6.5 —="7.5

pH continuous 5.5 7.5
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CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

a) The unit removal rate of organic carbon (as dextrose) by a
mixed culture of bacteria was significantly lower‘on a batch unit than
on a continuous unit operated at the same carbon concentration,

b) Batch experiments gave rise to flocculent bacterial growths
but during continuous culture the bacteria were evenly dispersed
throughout the culture medium, |

¢) The unit removal fates of carbon during batch experiments
were changed considerably by intermediate periods of continuous operation.
This would suggest that certain species of bacteria may be removed
hydraulically during the continuous period; also that these species do
not return to predominance during subsequent'batch culture.

d) The unit rate of carbon removal does not vary substantially
in consecutive batch experiments when the initial carbon concentration
is of the same order of magnitude in each,

e) The unit rate of carbon removal does not vary substantially

in simultaneous batch experiments when the initial carbon concentration

is of the same order of magnitude in each.

.£) Batch experimentation in this study has shown that there is
a positive organic carbon concentration, (15-=25 mg/L), at which the
unit rate of carbon removal by a mixed culture is zero, This is

significantly different from the model of Michaelis and Menten, which

57.
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indicates that the unit rate of removal of nutrient should only be zero
when the limiting nutrient concentration is zero.

g) The reactors used in this study gave significantly different
design data when used in batch operation than when used in continuous
operation, both with respect to kinetic data, and the nature of micro-

organisms which predominated,
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7.2 Recommendations

a) A more accurate method of measuring bacterial concentration
would be valuable., A possibility for this would be to lyse the bacteria
by sonication, and then measure the concentration of bacteria in the
original suspension in terms of bacterial carbon content, using the
carbon analyser,

b) This study has indicated that the rate of reaction may be
influenced by the degree of dispersion of the bacterial population; to
investigate this, the growth of bacteria could be studied using
population density, instead of suspended solids concentration, as a
variable for measuring growth rates,

¢) In order to investigate thoroughly the effect of hydraulic
loading on bacterial species, a cascade of continuous completely mixed
reactors with different residence times could be operated, This would
encourage growth of Aifferent types of bacteria in each unit, and the
metabolic activities of different types of microorganism could be

evaluated,
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APPENDICES
APPENDIX (i)

Nutrient Media

In order to investigate the metabolic activity of mixed cultures
of bacteria, it is necessary to supply one nutrient in growth limiting |
concentrations, so that bacteria can only grow as fast as they can
absorb that nutrient. This limiting nutrient is known as a growth factor.

Since organic carbon, nitrogen and phosphorus are required in some
form by all types of bacteria, it is usual to select one of these as a
growth factor. Carbon was selected for use in this study.

For adequate nutrition of bacteria a C:N:P ratio of 40:5:1 is
sufficient (28), By ensuring that nitrogen and phosphorus in any nutrient
mediup are far in excess of this requirement, carbon is thus made the
limiting nutrient. |

Dibasic ammonium phosphate (NH4)2 HPO4 was used to provide a
source of nitrogen and phosphorus, and dextrose (C6 H1206) was used as
the organic éarbon source., Mixing dextrose and ammonium phosphate'iﬁ a
3:1 ratio by weight ensured that the carbon was in limiting concentrations.
The nutrient solution was made up in tep water..

It was fouhd, however, that the growth of bacteria was not
satisfactory using the abdve medium, This suggested that the bacteria -
were limited by some other nutrient. For this réagpn three other nuirient
solutions were made up.

1) Ferric chloride (FeCl3- 6H20) solution - concentration
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1.0 mg/ml.

2) Potassium phosphate (K2HPO,) solution - concentration

50 mg/ml. |

3) Magnesium sulphate (MgSO, 7H20) solution -- concentration

50 mg/ml,
These solutions were added to provide basic nﬁtrients (Fe, K, Mg) which
may be lééking in tap water.

These solutions were added to the dextrose / ammonium phosphate
medium using the following arbitrary formulae.

1) 4+ ml FeCl3 solution/200 mg carbon/litre of feed

2) 1 ml KpHPQ, solution/200 mg carbon/litre of feed

3) 1 ml MgSO4 solution/200 mg carbon/litre of feed
N.B, nutrient solutions for the continuous reactor had carbon concentra-
tions of approximately 500 mg/L organic carbon, and for the batch reactors
approximately 100 mg/L

This modified nutrient medium gave satisfactory growth in the
batch reactors., It was necessary, however, for operation of the
continuous reactor to mix large quantities of nutrient solution., When
the nutrients were mixed together in the same container, it was found
that rapid growth of bacteria occurred in the feed line, thereby
continually reducing the inlet carbon concentration. It was observed,
hoﬁever, that if thé ammonium phosphate / dextrose solution was made
up in distilled water, as opposed to tap water, the growth of bacteria
was considerably reduced, |

It was therefore decided that the feed to the éontinuous reactor

be divided into two streams
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1) A feed stream containing the required amounts of dextrose
and ammonium phosphate, made up in distilled water,

2) A dilution water streem made up in tap water to provide the
trace elements required for growth, This contained ferric chloride,
potassium phosphate and magnesium sulphate, added in the same amounts
as previously mentioned,

The required concentration of carbon in the feed stream was
calculated based on a total flow of liquid; also when measuring flow
rates, and carbon concentration of the inlet stream, it was necessary
to make determinations on the liquid mixture rather than the individual

solutions,



66,

APPENDIX (ii)

Standard Solutions For Carbon Analysis

Previous experience had indicated that sodium oxalate solution,
made up in distilled water, was an ideal standard for the carbon analyser,
The standards were stored in a refrigerator at 49C, and it was found that
their carbon content did not fluctuate,. irrespective of their period of
storage. Slight fluctuations which did occur in the performance of the
carbon analyser were though to be due to experimental error rather than

variation in content of the standard solution,



APPENDIX (iii)

The Initial Inoculum

The microbial inoculum selected at the start of the period of
experimentation was taken from two batch reactors in the laboratory
which had been operated for a period of approximately 1 year. They

were chosen because:-
i) the settling properties of the culture were good.
ii) samples of the culture were easily filtered.

iii) the culture Qas well acclimated to the nature of feed being

used in this study.

67,
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APPENDIX (iv)

1, Anslysis of Batch Data

Raw data were ﬁaken during batch ruans at equal intervals of time,
In most cases the interval was half an hour, The batch runs were usually
of 2 - 2.5 hours duration, and, with samples taken every half hour, only
five or.six points were obtained from which rate data could be evaluated,
To generate more data linear interpolations were made at equal time
intervals between raw data points, and the raw and interpolated data
were then smoothed according to & 5 - point smoothing formula (30). The
unit removal rate of carBon ﬁas then calculated as follows:

Typical curves of carbon and solids concentration versus time

afe shown below.

CARBON
¢
c, S
TIME
SoLIDS M,
m,
TIME
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The rate of removal of carbon/unit mass of bacteria in the range

tl —— 12 is given by
- 1 (Cy = C»)
(m] + mz) (t1 - t3)
2

This can be determined for various values of carbon concentration and
it is most meaningful to graphically express R as a function of carbon
concentration, The velues of carbon concentration corresponding to the

above value of R is (C]__‘ + Cp)/2.

2. Analysis of Continuous Data

The steady state unit rate of removal of carbon was evaluated by
dividing the difference between the influent and effluent carbon

concentrations by the steady state solids concentration and the detention

time (ses section 3.2).
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Experimental Dé.ta
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Continuous Reactor Data
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RUN NOs DETENTI

Cl

C2

<3

<5

cé

c7

cs

TIME

(AR)

7C9

Te¢17

8451

573

SOLIDS DATA ON THE CONTINUOUS RUNS WERE

10 ML

ON INLET
CARBON
CONCe.
(MG/L)

5770

56261

53540

530.1

47060

37662

42048

SAMPLES

STEADY
STATE
CARBON
(MG/L)

23460
19432

8541

7052

41¢30

19.42

2876

STEADY CONTINUOUS

STATE UNIT
SOLIDS RATE

(MG/L) (1/HR)
92843 000637
91942 040617
61245 0.1328
62942 0.1188
69042 000949
46942 000943
57345 041366

BATCH
UNIT
RATE

2.

(1/HRY

00093
0«0179
00202

0.0088
00099

0el482
0e1431
0el1545
0.1084
061040
C.0888

00693
040693
0.0718
00969
0.1094
00940
00756
0.1317
0«0804
01224

00871
0«0849
040874
00773
0.0774
00795

0.0431
0e0416
00339
0.0325
040407

00656
Ce0661
00504
00526
00619

(84)
(85)
(86)

(82)
(83)

(B22)
(B23)
(B24)
(B25)
(B26)
(827)

(B813)
(B8l&)
(Bl5)
(Bl6)
(B17)
(B18)
(B19)
(B20)
(B21)
(832)

(B22)
(B23)
(B24)
(B25)
(826)
(827)

(B28)
(B29)
(B31)
(B32)
(833)

(B28)
(B29)
(B31)
(B32)
(B33)

TAKEN ON SIX REPLICATE



Batch Reactor Data

3.



: 740
RUN NUMBER Bl

S 3 3 56 S ¥ 36 36 3 e

RAW DATA SMOOTHED DATA RATE DATA '

TIME SOLIDS CARBON SOLIDS CARBON UNIT CARBON
CONC CONC CONC - CONC RATE CONC

(HR) (MG/7L) (MG/L) (MG/L). - (MG/L) (1/HR) {MG/L)

.00 525.0 7066 524064 7077

.25 548485 5779 0.0968 64.28
0050 57C.0 . 4604 C 567.94 47,76 00740 52463
0e75 58244 39.43 0.0558 L3444
1.00 59540 29.7 592.88 "33e35 Ced&1l4 36439
le25 599.79 28486 0.0301 31.10
1.50 635.0 20.9 - 603470 25461 0.0216 27423
le75 60514 2325 0.0156 24643
2.00 605.0 - 21le5 604463 21643 0.0120 22434
2¢25 602.72 19.79 0.0108 20,61
250 . 6000 18.0 599.93 1799 - 040000 18.89

RUN NUMBER B2
e R

RAW DATA , SMOOTHED DATA RATE DATA

TIME SOLIDS CARBON ~SOLIDS CARBON UNIT CARBON
CONC CONC CONC CONC RATE CONC

- {HR) {MG/L) {MG/L)  (MG/L) {MG/L) - (1/HR) (MG/L)

0.00 50540 6865 504435 6857

0e25 .- . 537450 = 5851 00750 63469
0650 56540 4947 . 561621 =~ 50614 0.0631 54447
0.75 ' ‘ 57701 ~ 4254 060534 = 46434
1.00 62540 32¢4 586443 366401 0e0449 39427
1425 591.02 30652 00373 = 33426
150 59540 2044 . - 592631 26606 00301 28629
le75 . ' : : 591483 22462 060232 24434

2.00 59040 19.8 591412 20419 00165 21le41 -
225 591,73 18474 = 040098 . 19.46
2450 59540 182 595.18 18¢26 = 040032 18450

RUN NUMBER B3
e Fe 3 B e H e H I
RAW DATA ~ SMOOTHED DATA RATE DATA

TIME SOLIDS CARBON SOLIDS .  CARBON UNIT CARSON
- CONC CONC - CONC CONC RATE CONC

(HR) (MG/L) - (MG/L) (MG/L)  (MG/L) “(1/HR) (MG/L)

0.00 56540 703 - 564450 . 7034

0.25 ‘ 581.88 61666 0.0606 66400
0450 59540 53 ¢4 592.13 . 53.68 0.0543 5687
0.75 ’ . 596473 46445 0.0487 5006
1.00 61040 " 3362 597e16 ° . 39497 0e043¢4 43421
1.25 ' 594491 34428 0.0382 37012
1«50 63040 2642 " 591445 29440 . 040329 31.84
1075 588028' 25035 000274 27037
2.00 58540 21.8 586.88 22.16 0.0217 23.76
2¢25 ‘ ‘ 588472 19.86 0.0157 21.01
2.50 59540 1844 595430 18¢46 040094 1916

DUPLICATE 10ML. SAMPLES WERE USED FOR SOLIDS DATA.



TIME
(HR)

0.00

0.50°

100
1.0

2.00
250
3.00
3450
4,00
4450
5.00

TIME
(HR)

0.00
0.50
1.00
1.50
2.00
2.50
2.00
3.50
4.C0
4450
5.00

- TIME
(HR)

" 0.00
0.50
1.00
150

2,00,

2450
3.00
3.50
C 44,00
4450
5400

RUN

NUMBER B4

336 36 3 3 36 353636 36 3 3 3 33 0
SMOOTHED DATA

RUN NUMBER B85

SOLIDS
CONC

(MG/L) , -

20444
239.72

266465
286435

29992
308.48
313.14
315.01
315.21
314.85
315.03

CARBON
CONC
(MG/L)

76621
64.86
55416
47400
40625
34478
30645
2716
24076
23413
22e¢14

o3 o3 3036 3 3 3 33 3 K 33 %
SMOOTHED DATA

RUN NUMBER B¢

SCLIDS
CONC
(MG/L)

254490

. 27534

294446
311646
325455
335494
341.82
342442
336.92
324454
30448

CARBON
CONC

{MG/L)

71667
62455
54655
47458
41le54
36632
3183 .
2797
24063
2171
19.12

W3R H N HJ R R KRN

RAW DATA
SOLIDS CARBON
CONC CONC
(MG/L ) (MG/L)

20540 7641
27050 5445
315.0 3044
32040 2640
31540 2445
315.00 22.1
RAW DATA
SOLIDS  CARBON
CONC . CONC
(MG/L)  (MG/L)
25540 71.6
29540 5441
30040 33,2
3100 - 273
34040 2445
30540 19.1
RAW DATA
SOLIDS CARBON.
CONC' CONC
(MG/L) (MG/L)
25000 7244
29540 573
31540 31.2
31040 2743
32040 21.5
320.0 20.0

SMOOTHED DATA °
 CARBON

SOLIDS
CONC
(MG/L)

249457
274617
292447
305437
31377
318456
320666
320495

- 320435

319475
320.05

CONC
(MG/7L)

72439
64488

5726
49476
426461
36405 .
3031
25461
22420
20629

20612

0.0011

DUPLICATE 10MLe. SAMPLES WERE USED FOR SOLIDS DATA.

75,

RATE DATA
UNIT CARBON
RATE CONC
{1/HR) (MG/L)

0.1022 . 70.53
0.0766 60401
000590’ 51-08
0.0461 43463
00360 37451
00278 32461.
0.0210 28480
0.0152 25.96
00103 23.94
0.0063 22.64

RATE DATA
UNIT CARBON
RATE CONC

{(1/HR) (MG/L)
0.0688 67411
0.0561 58455
00460 51407
.0e0379 44456
060315 " 38493
040265 34408
- 040226 29.90
040197 26430
- 00176 23417
. 00165 2042

RATE DATA
UNIT CARBON
RATE - CONC
(1/HR) (MG/L)

0.0574 68483
0.0538 61407
0.0502 53451
0e0462 45,18
000415 39433
0.0359 33,18
0.0293 27.96
0.0213 23.90
0.0119 2le24

20620



TIME

(HR)

0.00
.25
0.50
0.75
1.00
1.25
1.50
1.75
200

TIME
(HR)

C.00
0.25
0.50
O0e75
1.00
l1.25
1450
l1e75
2.00

TIME
(HR)

0.00
0.25
0.50
0.75
1,00
1.25
1.50
le75
2.00

DUPLICATE 20ML. SAMPLES WERE USED FOR SOLIDS DATA.

RAW DATA

SOLIDS
CONC
{(MG/L)
28540
32040
36540
360.0

36060

RAW DATA

RUN

NUMBER B7

33 56 3% 36 965 36 563 3 3 36333 %
SMOOTHED DATA

CARBON

CONC
{(MG/L)

59.3
3567
2840
2347

219

SOLIDS
CONC
(MG/L)

284485

303.03
319.18
333.06

34444 ]

353401
358459
360493
359.76

RUN NUMBER B8
S 30 HH AN K KA HF

SMOOTHED DATA

SOLIDS CARBON

CONC
(MG/L)

275400
34040
37540

35560

37040

RAW DATA
SOLIDS
CONC
(MG/L)
31040
32040

375.0

375.0

CONC
(MG/L)

4949

4266

2646

231

2261

..347.76

RUN NUMBER B9

SOLIDS
CONC
{MG/L)

274409
311.09
334.59

353.81
355.90
357624
361.00
37037

CARBON
CONC
(MG/7L)

59454
4651
3718
30687
26095
24e T4
23,60
22687
21.88

CARBON
CONC
(MG/7Ly) -

46456
42414

- 37.12

2748
23696
22.03
2224

9 4636 3 36 36 3 36 36 33003 % %
SMOOTHED DATA

CARBON

CONC

354

;(MG/L)'

- 4666

2662

2601

2346

SOLIDS
CONC
(MG/L)

31033 -
313.62 "
322.05
333.91
347449
361.07
372493
381.36
384465

CARBON - -
CONC

(MG/LY

46469
40404
35493
32434
29465
27665
26012
24484
23460

040129

76,

RATE DATA
UNIT CARBON
RATE CONC

(1/HR) (MG/L)
0.,1773 53.03
0.1201 41485
00773 34,02
0+0464 28491
0.0253 25484
0.0128 24417
0,0082 3423
0.0109 22437

RATE DATA
UNIT CARBON
RATE . CONC

{1/HR) (MG/L)
Oe0447T 48419
0.0547 44435
0.0588 39463
00578 34459
00515 29477
0.0395 25672
0.0215 22499
0+0000 22.14

RATE DATA
UNIT - CARBON
RATE CONC
(1/HR) (MG/L)

00775 43,67
00593 38429
"0«0438 34414
060316 31.00
0.0226 28465
0.0167 26488
0.0135 25648
24622
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RUN NUMBER B10O

o3 e ¥ oo o R e 3 e K

RAW DATA SMOOTHED DATA ’ RATE DATA
TIME SOLIDS CARBON SOLIDS CARBON UNIT CARBON
CONC CONC CONC CONC RATE CONC
(HR) (MG/L) (MG/L) (MG/L) * (MG/L) (1/HR) (MG/L)
0.00 38040 5546 379.01 55487
0.25 . 413.91 43402 041296 49 44
0.50 44040 3246 434411 34422 0.0830 28462
0.75 442481 28467 00506 31eb4
1.00 42540 2443 443420 25458 00279 2713
1425 438445 24416 0.0129 24487
1.50 43040 23e9 431476 23.61 0.C051 23489
1.75 426031 2314 . 0.0044 23438
1 2.00 42540 2240 425439 2195 00011 2255
RUN NUMBER 811
HHe 3o H W R W FHRH -
RAW DATA : SMOOTHED DATA RATE DATA
~TIME SOLIDS CARBON SOLIDS CARBON UNIT CAREON
. CONC CONC CONC - CONC RATE CONC
(HR) (MG/L) (MG/L) (MG/L) (MG/L) (1/HR) (MG/L)
0.00 37540 5548 374448 56606 .
0.25 ' 399452 424,85 0.1365 49446
0.50 42040 . 3240 416494 33¢57  .040909 38421
0.75 o : . 427496 27453 040572 30455
1.00 46060 2448 433480 24,06 0.0323 25480
1.25 435470 22445 040148 23e25
1.50 43540 22.1 434488 22.02 - 040039 22424
l1e75° 432456 2210 . 00000 22406
2.00 43040 . 2240 429.98 21499
RUN NUMBER B12
R FPH F R WK R NR®
RAW DATA \ SMOOTHED DATA RATE DATA
TIME SOLIDS "CARBON . - SOLIDS CARBON . UNIT - CARBON
CONC . CONC = CONC  CONC RATE CONC
(HR)  (MG/L)  (MG/L) (MG/L) - (MG/L) {1/HR) (MG/L)
0.00 370.0 N 5449 369655 - 55422 .
0e25 ‘ 399.26 40493 0e1487 48407
0.50 42540 - 295 T 422433 . 31440 040927 36427
0.75 - 438498 25469 0.0531 28455
1.00 45040 . 227 449446 22.84 0.0257 24427
1.25 . | 454,03 21.90 0.0083 22437
1.50 45540 223 452,92 21492 0.0000 21.91
1e75 ' 446437 2195 T -
2.00 435.0 - 2lel 434465 21.04 : K

DUPLICATE 20MLe. SAMPLES WERE USED FOR SOLIDS DATA.



TIME
{(HR)

.00
0425
0.50
0e75
1.00
le25
1.50
"le75
2,00

TIME
(HR)

0.00
0.25
Ce50
C.75
1.00
1.25-
1.50
1.75
2.00

TIME
(HR)

0.00
0.25
0.50
075
"1.00
le25
1.50
1.75
2.00

RUN

NUMBER B13
3§63 3 30 3 36 3 3 6 3 3 3
SMOOTHED DATA

SCLIDS

CONC

MG/L)

454450
484043
50707

523441

534443
541611
544 443
545436
544490

CARBON
CONC
(MG/L)

123675
114.11
103.85
93633
82.89
72490
63.70
55465
49.10

RUN NUMBER Bl&
5 364 35 93 36 363 H 3 H 3363656 %

SMOOTHED DATA

RUN

SoLIDS CARBON
- CONC CONC
(MG/L) , . (MG/L) -
459483 ° 1lilelé
478410 107439
494406  101e23 .
. 507495 93433
520401 84e32
530450 74486
539465 65460
547471 57420
5544693 50430
NUMBER B15

T3 36 3 32353 .
SMOOTHED DATA

RAW DATA
SOLIDS CARBON
CONC CONC
(MG/L} (MG/L)
45540 12348
51040 104e1
52540 88e2

545,0 . 63,1
RAW DATA
SOLIDS CARBON
CONC CONC
(MG/L) (MG/L)
46040 111e3
49540 10262
51540 87.2
54060 6540
55540 5062
RAW DATA
SOLIDS CARBON
CONC CONC
(MG/L} (MG/L)
46040 12441
51040 - 10543
53C¢0 6562
54040 4847

SOLIDS
CONC

(MG/L) -

459438
487440
506437
518426
525.04
528465
531.08
534426
547617

CARBON -

CONC

. {MG/L)

124406
114,84
105409
95.05
- 84e96
7505
65455
56471
48476

0.0592

DUPLICATE 20ML. SAMPLES WERE USED FOR SOLIDS DATAs

78.

RATE DATA
UNIT CAREON
RATE CONC

(1/HR) (MG/L)
0.0822 118,93
0.0828 108498
0.0817 98459
040789 88411
040743 © 77489
0.0678 68430
0.0591 59467
0.0481 52437

RATE DATA
UNIT CARBON
RATE CONC

(1/HR) (MG/L)
0.0320 109426
000560 104431
0.0631 97428
0.0701 88482
0.0720 79459
040692 70423
0.0618 61 ¢40
00500 53475

RATE DATA
UNIT CARBON
RATE CONC

(1/HR) (MG/L)
‘040779  119.45
0.0785 109.96
0.0784 100407
00774 90.00
0.0753 8000
0.0717 70430
0.0664 61el3

52473



(HR)

C.00
C.25
0450
Q.75
1.00
1.25
1.50
le75
2,00
24625
2450

TIME
(HR)

0,00
0.25
0.50
0.75
1.00
1.25
1.50

1.75
2.00
2.25
2.50

NUMBER 816
S63 3 36 3 26 36 K 3 3 36 3 3 % 3 % %
SMOOTHED DATA

SOLIDS
CONC
{MG/L)

" 545426

548487
556465

567085
581474

597557
614459
632407
649428
665446
679.87

CARBON
CONC
(MG/L)

148.00

'142059

134.20
123437
11063
96052
8le57

. 66433

5123
37.10
24419

RUN NUMBER B17
3636 6 36 % 36 3 3¢ 5 3% 3¢ 3 3 336 3 %

SMOOTHED DATA

SOLIDS

CONC

(MG/LY

5866426 °

. 567435

567468

582459 .

607443
637.52
668.25
694485
712.76
71730
703479

CARBON

CONC
{MG/L)

151.25
146431
136625
122429
105461
87440
68486
5119
35.58

23021 .
15430 -

RUN NUMBER B18

RUN
RAW DATA
SOLIDS CARBON
CONC CONC
(MG/L) (MG/L)
54540 14842
' 555,0 1354
5800 11442
62040 8lel
65040 5048
68040 241
RAW DATA
SOLIDS CARBON
CONC CONC
(MG/L) (MG/L)
58540 15146
56040 13843
60040 11040
65040 6601
72060 33.8
70540 1540
RAW DATA
SOLIDS CARBON
CONC - CONC
(MG/L). (MG/L)
55540 16147
57540 139.5
58040 . 12140
58040 95.0
62040 6647
64540 33.4

HF PR FHIHNARXHRHIFR

SMOOTHED DATA

. SOLIDS

CONC

(MG/7L)

554487

565.41 -
574¢34 .

58214
589.29
596425

603452

611e57
620.87
631.90
645414

 CARBON

CONC

(MG/L)

161671

15054
139,58
128463
11745
105483 .
93.54
80436
66.08
5046

33430

RATE
UNIT
RATE

(1/HR)

00395

00607

00771
0.0887
0.0957
0.0986
0«0978
0.0937
0.0866
00768

RATE
UNIT
RATE

(1/HR)

040343 -
0.0709

040971

0e1122
0.1170
001130
061037
0.0887
0.0692

0.0446

RATE
UNIT
RATE

(1/HR)

0.0798
00769
0.0758
0.0763

040784

0.0819
0.0868
00927
00997
01075

‘DUPLICATE 20MLe SAMPLES WERE USED FOR SOLIDS DATAe

9.

DATA .
CAREON
CONC
(MG/L)

145429
128440
128479
117.00
103457
8904
73495
58483
444,21
30464

DATA
CARBON
CONC
(MG/LY

148.78
141.28
129.27
113.95
956450
T78e13
60,03
43,38
29440
19.25

DATA
CARBON
CONC
(MG/L)

156012

- 145.06

134411

.123.04

lLloéQ
99.68
8695
73622
58427
4l.88 .



RUN NUMBER B1l9 80.
9 3 38R 32958 36 3 336 36 K

RAW DATA SMCOTHED DATA RATE DATA

TIME SOLIDS CARBON SOLIDS CARBON UNIT CARBON

CONC CONC CONC CONC RATE CONC
{HR) {MG/L) {(MG/L) (MG/L) " (MG/L) A 1/7HR) (MG/L)
0.00 67560 89.0 67372 88498 ‘
0.25 ) 722450 75637 0.0780 8217
0.50 76060 6leb 75246 61649 0e0752 6343
0.75 T66692. " 48412 0.0704 54481
1.00 74540 2840 769419 35499 - 060632 42405
1.50 75040 1648 750440 18451 0«0389 22419
1.75 735696 14666 00207 16458

2.00 7250 1448 722456 15.08 " 040000 14.87

"RUN NUMBER B20
3 3 36 3 W e H 36 I 2 K3 ¥ Nk

RAW DATA : SMOOTHED DATA RATE DATA

TIME SOLIDS = CARBON SOLIDS . CARBON UNIT CARBON
: CONC CONC CONC CONC . RATE CONC
(HR) S (MG/L)Y - (MG/L) (MG/L)Y {MG/L)  (1/HR) (MG/L)Y
0.00 73040 . 9546 729405 © 96410 .
0.25 ‘ 76871 67657 0e1524 81484
0.50 80040 4366 794438 L4oebt - 041071 57.11 -
0.75 . : : . 807.04 32612 0.0726 39.38
1.00 78040 1607 80767 =~ - 22480 . 060462 2746
125 S T 797424 . 17448 00265 20414 .
1.50 78040 1448 77674 14,96 ~ 040128 16422-

. 1.75 ; 747415 14404 040048 14450
'2.00 71060 13.5 709445 13.53 - 0.0028 13.78

RUN NUMBER 821
T e P S H KW N KK 'i"
RAW DATA ..~ SMOOTHED DATA =~ RATE DATA
TIME SOLIDS.  CARBON - SOLIDS - CARBON UNIT - CARBON -
- CONC CONC * -. CONC CONC ~°~ RATE . CONC

(HR) (MG/L)  (MG/L) =~ (MG/L) -~ (MG/L) - (1/HR)  (MG/L)
0.00 6550 10240 . 651450 10188 |
025 o © 746439 88428 . - 0.0778 . 95.08
0.50 81040 736 - 789.11 - 72.87 . 00803 80458
1.00 76540 4346 77390  41.85 040771 49 440
1.25 ’ : 743492 28487 060684 35.36
1.50 705.0 . - 1649 717.64 19433 0.0522 24,08
1.75 : . 709.05 14453 0402569 16693
2.00 73040 154 732410 15480 - 040000 - 15417

DUPLICATE 20ML. SAMPLES WERE USED FOR 'SOLIDS DATAe


http:DUPLICA.TE

TIME

(HR)

0.00 )

C.25
Ce50
0.75
1,00
1425
1.50
1475
2.00

TIME
(HR)

0.00
0.25
Ce.50
0.75
1.00
1425
1,50
1.75
2.00

TIME
(HR)
0.00

025
0.50

- 075

"1.00
"1425
1.50
1.75
2.00

RUN NUMBER BZ5
$EHF 3 B 3 3K K%

SMOOTHED DATA

SOLIDS
CONC
(MG/L.)

CARBON
- CONC
(MG/L)

e

745075
754439
T74.62
801.80 .
831.27

858437

87844
886.84
878.90

128477
107.71
" 86623
46467
30689
19.30
1307
13.33

RUN NUMBER B2é6
5656 36 56 36 46 36 3 36 3 3 3634 36 3
SMOOTHED DATA

SOLIDS
CONC
{MG/LY

760.23
78le47
806450

. 832488

858416
879489
895462
902489
899426

CARBON
CONC
(MG/L)

12673
106456
85041
64662
45654
29¢49
17.82
11.87
1257

RUN NUMBER B27
365 3 369 3 9 %3 33 3636 3

SMOOTHED DATA

RAW DATA
SOLIDS CARBON
CONC CONC
(MG/L) (MG/L)

745.0 128.8
77040 864
89540 4842
88540 1647
88040 1249

RAW DATA
SOLIDS - CAREON
CONC CONC
(MG/L) (MG/L)
76040 12648
80540 8548
86540 4946
90040 1540
90040 1245

RAW DATA
SOLIDS  "CARBON .

CONC CONC
(MG/L) (MG/L)
74540 11667 -
80040 91e5
86040 4948
90040 1643
81540 13.3

- SOLIDS

CONC
(MG/L)

745452

770633 -

803.21
837.78
867466
886.50
88791 -
865.53

8l2.98

CARBON
CONC
(MG/L)

116435
105¢47
89443

- 70654

51.09
33440
1977
12.49
13.88

DUPLICATE 20ML. SAMPLES WERE USED FOR SOLIDS DATA.

.:.

81.

RATE DATA
UNIT CARBON
RATE CONC

(1/HR) (MG/L)
0.1123 118424
" 0.1123 96497
041052 75487
040923 56409
060747 38478
0.0534 25409
040283 16418
0.0000 13.20

RATE DATA
UNIT CARBON
RATE CONC ..

(1/HR) (MG/L)
01047 116464
041066 95,98 . -
061014 75401
040903 55408
040739 37451
040526 23466
040265 14484
00000 12442

RATE DATA
UNIT CARBON
RATE CONC
(1/HR) (MG/L)

040574 110491
0.0815 97 e45
0.0921 79499
00912 6082
0.0807 42425
0.0615 26458
060332 16413
0..0000 13.18



TIME
(HR)

0,00
0.25
Ce50
Ce75
l.oo
l.25
1,50
1,75
2.00

TIME
(HR)

0.00
0.25
0.50
0.75
1.00
1.25
1.50
1,75

'z.oo‘

TIME
(HR)

0.00
0.25
0.50
0.75
1,00
1.25
1.50
l.75
2.00

RAW DATA
SOLIDS . CARBON
CONC CONC
(MG/L) (MG/L)
55040 112.7
62540 6607
66540 3447
69040 1449

69040 1341
RAW DATA
SOLIDS  CARBON
CONC " CONC
(MG/L) (MG/L)
54040 110.8
62040 674
63540 33,5
69040 1545
64040 1442
RAW DATA
SOLIDS CARBON
CONC CONC .
(MG/L) (MG/L) -
56000  11le5
58540 6542
65040 3447
69540 1643
70040

RUN NUMBER B22
e T
SMOOTHED DATA

SOLIDS
CONC
C{MG/L)

549,49
589045

62203

64770
666496
680429
688420
69117
689.69

CARBON

CONC
(MG /L)

112.89
88,92
67.86
49489
35622
24403
1653
12,91
13.37

RUN NUMBER B23
R L ey

SMOOTHED DATA

1449

SOLIDS
CONC
(MG/L)

539469
581415
618423
. 648e97
67140
663458
683452
669429
638491

CARBON
CONC
(MG/L)

11095
88449
68630
5073
36413
244085
17425
13.68
14649,

RUN NUMBER B24
363 36 36 3 365 3 3436 36 36 36 363 96

SMOOTHED DATA

SOLIDS
CONC

56977

589.06

614461
642451
668483
689.64%
701.04
659.10

(MG/7L)Y

56066

CARBON -

CONC
(MG/L)

11172
8745
66655

T 49407

35,08

24463

1774
14461
15615

DUPLICATE 20ML. SAMPLES WERE USED FOR SOLIDS DATA.

82,

, RATE DATA
UNIT CARBON
RATE CONC
{1/HR) (MG/L)
001683 100.91
061391 78329
0el132 5887
0.0893 42655
00664 29462
0.0438 20428
0.0210 14,72
0.0000 13.14
RATE DATA
UNIT CARBON
RATE CONC
{1/HR) (MG/L)
061603 99472
0el347 T8e40,
041109 59452
0.0885 43443
- 00666 30649 -
"040445 2105
00211 15647 .
0.0000 . 14409
RATE DATA
UNIT CARBON
RATE CONC
{1/HR) (MG/L)
061718 99459
Qe l443 7700
001162 57.81
0.0890 42607
0.0637 29485
0.0403 21.21
0.0183 16620
0.0000 - 14488



TIME

{HR)

0.00

0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00

TIME
(HR)

0,00
0.25
0.50
0.75
1.00
1425
1.50
1.75
.2400

DUPLICATE ZOML.

RUN NUMBER B2s8

K WK N

SMOOTHED DATA

CARBON
CONC
(MG/LY

6le13
51.06
41651
32.83
25631
19629
15.08
13.00
13.36

SMOOTHED DATA

CARBON
CONC
(MG/L)

6082
48629
3766
28689
21699
16.94
13672
12632

33 e T 3¢
RAW DATA
SOLIDS . CARBON SOLIDS
CONC CONC CONC
(MG/L) (MG/L) (MG/L)
390.0 61.1 389.68
413074
43540 4143 433411
' 448405
47540 1840 458480
| 465460
47040 141 468470
468435
46540 13,2 464478
RUN NUMBER B29
R HR R R XR RN TR
RAW DATA
SOLIDS CARBON SOLIDS
CONC CONC CONC
(MG/L)  (MG/L) (MG/L)
42040 6047 420409
‘ 434458
45040 3649 450460
: . 466421
50040 13.6 479 o3
o 488432
49540 13,0 490490
485422
47040 1246 469431

12.72

SAMPLES WERE USED FOR SOLIDS DATA.

83.

RATE DATA
UNIT - CARBON
RATE CONC
(1/HR) (MG/L)
01004 56.09
0.0901 46628 .
- 0.0789 3717
00663 2907
0«0521 22430
0.0361 17.18
0.0178 14.04
0.0000 13.18
RATE DATA
UNIT CAREBON
RATE CONC
(1/HR) (MG/L)
01173 54456
' 000962 42097
060765 "33427
0e0584% 25444
00418 19447
00263 15.33
0e0115 1302
0.0000 12652

N

DATA FOR ' RUN B30 WAS DISCARDED DUE T0 LEAKAGE CF CONDEASER
CONTE\TS INTO THE REACTOR S

v



RUN NUMBER 831 Ble

R FRJERFELF NI RHR

RAW DATA SMOOTHED DATA RATE DATA
TIME SOLIDS CARBON SOLIDS CARBON UNIT CARBON

CCONC CONC CONC CONC RATE CONC
(HR) (MG/L) (mMG/L) - (MG/L), - {MG/L) (1/HR) (MG/L)
0,00 520.0 6665 18465 66656
0.25 57780 54,66 0.08638 6061
0.50 62540 4343 - 617.01 43665 0.0737 49416
0475 638.99 33.84 040625 38475
1,00 64040 : 16.8 646443 25425 0.0518 29.63
1.25 642403 - 19.00 . 00405 226426
1.50 630.0 135 628448 14.58 0.0278 1679
le75 608.49 12.58 00130 13.58
2400 585.0 13.1 58474 13.28 0.0000 12,93

RUN NUMBER B32
336 336 9 36 3 3 3 56 3 3 363 3%

RAW DATA : SMOOTHED DATA . RATE DATA

TIME SOLIDS - CARBON SOLIDS - CARBON UNIT CARBON-
CONC CONC CONC CONC RATE CONC
(HR) . (MG/L) (MG/L)Y  (MG/L) (MG/L)Y (1/HR) {MG/L)
~ 0.00 54540 730 544432 73410
0.25 o _ 57763 58498 01007 66404
0.50 605.0 .. 45.8 601.01 46643 00851 . ° 52470
Ce75 . 615692 - 35065 00709, 41404
1.00 = 63540 1766 623483 - 26481 0«0570 . 3123
1.25 ' 626021 20409 .. 040430 2345
1.50 62540 1446 624454 15466 060284 17.87
1.75 620.28 1369 C«0126 14468

~ 200 615.0 1442 614091 14438 0«.0000 14.04

RUN NUMBER B33
T W R W H RS HNH

RAW DATA : . SMOOTHED DATA - RATE DATA

TIME . SOLIDS . CARBON . SOLIDS . CARBON - UNIT - CARBON
- CONC CONC CONC . CONC RATE . CONC
(HRY . - (MG/L) ~ (MG/L)  (MG/L) - (MG/L) (1/HR) (MG/L)
0.00 48060 8040 478488 . 80ell
C.25 ' . 519440 64453 061249 - T2.32
0.50 550640 . 500 . 543.36 5070 " 0el041 57662
- 075 554 645 3879 060868 = 4&e74
"1.00 55540 23e1 556433 28493 00710 33485
125 ) 552.68 2127 060553 25410
1.50 - 54540 1449 T 547619 15,96 0.0386 18.61
le75 ) ' - 543452 13.14 00206 14455
2.00 54540 1248 - 545436 12.98 00012 13.06

ODUPLICATE 20MLe SAMPLES WERE USED FOR SOLIDS DATA.



APPENDIX (VI)

Computer Programs used in this Study

85. N



NOMENCLATURE USED IN COMPUTER 86.

—— e — oy S S ey e o L e S S e T — - A S - —— —— " —

C SOLUBLE ORGANMIC CARBON CONCENTRATION - RAW DATA

CAV AVERAGE SOLUBLE ORGANIC CARBON CONCEMTRATION IN A
FIXED TIME INTERVAL

C51-CB2  BATCH CARBON CCONCENTRATIONS WHICH STRADDLE THE STEADY
STATE CARBON CONCENTRATION

CNEW CARRON CONCENTRATIONS GENERATED FROM RAW DATA

c1 CARBCN CONCENTRATIONS WHICH INCLUDE GENFRATED DATA

cs SYMBOL USED IN SMOCTHING ROUTINE TO REPRESENT
SMOOTHED DATA

CR .~ SYMBOL USED IN SMOOTHING ROUTINE TO REPRESENT
RAW DATA .

DCOT RATE OF CHANGE OF CARBON CONCENTRATION
UNIT RATE OF ORGANIC CARBON REMOVAL

oCDTM
JRUNS JBRUN NUMBER OF BATCH RUNS

- JCRUN NUMBER OF CONTINUOUS RUNS

NPOINT NUMBER OF RAY DATA POINTS IN A BATCH RUN

o VOLUMETRIC FLOY RATE .INTO CONTINUQUS REACTOR

R15R2 BATCH UNIT CARBON REMOVAL RATES CORRESPONDING TO
CARBON CONCENTRATIONS CB1 AND CR2

R3 BATCH UNIT RATE CORRESPONDING TO THE STEADNY STATE
CARZON CONCEMNTRATION ON THE CONTINUOUS REACTOR

R4 STEADY. STATE .UNIT RATE OF CARBON REMOVAL IN.THE
CONTINUOUS REACTOR ‘

5S¢ STEADY STATE CARBON CONCENTRATION IN THE CONTINUOUS
REACTOR

55 STEADY STATE SOLIDS CONCENTRATION IN THE CONTINUOUS
REACTOR ‘

T TIME

TAU DETENTION TINME ’

TNEW GEMERATED TIME DATA

T1 TIME VALUES WHICH INCLUDE GFNERATED DATA

v VOLUME OF CCNTINUOUS REACTOR



817.

I

SUSPLNDEZD SOLIDS CUONCuNTRATIONS=RAW

SUSPENDED SOLIDS CONCENTRATIONS GENERATED FROM RAW
nATA '

SUSPENDED SOLIDS CONCENTRATIONS wHICH INCLULE
GENERATED DATA




[a¥aNa¥al

[aXaXa)

[a¥a¥a)

[a¥a¥a¥a)

9

10

21
25

13

PROGRAM FOR EVALUATING THE UNIT RATE OF CARBON REMOVAL FROM
BATCH CARBON AND SOLIDS DATA AS FUNCTIONS OF TIME

DIMENSION C(20)9T(20) oW (2C) s TNEW(20) +WNEW{2U)»T1(20)+C1(20)9W1(20)
1eWAV(20)9CAVI2C)sDCDT(20)9sDCDTM(20) s CNEW(20) sCS(20)9sCR(20)
READ({599) JRUN :

FORMAT(IS)

Li=1

READ(591) NPOINT

READ(592) (W(J)sJ=1sNPOINT)

READ{592) (T{J)eJ=19NPOINT)

READ(592) (ClJ)eJu1sNPOINT)

FORMAT(15)

FORMAT(10F842)

GENERATION OF NEw DATA FROM RAW DATA

NP=NPOINT=1

DO 3 J31sNP
TNEW(J)S(TIJI+T(J+1))/2,0
CNEW(JI=(CLII+CLI+11)/2.0
WNEW(J)=(W{J)+W(J+1))/240
DO 4 J=1lsNP

1=2%J

TI(L)=TNEW(J)
Cl{I)=CNEW(JDY
W1(I)=WNEW(J)

DO 5 J=1sNPOINT

1=2#J~1

T =T(Y

Cl{1y=ClJ)

Wlily=wiJ)

SMOOTHING OF RAW AND GENERATED DATA

NT=2#NPOINT-1
KK=1

DO 21 I=1sNT
CRITY=C1(I)
JJ=0

GO TO 24

DO 20 I=1sNT

20 CR{IY=CSLI)

24

11

CS(1)=(1a/T0e)#{69e#CRI1I+4e*#CR(2)=6e*CR(3)+4+*#CR{4)~CR(S5))
CS(2)=(2e/35e)%{2e#CR{1)+27e%CR(2)+12+#CR(3)-8e*#CR(4)+2+*CR(5))
NTT=NT=-2

DO 11 I=3+NTT
CS(I1=(1e/35e)#(=3e#CR(T=2)+12e%CRII=1)+17e*CR{I}+12.#CR(I+1)=3,%C
1R(I+2))
CSINT=1)=(1e/354)1%(2#CRINT=4)~8e*#CRINT=3)+12.#CRINT=2)+274*CRINT
11142+ %CRINT})
CSINT)IE{1e/70e)%(=CRINT=4)+4o#CRINT=3)=6e*¥CRINT=2)+4o*#CRINT=1)469,
1#CRINTY)

DELNNLSY

IF(JJeEQe998.0ReJJeEQe999) GO TO 14

IF(JJelLTL1000) GO TO 13

IF(KKeEQe2) GO TO 18

16 DO 17 I=1sNT

17 Clt1)=Cst1)

18
19
14
15

23

22

GO 10 14

D0 19 I=1NT

wWlil)=Cs(1)

WRITE(6915) (CS(I)el=xlsNT)
FORMAT{15F8427)
IF(JJeLT21000) GO TO 13
KK=KK+1

IF(KKeEQe3) GO TO 22

D0 23 [=14NT

CRITY=W1C(I)
GO TO 25
CALCULATION OF DERIVATIVE AND 1/M(DC/DT) USING A LINEAR
’ APPROXIMATION
NN=2#NP
WRITE(6+8)

FORMAT(19H UNIT RATE 1/MDC/DT+5X913HCONCENTRATION}
D0 6 I=1sNN

WAVII)=(Wl(1)+W1l{I+2))/240

DCDT (1) =(CLl(TI)=ClI+1)}/7(TI(I+1)=T1(I))
CAVIII=(CI(1)+C1(I+1))/2.0
OCOTMII)=(10/wAVII))#DCODT(I])
ARITE(6+7) DCOTMII)WCAVLI])
FORMAT(2XsF1CeS5+13XsF10457)

LL=LL+]

IF(LL.LE«JRUN) GO TO 10

sTOP :

END

&g,


http:IFIKK.E0.31
http:IFIKK.EQ.2l
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89.

PROGRAM FOR CALCULATING THE UNIT RATE OF CARBON REMOVAL ON A
CONTINUOUS RUN FROM STEADY STATE CARBON AND SOLIDS DATA

THE PROGRAM ALSO CALCULATES THE BATCH UNIT RATE OF CARBON REMOVAL
CORRESPONDING TO THE STEADY STATE CARBON CONCENTRATION ON THE
CONTINUOUS RUN

WRITE(693) ,

. 3 FORMAT(11H BATCH RATE»5X915HCONTINUOUS RATE*5Xs13HCONCENTRATIONSX
1+14HDETENTION TIME)
READ(591) JCRUN

1 FORMAT(15)

J=1

READ(592) V9QsCOsSSCsSSM

2 FORMAT(5F10.5)

I=1

READ(5+¢4) JBRUN

FORMAT(15)

READ(5+5) CB1sCB2sR19sR2

FORMAT (4F1045) :

R3=R1+((SSC~-CB1)/(CB2-CB1)})*(R2-R1

TAU=V/Q/60e0

R4=(CO-C)/SSM/TAV

WRITE(636) R33R49SSCHTAU

6 FORMAT(2X9F80498X9F84498X9F8e2910X9F8e2)

o ¢]

w e

I=1+1
IF{IeLE«JBRUN) GO TO 7
J=d+1
IF(JeLE«JCRUN) GO TO 8
SToP

END
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