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SCOPE AND CONTERTS:

Measurement of cellular carbon has been acco: plished by gravimatyic,
titrimetric or diveeily mrasuring CO2 produced in the combustion of orgenic
carbon in the Cavoon Analyzer, Gravimetric and titrimotric mothods are
cuwberseoma, inaccurate and time~éonsuming and direct measurgments in the
Carbon Analyzer eve inzccurate at concentrations highor then 600 wg/l.

The purpose of this series of experiments is to find an altemative

method for measuring cellular carbon, The proposed meihod is based in a

b

carbon balance in which the soluble and gaseous forms of carbon are
monitorad, Cellular carbon is calculated by subtracting ithe sum of the soluble

and gasecus forms of carbon from the initial total cavbon found in the reactor.
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INTRODUCTORY REMARKS

Proper treatment and disposal of organic wastes is
nccessary for the protection of receiving waters, For soma time the oxygen
consuming characteristics of the .dissolved wastes have been regarded of
paramount importance in the design of waste treatment plants, when assess-
ing the strength of wastes and cffluents,

Wnen organic matter is brought into contact with aerobic microorganisms
and gaseous oxygen, parallel oxidation and synthesis reactions occur. Part
of the organic matier is oxidized to end products as carbon dioxide, water,
ammonia and nondegradable by«products with the liberation of energy; con-
current with this doegradation, qe]]u]ar'material is synthesized from organic
matter and energy.

The measurement of organic pollution in water nas been the subject of
numerous investigations. Several anaiytical approaches have been used
including nitrogen transformations, biological oxygen depletion and chemical
oxygen demand, Traditionally the accepted procedure for the determination of
organic pollution is the Bio-chemical Oxygen Demand  Test wiich measures the
oxygen consuined by microorganismé during the utilization of organic nutrients,
Notwithstanding the inherent problems of sewage dilution effects, elapsed
time, interfering nitrification reactions and variation in oxidation rate
constants, the B0D test is used as the primary procedure for the deter-

mination of readily oxidizable carbonaceous matter in water,
»
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Investigators have long sought @ procedure which would provide
compatible information in a shorter period of time, Some of them have tried
to find a correlation between observed plateaus in the rate of oxygen uptake
and BOD while othars have attempted to find a suitable oxidizing compound
that would react only with degradable organic carbon and in this form
replace the time consuming 5 day BOD test, with a more éxpeditious titrimetric
method, Since the advent of the Infra-red Carbon Analyzer it has been possible
to measure directly the carbon content of any waste. The carbon analyzer nas
application in the study of bacterial systems since i1t makes possible a
rapid, accurate determination of tne oréanic content of biological samples
in solution,

Traditionally, the strength of organic wastes has been measured
in terms of the five day Biochemical Oxygen Demand Test, This is not a con-
sistent parameter, but one that will vary for similar absolute concentrations
of different substrates depending on the deqgree of oxygenation of the compound,
Several authors have recommended the use of a conserved parameter such as
organic carbon or chemical oxygen demand, to measure biological substrate
utilization, |

The measurement of cellular carbon has been usually accomplished
by gravimetric methoas. Biological growth has been represented by empirical
formulations derived from quantitative chemistry and few attempts nhave been
made of monitoring cellular carbon in the bioreaction, Determination of
organic carbon content of biological samples in suspension has been made
at lower concentrations (600 mg/1 or less) in the carbon analyzer. AL higher

concentrations this determination is difficult and inaccurate,



The purpose of this experiment is twofold: a) to determine if 602
can be accurately, rapidly and easily measured at the low concentrations
observed to evolve from an acrated batch reactor and b) to measure
éhanges in cellular carbon by means of a carbon balance in which easily
performed soluble and gaseous carbon determinations are carried out,

The suggested procedure involves a single initial determination of
the carbon content of a sample of the whole Tiquid and successive measure-
ments of soluble and gaseous carbon, Tne whole liquid and the soluble
carbon determinations are carried out in the Carbonaceous Analyzer and the

CO2 carbon is measured with a Co, sensitized gas chromatograph,

The results obtained from these series of experiments indicate

that the method is suitable to mzasure changes in cellular carbon witn

10% accuracy,



CHAPTER 2

LITERATURE REVIEW

2.1 Microbial ftetabolism

Nature is essentially a biological reactor in which numerous and

different life cycles are taking place. Degradation of organic wastes and

reproduction of microorganisms thriving in the wastes it is one of these cycles.

general, biological activity is used to convert soluble organic matter into
gaseous compounds and synthesized cell material; the gases disperse in tae
atimosphere and the synthesizcd material is removed by physical methods and
disposced of in djffcrcnt.wnys.

Most of the research done in the field of weste water treatment hass
been donc on soluble organic carbon substrates. Banerji has reported on
biological activity on colloidal organic compounds {1 ),

Busch ( 3) says about the hat&re of wastes roquiving conventional
biological treatment: “Soluble constituents are the only fraction of wastes
requiring biological oxidation for their removal, (tinat, i.e., suspended

and colloidal materials can be removed by physical sepavations, with or

without the aid of chemical additives such as coagulants)”. Busch later stresses

that "In any situation there is literally no excuse for discharge of suspended
materiel to a receiving body of water", In the process of aerobic degradation
a portion of the organic matter is converted to new ¢ell matarial and carbon

dioxide as a product of oxidation. This oxidation yiclds the energy necessavy

for synthesis and cell maintensnce, (3 ) (13,

In
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The discussions which follow with respect to nutrition and synthesis
apply to aerobic or aclivated sludge process organisms, Bacteria range
from autotrophs whose food requirements are mostly inorganic through a wide
spectrum of heterotrophs with a large variety of needs, Mixed cultures used
as initial secd evolve into cultures of few predominant species which can
utilize the available organic matter more efficiently, (20)

Nitrogen, phosphorus, and sulfur are known elements nceded in measurable
amounts in the metabolism of most activated sludge bacteria. Nitrogen

should bz present in the form of NH ¥ the phosphorus as PO4 and tne

4 s
Trace amounts of magnesium, potassium, calcium, iron, zinc,

sulfur as SO4=.
copper, cobelt and mangancse are also essential for most bacteria, The
carriage water is normally relied upon to furnish these (18).

The requirements for synthesis are the presence of living organisws,
available food supply and proper enviroument, = A minimun amount of food
is required for supplying energy for endogenous respiration. As the food
supply is increascd above that needed for éndogenous respiration, a source
of energy and raw materials becomzs availsble for reproduction, The rate
of reproduction will increase with the level of the avaf]db]e food supnly
until the minimum generation time of the organisms becomes thé Timiting
factor,

Sawyer (20) indicates that the N and P requirements in activated

sludge should fall within the following limits:

BOD to N --- 17:1 Max.
- 32:1 Min.
BOD to P -—-- 80:%1 Max.

--~ 150:7 Hin,
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Helmer et al, (8) also point out that defficiencies in nutrients are
not Tikely to be found in domestic sewage but in industrial wastes,

In the presence of oxidizable matter, necessary nutrients and
proper environment, microbial cultures will undergo several growth stages,
the principal of which are a lag phase, a log growth phase, a maximum
stationary growth phase and a death phase (endogencous).' The lag phase is
Targely eliminated when the culture has been acclimated to the particular
substrate, The log phase can bz defined as the period during which regulor
and maximum cell mu]tip]ication takes place. The log growth rate is dep:s |
on the mean generation time of the system. The generation timz is definze
as the interval in which a bacterium develops and completely divides into

two cells,

2.2 Bio-Kinetics

In applying physiological concepts to waste-treatment ﬁ]ant deniqg.
it is necessary to develop mathematical relationships betwaen severveil pioe
parameters such as rate of growth, rate of substrate removal and rate of
oxygen consumption; definite ranges of values for these veaction rate
constants and for such parameters as the yield facter have to be establiza:
for a variety of process conditions, The relationsiip between substrate
concentration and specific growtn rate has been mathematically deflined by
several authors, i.e., Streeter and Phelps ( 24 ), Teissier ( 25 ), Garict
and Sawyer ( 6 ), McCabe and Eckenfelder ( 15 ), Hetling and Uashingioa
( 9, Weston and Eckenfelder ( 28 ), and Eckenfeldar and 0¥onnor ( 5

and Monod (17),
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Bactericlogists (17) have preferred a mathematical continuous function

specifically known as the Michaelis-tenten equation, (22):

Ky =k (§§$§)
n
wheve
k] = specific growth rate
km = maximum growth rate
S = substrate concentration
S, = constant, equal to substrate concentration at which

k] N km/2

This expression is derived from enzyme kinetics and the bacterial
. . . P s n.n
cell is considercd as an enzyme molecule reacting with the substrate S

Teissier (25) proposed in 1936 another model:
dS = c(k -k
dkq/dS c( 0 P])
or integrated
k] = km(l—e'cs), where ¢ is a constant;
This equation is similar to the equation for a first order reaction
where the growth rate increases with increcasing substrate concentration

proportionally to km'k]’ i.c., to the difference beticen the existing growth

rate and a maximum growth rate, Garret and Sawyer (&) and McCabe and



Eckenfelder (16) have used two scparate functions, one for the lower
range of substrate concentrations where the growth rate is assumad to
increase linearly with substrate concentration, and one for the higher range
of substrate concentration where the growth rate is assumad to be constent.
Since most of the kinetic pochanisms reported in the literaturo
express organic substrate as oxygen equivalents and since oxygen is known
to participate in several elemzniery step veactions cogircssced in the
overall meiabolic reacticn the cruveczion of Kinetic rates in {erns of
oxyqgan has little weaning, ThY sane can be argued of mechanisms in which
organic carbon is the measured parameter and therefore the practice of
fitting empirical data tu a mathematical model is not jusiified.

.

2,3 Measurement of Biodegradability

The wide variety and complexity of organic compounds in most wastes makes
it practically impossible to assess, by individual methods of analysis,
the various organic constituents of a waste, Furthermore, no chemicel method
of analysis yiclds information as to whethér or not all or som2 of the
organic material is biologically degradable., Some time ago it was realized
that the quantily and rnature of each organic compound need.not be known in
most cases, for the successful treatment of the wasle, but that infermation
was required as to the effects produced when the waste was breought into
contact with micro-organisms and gaseous oxygen. As a result, a bioassay
test was acvelcped which measures the oxygen demand of the biological system
when prepared samples of the waste arc incubated for a specific period of
time at controlled temporature, This test is known as the Biochomical Oxygen

Demand (BOD) test (23) and the standard test is carried out for five days



at 209C, The BOD test is not only used to evaluate the oxygen consuming
cha%acteristics of the waste, but to roughly indicate the amound of bio-
logically degradable organic matter present in the sample, i.e,, tne agreater
the BOD the greater the organic content.

Busch et al. (4) later shortencd the time of the test to 24 to 48
hours. Tneir Total Oxygen Demand (TOD) test is based en. the fact that
upon attainment of an observed plateau in the BOD curve all substrate nas
been converted to bacterial cells of known chemical composition (CSH7N02).
The resulting cell growth can be determined chemically or gravimetrically
in terms of oxygen equivalents, |

Hiser and busch (11) devised a new technique to shorten the BOD test
time to 8 hoursusing mass culture aeration and cnemical oxygen demand,
Oxidation of all oxidizsble material in the sample by means of chemical
oxidizing compounds, as in the COU test; have been also used to assess
the biodegradability of waste watefs. Obviously this m2thod will not yield
representative results becsuse other than biodegradable matter would be
oxidized and as a consequence the amount of oxygen used in the test is notl
proportional to the amount of bio-degradable matter present in the sample,
As a consequence Gilmour et al., (7) suggested the use of potassium persulfate
as a means of oxidizing soluble organic matter., Their experimental data show
a high correlation with BOD,

Respirometic techniques have alsc been used to determine the oxygen
demand values of waste waters and aerobic biological systems, (12)
Although these methods provide a move precise description of the oxygen

demand curve than the BOD tests, their usefulness in assessing biodegradability
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is limited to mere indications if a complete mass balance is not carried
out wherein each reactant and each product is quantitatively measured.

Since the development of the Infra-red carbonaceous analyzer it has

~

)

been possible to mrasure divecily tho soluble cavbon contont of & wasle bafore

and after bacterial poloholian Ll place, The difievence between tno

two neasurenents has buen termed the totel bacteriaily eviilabile carbon
measurenent. (3,21). tor trestmeat process design, minimum oxygen requiremants can
be estimated from the ¢ryosn cou’veiant of the change in total carton, i.z.,

1

- Sl P R T S I PO
Cocerbin Tess the covbon contont of e synihesireg

total chaags in solub
cells, This amounts to the caange in cevbon content of the vafiltered
wixed Tiguid or to the amount of carbon dioxide given off during the

reaction,

2.4 Soluble and Cellular Carbon Determinations

Soluble carbon determinations in the carbon analyzer a}e known to
be relatively free of interferences. Rickard et al. (19) assert that " Two
possible sources of error do exist, however, that must be taken into‘account,
The first of these is caused by the facl that CO,, carbonates and bicarbonates
will give a positive response., These waterials can be easily removed from
the sample by acidification (pH2) followed by a nitrogen purgs (26). The second
possible source of error is caused by the loss of higihly volatile organics
during purging". Rickard et al, also determined the precision that could
be expected from the carbon analyzer mweasurements by making ten measurements
7 of different concenirations of acetic acid and calculating the standard

deviation from the meen., The 95 per cent coafidenca limit was then calculated
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and the precision was found to vary from 3 to 7 per cent, the average being

4.4 per cent,

2.5 CO2 Measuremaents

Measurements of CO, evolved from biochemical reactors are rare in
the waste water literature, Some authors have measured CO2 by assuming a
perfect carbon balance in which CO2 produced is equal to the difference
between the initial total carbon measurement and subséquent measurements
of the total carbon present in solution and suspension. (19)

C02 has been measured by maasuring the production of Barium carbonate
in a Barium hydroxide solution (14) or directly with the use of a CO2
continuovs analyzer (27).



CHAPTER 3

EXPERIMENTAL PROCEDURES

3.1. Experimental Equipment

3.1.1,  The Batch Reactor

The batch reactor, shown in Fig. 1, consisted of a 14 1 cylindri-
cal bottle with a 1 1/2" opening at the top and a 1" opening on the side
bottom, A water-cooled condenser was placed on the top opening to minimize
evaporation, A rubber cork with two 1/4" holes was plsced on top of the
condensery a plastic tube was then inserted through one of the holes. This
plastic tubc conveyed part of the gas that evolved from the reactor to tne
gas chromatograph. The other hole permitted the excess gas to diffuse in
the atmospheie., The pressure inside the reactor was controlled by controlling
the size of this nole, |

Another rubber cork was placed on the side boltom opening of the
reactor, This cork had three opcnings, one for intropducing the oxygen
supply, one to draw the Tiquid samples and another to place an open end
manometer, The Tiquid samples were drawin through a 1/4" 0.D, glass tube
that reachad the center of the bottle and was contro?led by a stop-cock tap.
The manometric pressure inside the reactor at the tire of sampling the gas
was equivalent to a 2" nigh water column,

The volume of the Tiquid in tho reactor was 10.3 1 at the beginning
of the run and after 8 nours the volume had been redrced by sampling to

9.7 1 The average voluwe of the reactor was then c¢lese to the intended

12
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10.0 1.
The oxygen utilized in thesc experinents was introduced to the

reactor by means of a plastic tube and a porous stone diffuser,

3.1.2, The Gas Chromatoqraph

The gas chromatograph is a detector cell that me&sures differences
in the thermoconductivity of two inert gas streams, one of wiich is carvy-
ing the sample to be examined: the other sample simply serves as a reference,
Differences in thermoconductivity ave electronically amplified and plotted
on a strip chart recorder,

The stream carrying the sample is forced through a suitably packed
column thet retards the flow of the component of the scmple to be determined,

The gas chromatograph used in these experimental series is a 90-p3
model from Varian Aerograph, the carrier gas was Helium, the column used
was a 4 ft, long 1/4" diameter copper tube packed with 80 mesh silica gel
which effectively rctardad the CO2 from the rest of the gases 30 to 60
seconds, when the Helijum gas was flowing at 60 ml/min,

Signal outpul was recorded on an Electronik 19 recorder from Honeyuell,

Sampling was done by means of a six-way valve with a 0.5 ml loop;
the valve guarantees constant volume injections through the chromatograph.
The apparatus was calibrated with three different concentrations of C02
certified by Matheson of Canada, The CO2 concentrations of each cylinder
were 1,68, 2.65 and 3.47% and are gllaranteed to be accurately measured

within 5%,
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3.1.3.  Th2 Infra-red Carbonsceous Analyzer

The apparatus used to mzasure the carbon content of the liquid
samples was a Beckman Carbonaceous Analyzer; made by Beckman under license
frrom the Dcw Chomical Company,

The carbon content of {he samnles is determined by injecting 20 ul
of lhe VTiauic into a 180097 corhusticen chamher by means of a wicioliies
syringa,  Mhe sarple ds inrteatly viperized and co busind din the prescnae

of Coletl Oxide wnich acils as & calulysi. The sample carbon contont i¢

g%
o
o
-
<
el
"

Tfully convertne te carbon diuxice avgh a non-dispersive 1ynn
Infra-vod analvrey sensitized o COZ" Th2 sienal output of the anulyz..
is electronically asplificd and recorded on a strip ciart ricovder as o
siarp syvactrinal pesk,  The height ¢f tie poak is proporiional to the
carbon contait of Lhe sngpic, o bvs vay the cacbon conceetvelion of

Soverdd Ledln wuy el dcievmined from calibration curves wicr vy ingor wing

saviples ¢ knova Ceobon content (Sze Appencix 3 and Figeves 11 end 12)

3.1.4. The Alr and Oy

o meminmea ot ey i tgag st Toad

During the acclimation period compressed air firom the University coapressor
vas used for mixing end aeration purposes, The dissolved oxygen was kept
between 3 and 6 mg/1. In order Lhet any particles of dust in the air did
not pass into the porcus stonc diifuser and clog it, tiz air was first
filtered through glass wooly the air was also pre-saturated in a water bath
in order to decreasc cvaporation.
Duiting tne experinonie] runs pure oxygen was used for oxygenation

and mixing purposcs.  Oxyeen wis suoplied et 30 pus.i.g. from an oxygen
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cylinder conirolled with needle valve and gas flow vaegulator, The oxygen

flow was measured with previously calibrated rotamators,

3.2 Expbrimontal Techniques
3.2.1, The Microbial Culture

The microcirganisms used in these series of experiments weve harvested
from a sample taken from the Dundas, Ontario, waste water trealment plant
primary clarificr near McHaster University.

A batch biologicat reactor was cteyied with one liter of Wnotman
Mo, 2 fittrate of 1he rew sawplos b stad, cubslrobfe and Lop wo'ltr Weiv
peuraed into the aerated vesscl 1o complete approximately 10 1iiers. The
microorganisms vere adapted to the substrate for a poriod of two months
prioe to the beginning of the first experiment, Durl.g 1his poricd the
baten contents were acyated end mived vidin f110erad [od o difiod oy
token from Lhe University comnresser,

A new batch reector was started every 24 hours by pouring into a
previously washed reactor vesscl, 5 liters of the procedent batch supernstant.
Substrate, nutricnts and tep water were added to complete ten Titers,

Microscopic cbservations were perforimcd once in a while during

the adaptation period and at the beginning and end of cach run,

3.2.2, The Carbon Source

A AT LA S A

Moct of thr porl doas 0 the field of biolooical growth kinstics
have zssumzd growth Yiwitation by & single nutrient 5o that the raie of

(3

disappearance of

fod

P e N I L I V1 B TP Vo SO S T TP A
Loe netvinnt cen bhe relot ol 1o PLoreDiad ISERUVERA
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this study the croanic cacbon hao bove ohozen 2 the Timiting vulviont
For the purposte of monicoring the cnengss in the three forms of

carbon any source of ewsily degradable organic carban could have been

vsed bt to siwpiidy e ernavivental provoaures aqd cowpare the work of

former researchers at Mcliaster Universily it was decided to use a simple

organic substrete e glinoie,

1 S

Microorganisma found in row aagega ove kieen to adipt repidly fo
the glucose svbstrate. Details of the glucose madium and ali necessaiy

nutrients can be scen in Appendix Ko, 1.

3.2,3. Liquid Sasuling

A total of 40 ml was withdrewa every 30 minutes to first 10 m]
were wested to aveid testing unrepresentative semples wade up of the
liquid trapped in the sample port which had nol becn properly mixed with
the resl of the liquid, Twenty ml were filtered thvough Millipore filter
paper (0,45 pm pore size). In this way 10 ml were left unfiltered,

Filtered samples were furtﬁer split into two 10 ml samples. One
of these samples was CO2 stripped by acidification and bubbling an inert
gas through the Yiquid for five minutes,

Carbon analysis of the resulting samples were performed by inject-
ing 20 ul several times into the Infra-red Carbon Analyzer, Carbon
concentration deteiwminations required several injections of the micro-
samples; soluble carbon vequirced generally taree to four injections wiereas
the unfiltered samples required six te ten trials, Readings of soluble

carbon were sclected afler two conszcutive injections yieldzd chart rcadings
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differediin less than 1% of the scale, Carbon determinations on unfilteied
samﬁ]es were averaged after discarding the lowest and highest readings if
they were obviously misrepresentative,

Uée of the same syringe by the like operator eliminated much of the
inaccuracies of the method, especially those due to differences in the
injected volume,

A calibration curve was made shortly before eacn experiment with
samples of sodium cxalate carefully diluted indistilled water; the carbon
concentration of these samples ranged from 10 to 2530 ppm which is the
range in wnhich the totality of the cavbon mna§urements were made (see Appendix

3 for details of the IRCA calibration). '

Attempts were made to disrupt the microbial cells in the unfiltered
sample by sonication  but with the equipnent available the sonication
period vould have been longoer than the sampling interval and the temperature
rise too large to gquarantee represéntative samples, Samples subject to
ultra-sonnic shock during twenty minutes failed to show substantial dis-
ruption of the cell material when obscrved under the microscope, furthermore,
the temperature of the samples raised approximately 10°F and it was feared
that further increase would evaporate significant amounts of water thus
increasing concentration readings. The 20 minutes sonicate samples did
not show differences in the carbon concentrations when compared to the

non-disturbed samples; sonication was discontinued after the first run.

e

3.2,5. pH Determinations

The pH of the reacior contents was measured ai intervals using a
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Beckman expanded scale pll meter (Medel 76). The instrument was calibrated

before use with a phosphate buffer solution of pH 6.806.

3,2,6. Microscopic Observation

Microscopic examinations viere made at intervals during the experi-
ments. The observations were purely qualitative. Mo aftempt was made to
make a count of the bacteria prescnt,

The apparatus uscd in the study was an Olympus microscope with a

phase contrast attachment,



CHAPTER 4

DISCUSSION OF RESULTS

4.1 The Carbon Balance

The thiroeo forms of covbon, i.c., cellular, soluble gad vaseous,
viere measured every half hour. Cellviar end soluble carion aoncontrotions

L} AL

were detoriread wilh Uil otd of the Corben Apalyzer, Samples of the whole

Vigquid end its ceovernoidting P10 ohe through millipore popoer wece injooicd

A

"

Mmooy e differerce between whole licuid cavbon and
the fitreaie carbosn s equivalent to the cellular carbon concentration

The rate ¢f produsiion of Cuz carvon ves neasurad every lwo to three
minutes with the gas chromatograph., This rate wes subesquently
integrated wiith time to oblain the amounts of gaseou§ carbon evolved
from the reactor since the beginning of the run.

Carbon determinations were also performoed on the culture shorily
before adding the qlucose wedium to check the level of scluble carbon
in the Tiquid.

The corvesponding values of the ﬁhree carbon foirms were converted
to mg/1 of reactor and added. The figure thus obtained must be constant
according to tha 1w of conservation of masses in a batch reaction, i.e.,

CC + CS + C(J = Ct : (4.1)

20
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where CC is the cellular carbon concentration in wmg/1
C_ is the soluble carbon concentration in mg/l

C_is the gaseous carbon produced since the beginning of the run end
g is also given in mg/1 of reactor

is the total carbon measurement in mg/1

The three forms of carbon were monitored every half hour until the
soluble carbon was observed to have attained its lowest value for at least
one hour.

The observed ov Ea]culated results are plotted in Figures 3 to 10
and listed in Tables 3 to 10.

The calculated values of Ct are represented by ihe upper line of
points in the samne figures. A least squares line was fitied through each
set of points.

The values of ccllular cavbon vere calculated from equation (4.1)
using values of Ct equal to the first tolal carbon measurement or when this
value was believed to be incorrect by the value of the least squares line
intercept with the carbon concentration axis. The resulting cellular carbon
values can be compared with the values obtained with the aid of the Carbon
Analyzer, in Figures 3 to 10 or in Tables 3 to 10.

Maximum cellular carbon concentrations were observed near the time
in which soluble carbon reached its lowest valuve and vhen CO2 rate of
production was sharply reduced.

Teble 1 Tists the amounts of glucose added per liter of reactor
and the theoretical and observed increases in soluble and suspended carbon

concentrations.



TABLE 1

Run No. Glucose Theoretical Observed Increase in Carbon Measurement
g’*/“',ldfdo;” inerease I Soluble Carbon % diff.  Total Initial C % diff.
reactor

1 2.50 1000 mg/1 727 mg/? - 27.3 878 mg/1 - 12.2
2 2.50 1000 mg/1 926 mg/1 -. 7.4 1078 mg/1 7.8
3 2.50 1600 mg/1 937 mg/i - 6.3 954 mg/1 - £.6
4 2.50 1000 mg/1 1023 mg/1 2.3 1042 mg/1 4.2
5 2.25 900 mg/? 637 mg/1 - 29.2 814 mg/1 - 9.6
6 2.00 800 mg/1 322 mg/1 2.8 868 mg/1 8.5
7 2.25 900 mg/1 876 mg/1 - 2.6 854 mg/1 - 5.1
8 2,375 950 mg/1 934 mg/1 - 1.6 929 mg/1 - 2.2
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In runs 1 and 5 the first total carbon measurements along with the
soluble carbon values are believed to be in error as indicated by the large
differences in theoretical and observed concentrations. The cause of the
error is believed to be the fact that the Carbon Analyzer had not been in
usc for some time previous to the starting of the runs and these determina-
tions were done shortly after turning it on. This assumption is confirmed
by the fact that the second and third measurements of the increases in soluble

and total carbon are closer to the theoretical value as can be seen in Table 2,

TABLE 2 o

Observed Incresses in Soluble and Tolal Cavbon (in ma/1)

Run Ho. First Reading Second Reading Third Reading Theoretical
Sol. C Total C Sol. C Total C Sol. C Total C C
1 727 878 916 1052 914 991 1000
5 637 814 861 998 853 826 300

The observed production of COZ up until the rate of production was
sharply reduced or at the moment of maximum solids concentration was listed
in Table 3. In general, the amount of CO2 produced up to this moment
varied between 35 and 40 percent of the solublec carbon added to the reactor

as glucose.



Run No. Observed Values of Gaseous Carbon as % of the Amount of Glucose Carbon Added
at the time of calculated maximum at the time of observed Tow-
soiids carbon , est soiuble carbon
1 37.0 (6 hrs.) 43.1 (7 hrs.)
2 38.4 (4.5 hrs.) 43.2 (5 hrs.)
3 35.5 (5 hrs.) 35.5 (5 hrs.)
a 40.8 (6 hrs.) 40.8 (6 hrs.)
5 37.0 {6 hrs.) _ 43.1 (7 hrs.)
6 38.5 (4.5 nrs.) 43.2 (5 hrs.)
7 35.6 {5 hrs.) 35.6 (5 hrs.)
8 41.8 {6 hrs.) 41.8.(6 hrs.)

0~
RN
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In general, soluble and gaseous carbon plots are smooth curves while
the measured cellular carbon determinations arc somewhat jumpy. In general,
only 3 to 4 injections of the reactor liquor filtered sample to the Carbon

“Analyzer Qere necessary for each soluble carbon determination. Although the
unfiltered samples seemed to be optically well dispersed, it is possible that
microscopic floc formation and differential microbial concentrations through-
out the container affected the carbon readings to such én extent that some-
times up to ten sample injections to the Carbon Analyser wviere necessary to
obtain two consecutive readings differing less than 1% of the scale.

After the experiments were concluded it was decided to average the readings
that were not obviously unvepresentative, to obtain the cellular carbon

value instcad ol using two consecutive equal readings as is usually done.

In the first run it was attempted to disrupt the cellular mass with
ultrasonic waves. Soniéatﬁon of part of the unfiltered sample yielded
equally uneven results., The ultrasonic equipment available did not noticeably
disrupt the cells after 20 minutes and raised the temperature of the sample
more than 10°C.  Sonication procediures were discontinued after the first
run,

The presence of inorganic carbonates or dissolved CO2 was checked.

No appreciable difference was noticed between the acidified and nitrogen

purged sample and the non-purged sample.

The oxygen flow was regulated end controlled with a gas regulator,

a needle valve and a high-precision previcusly-calibrated flow meter or
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rotameter graduated in percent of maximum gas flow. The flow of oxygen
was adjusted in such a way as to fulfill metabolic and mixing requirements
and at the same time avoiding excessive dilution of the carbon dioxide
produced in the rcactor. Previous observations indicated that an oxygen
flow of 1.4 litres per minute per litre of recactor liquid would suffice
these conditons.

As chromatographic measurements require constani pressure sempling
the pressure inside the reactor was kept constant by meens of a manometer
placed in the side bottom hole and adjusting the flow through the top

opening.

A continuous stream of the gas given off by the reactor was forced
into the gas sampling device of the gas chromatograrh. To avoid condensation
of water vapor at the sampling port it was necessary {o install a condenser |
between the reactor and the sahpTing device.

The reproducibility of the gas chromatograph when injecting samples
of known concentration is good; variations were noticed when pressure was
varied at the sampling port; although variations in pressure wecre obhserved
of half an inch in the manometer water column, all sampling was done under
the same pressure (two inches of water).

Carbon dioxide determinations in the form of the inteqrated rate of
production do not have the same degree of reliability as soluble carbon
determinations because of the possibility of introducing a constant sign
error that accumulates with integration.

Among the sources that would produce a constant error in the CO2
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rate of production determination are differences in the oxygen flow measure-
ments, accumulation of condensates in the sampling device and the imprecision
in the determination of CO? concentration in the gas cylinders used to cali-

brate the gas chromatograph.

4.3 Carbon Deterwinations in the Infrared Carbon Analyzer

Although the unfiltered samples injected in the IRCA secemed to be
optically well dispersed, it is possible that microscopic floc formations
and difierences in concentration throughout the container affected the
carbon readings, because the results obtained did not produce smooth curves
as did the filtered samples. These differcnces are amplified when the
filterad sample readings are subtracted from the unfiltered samples to
obtain the cellular carbon.

Measuremenis of unfiltered samples are difficult and time consuming;
due to the differences found in successive injections to the‘IRCA it was
necessary to repeat the procedure up to ten times to get reliable results.
Soluble carbon determinations needed only three to four injections from
each sample and numerous experiments have proven the reliability of the

IRCA for the purpose. (2)
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4.4 Individual Anclysis of Each of the Eight Runs

In Run No, 1 the slope of the least squares 1ine indicates that less
than 1% pef hour of the total carbon was not being recovered. The loss has
been attributed to an increased concentration of cellular matter in the scum
or slime on the walis of the reactor,

The first measuremant of total carbon is believed to be in error,
possibly because the Carbon Analyzer had not been in use for some time
before the starting of the experiment, and thorefore the cellular carbon
was calculated from the least squares intercebt.

The maxinum difference between obscrved and calculated cellular
carbon was 10,57 of the initial total carbon,

In Run No, 2 the Tloss of total carbon amounts to less than 1% per
hour of the initial total carbon, The first total carbon measurement, though,
coincided with the least squares in{ercept.

In Run No, 3 the loss of carbon was larger than in most runs and
this is belicved to be due to a small increase in the oxygzn flow which
tended to decrease the concentration of CO2 in the gas given off by the reactor,
This fact is indicated by the lower CO2 glucose added ratio observed at
maximum cellular carbon (see Tabie 3). The least squares slope indicates
a loss of little more than 2% per hour of the total carbon, The maximum
difference betwcen calculated and observed cellular carbon was 16%.

In Run No, 4 the carbon losscs are considerably less than in previous
runs, This improvemant is believed éo be caused by the lower initial cellular
carbon concentrations, Cellular carbon determinations are usually more

difficult and less accurate than determination of the forms of carbon. The



UNFILTERED

SAMPLE
CARBON

1760
1960
1860
1860
1860
1760
1730
1700

1440
1420
1310
1310
1400
1400
1330
1250

FILTERLED
SAMPLE
CARBON

230
195
110
80
80
80
80
80

CO2

CARBON

13
29
51
80
112
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TABLE 4
RUH KO, 1
SOLIDS CARBON TOTAL
Calc. from Observed  Calc. from CARBON
1st Reading Least Squares
Intercept
970 970 - 1084 1760
781 985 895 1964
787 900 901 1873
791 920 905 1889
829 980 943 1911
890 970 1004 1840
948 1030 1062 1842
1000 1090 1114 1850
1079 1060 1193 1741
- 1250 1210 1364 1720
1240 1225 ‘ 1354 1745
1280 1200 . 1394 1680
1201 1220 1375 1719
1249 1320 1363 1831
1234 1320 1348 1846
1222 1250 1336 1788
1213 1170 1327 1717
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UNFILTERED

SAMPLE
CARBOH

2500
2580
2400
2460

2400

2260
2260
2300
2060
1920
1960
2060
1960

FILTERED
SAIPLE
CARBON

980
880
300
840
740
620
510
370
230
80
70
70
70
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TABLE 5
RUN NO. 2
€0, SOLID'S CARBON TOTAL
CARBON Calc. from  Observed Calc. from CARBON
1st Reading Least Squares
Intercept

0 1520 1520° 1547 2500

13 1507 1600 1534 2593
40 1560 1500 1587 2440

77 1583 1620 1610 2537
119 1641 1660 1668 2519
165 1715 1640 1742 2425
215 1775 1750 1802 2475
269 1861 1930 1888 2569
327 1943 1830 1970 2367
384 2036 . 1840 2063 2304
432 1598 1890 2025 2392
458 1972 1990 1999 2518
474 1956 1890 . 1983 2434
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UHFILTERED
SAMPLE
CARBOM

2250
2160
2080

- 2030

2030
1990
1840
1890
1740
1670
1630
1560
1480

FILTERED
SAMPLE
CARBON

1000
1030
920
820
700
650
530
400
300
120
80
120
100

co

2

TABLE 6

CARBOMN

SOLID'S CARBOHN

Calc. from
1st Reading

1250
1211

1302
1374
1460
1471

1546
1626
1673,
1803
1815
1760
1769

Observed Calc. from

Least Squares
Intercept

1207
1168
1259
1331
1417
1428
1503
1573
1630
1760
1772

N7

1726

33

TOTAL
CARBON

2250
2163
2108
2086
2120
2119
2014
2114
2017
1997

1985
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TABLE 7
RUN_RO. 4
ME UNFILTERED FILTERED co, '~ SOLID'S CARBOM TOTAL
RS)  SAMPLE SNILE CARGON  Calc. fron  Observed Calc. from 00!
1st Reading Least Squares
Intercept
1600 1050 0 550 550 541 1600
5 1580 920 6 674 660 665 1586
.0 1550 860 19 721 : 690 712 1569
5 1520 840 38 722 630 713 . 1558
.0 1520 820 60 720 700 7 1580
5 1500 790 -85 725 710 716 1585
.0 1470 740 114 746 730 737 1584
5 1400 650 150 - 800 750 791 1550
.0 1360 560 197 849 800 840 1551
5 1360 440 236 924 920 915 1596
.0 1290 320 289 991 970 982 1579
.5 1140 170 349 1081 970 1072 1489
.0 1110 70 408 1122 1040 1113 1513
.5 1140 80 441 1079 1060 1070 1581

.0 1070 70 456 1074 1060 1065 1526
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IME
HRS)

UNFILTERED
SAMPLE
CARBOM

1660
1840
1660
1740
1660
1660
1660
1620
1580
1460
1340
1320
1240
1240
1280
1280
1240
1160

37

TABLE 8
RUM HO. 5
FILTERED co, SOLID'S CARBON TOTAL
gﬁgg%ﬁ CARBON Calc. from Observed Calc.from CARSO
1st Reading _ Least Squares
Intercept

700 0 960 960 1057 1660
920 | 4 736 920 833 1844
900 12 748 760 845 1672
880 26 754 860 851 1766
830 46 784 830 881 1706
740 72 848 920 945 1732
660 101 829 1000 996 1761
575 135 950 1045 - 1047 1755
460 172 1028 1120 1125 1752
340 211 1109 1120 1206 1671
225 252 1183 1115 1280 1592
190 293 1177 1130 1274 1613
100 333 1227 1140 1324 1573

80 369 1211 1160 1308 1609

70 388 1202 1210 1299 1668

70 401 1189 1210 1286 1681

70 413 1177 1170 1274 1653

70 420 1170 1090 1267 1580
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UNFILTERED
SANMPLE
CARBON

2200
2250
2100
2140
2100
1990
1990
1930
1850
1740
1770
1850
1770

FILTERED
SAIMPLE
CARBON

870
870
790
730
640

TABLE ©
RUI _HO. 6
C02
CARBOI! Calc. from
1st Reading
0 1330
10 1320
32 1378
62 1408
96 1464
132 1523
172 1578
216 1562
262 1738
308 1812
346 1789
368 1767
380 1755

SOLID'S CARBON
Obscrved

1330
1380
1310
1410
1460
1445
1540
1605
1650
1660
1705
1785
1705

Calc.
Least Squares
Intercept

1328
1318
1376

1406

1462
15621
1876
1567
1736
1810
1787
1765
1753

39

TOTAL
CARBON
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UNFILTERED
SAMPLE
CARBON

2060
1980
1300
1860
1860
1820
1800
1740
1620
1550
1510
1440
1370
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TABLE 10
RUN NO. 7
FILTERED C02 SOLID'S CARBON TOTAL
gﬁgggﬁ CARBON Calc. from Observed Calc. from CARBON
1st Reading Least Squares
Intercept
930 0 1130 1130 1163 2060
950 . 8 1102 1030 1135 1988
860 25 1175 1040 1218 1925
770 50 1240 1090 1273 - 1910
640 81 1339 1220 1372 1941
580 115 1364 1240 1397 1936
500 157 1403 1300 1436 1957
370 202 1488 1370 1521 1942
270 250 1540 1350 1573 1870
100 295 1665 1450 1698 1845
60 320 1680 1450 1713 1830
100 333 1627 1340 1660 773
70 343 1647 1300 1680 1713
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TABLE 11

RUN NO. 8

CO2

CARBOHN

18
36
57
81
109
144
184
228
280
339
397
429
443

43

SOLIN'S CARBON TOTAL
Calc. from Observed Calc. from CARBON
1st Reading Least Squares
Intercept

430 490 455 1460
584 550 549 1426
622 ‘ 580 587 1418
624 580 589 1416
613 570 578 1417
619 600 584 1441
641 630 606 1449
541 495 506 1414
746 720 711 1434
812 820 777 1478
850 8390 745 1470
956 905 921 1409
998 985 963 1447
956 995 921 1489
952 935 917 1443
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losses in-total carbon were less than 0,5% pew hour and the maximum difference
between calculated and observed cellular carbon was 7%.

In Run No, 5 the carbon losses werc 1% per hour and the maximum
difference between calculated and observed cellular carbon was 104, Here
again the first measurement of total carbon is believed to be in error for
the same reason as in Run No, 1 and the least squares intercept was used to
calculate cellular carbon.

In Run No, 6 the least squares slope indicates a carbon loss of
0.6% and the maximum differcnce between calculated and observed cellular
carbon was 7%,

Run No, 7, like Run No, 3, has higher than usual carbon losses,
The reason for this is balieved to be an error in the measurement of the
oxygen flow., The carbonllosses are close to 2% por hour and the maximum
differnece betwecn calculated and observed cellular carbon was 17%,

Run No. 8 shows an excess carbon of 0.3% per hour and the maximus
difference in calculated and observed cellular carbon was 3,3% which is
very good,

Table 12 lists the calculated least squares slope and intercept

for each run,

TABLE 12
Run No, Slope Intercept

mg/1/hour mg/ 1
1 16,7 1874
2 19,6 2527
3 49.5 © 2207
4 7.8 1591
5 17.5 1757
6 13.0 2198
7 42.5 2027
8 - 4.7 1425



CHAPTER 5

CONCLUSTORS ANMD RECOMMENDATIONS

5.1 Conclusions

5.1.1 Gascous carbon given off by an aevated, batch biorecactor can be
accurately, rapidly and casily measurced with a C02 sensitized gas chromato-
graph. The precision of the carbon dioxide nicasurements depend to a great
extent on the availability of gas standards covering an adeguate range to

accurately calibrate the gas chromaiograph.

5.1.2 Determinationz of cellutar carbon in a batch biorcactor cen be
carvied out by measuring initial lotal carbon conceunlration and monitovring

soluble and gascous cerbon concentration throughout the reaction.

5.1.3 Carbon recovery in this scries of experiments varied from 3 to 16
per cent. This can be used as an indication of the precision that can he

obtained with the procedure.
5.1.4 Dotermination of the initial total carvbon concentration using the

infrared carbon analyzer, should be based on at least three sampies of

each condition,

46
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5.2 Recomunendatlions

5.2.1 It is recommended that observed changes in ccllular cevbon, obtained

by the mzthod here suggested, be used to determine microbial growlh vetes.

5.2.2 1t is also recomwended that the carbon balence methed be used in

a continuogus reacloyr.
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APPEMDIX 1
THE GLUCOSE MEDIUM

The growth of micro-organisms in a liquid medium needs the presence
of some inorganic nutrients not found in tep water in sufficient amounts such
as Iron, Potassium, Magnesium, Sulphates, Phosphates, Chlorides and Ammoniacal
llitrogen.

The glucose, C6H1206’ and dibasic ammonium phosphate, (NH4)2 HPOQ,
in a 3:1 retio by weight, were diluted in tap water. Stock solutions of the

following inorganic nutrients were made:

Ferric Chloride, FeCl .6Hé0, in a concentration of 1.0 gm/1

3
Potassium Phosphate, KZHPO4, in a concentration of 50.0 gm/71.

Magnesium Sulphate, MgSO4.7H20, in a concentration of 50.0 gm/]

These solutions were added to the glucose~armonium phosphate medium

in the following manner:

1.0 ml FeCl3 sotution / gram of glucose added
2.0 m} KZHPO4 solution / gram of glucose added

2.0 ml Mg504 solution / gram of glucose added

The glucese medium thus prepared has been successfully used by former

researchers ( 2) at McMaster University.
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APPENDIX 2
CALIBRATION OF THE GAS CHROMATOGRAPH

The gas chromatograph was calibrated with the aid of compressed
gas cylinders containing known concentrations of COZ‘ Three cylinders
supplied by HMatheson of Canada were specifically used: the 002 concentra-
tions were 1.68%, 2.65%'and 3.45% by volume. Plots of the recorder output
signal against the CO2 concentration of the sample injected yielded a straight
line that passed through the origin.

Kith an attenuation of 32, the recorder output signal was 100% when
the 1.68% cylinder was sampled; this means that 1% of thc output signal at
maximum sensitivity was equal to 1.687% divided by 3200 or 0.000525% CO2
by volume. The corresponding weight of the cerbon in a mole of CO2 is
given by the ratio 12/22.4 gm/1 The rate of production of CO2 was measuved
every 15 minutes and then inteyrated to obtain the amount given off by the
reactor.

The chart reading can be converted to grams of Carbon/15 min in
the following way:

a) multiply the peak height by the attenuation factor (i.e., 1, 2,

4, 8, 16, 32, 64, etc.).

b) multiply the result by the concertration factor, 0.000525%,

mentioned above.

c) multiply the result by the oxygen flow every 15 minutes (the oxygen

flow was set at 1.4 1 /min/1 of reactor or 21 1 02/15 min/1 of
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reactor). |

multiply the result by the weight of carbon per mole of CO2
and divide by the volume occupied by the mole (12 gm/22.4 1 ).
The result is the weight in grams of carbon produced by the
reactor in the form of C02 every 15 minutes per litre of reac-

tor.



APPERDIX 3

STANDARD SOLUTIONS FOR THE INFRA-RED CARBONACEOUS AMNALYZER

Throughout scveral years of experimentation with the Beckman Carbon
Analyzer at McMaster University it has been found that Sodium Oxalate
solutions in distilled water is good standards for carbon analysis. Standard
samples were stored at 4°C and found not to change with relatively long
periods of tima ( 2).

Standard solutions ranging from 10 ppm to 2,500 ppm were used; the
calibration curves for the two gains used throughout the experiments can

be scen in Figurces 11 enc 12,
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