






























































































































































































































RUN (6): (Continued) 

Hours % Vol. Corrected Gaseous Tota: 
co

2 C per litre feed Sol1 
mg. + Ce: 

+Ga: 

3.5 0.29 78 4 

14.0 0.21 57 3 

18.25 0.34 93 4 

23.25 0.36 98 4 

42.5 0.45 . 119 4 

48.5 0.49 129 4 

. . 

. . 

.. 

L 
li 
L:.. 

C ppm 
ion 

3( ous 

5 8 

7 7 

2 6 

1 8 

0 9 

2 

.. 

Influent C tr 
ppm hr 

497 2.98 

495 2.97 

499 2.99 

499 2.99 

495 2.97 

495 2.97 

Error in C 
Balance 

- 7.8% 

-23.8% 

-14.6% 

-16.2% 

-17.4% 

-14.3% 

I 

0 
(\..) 



RUN (8) : 

Hours o2 Flow Head Pressure 
ins. H2o Fil1 

ml/min 
::< 

CARBON PPM 
~red Sonicated 

-

3.25 105S 3.85 16 5 450 

6.33 1050 3.90 17 0 420 

ld.00 1050 3.85 19 0 415 

21.75 1050 3.85 19 0 410 

25.00 1055 3.90 18 5 410 

. . -
' 

,. .. 
t;'' 

* Too much flocculation for meaningful solids determination. 

Solids 

285 

250 

225 

220 

225 

Solids 
Concentration 

mg/l 

580 

490 

-* 

-* 

-* 

I-' 
0 
w 



RUN (8): (Continued) 

· Hours % Vol. Corrected Gaseous Tota: 
co

2 
C per litre feed Soll 

mg. + Ce: 
+ Ga! 

3.25 0.38 86 53 

6.33 0.32 73 49 

18.00 0.15 33 44 

21.75 0.24 54 46 

25.00 0.25 57 46 

L C ppm Influent C 
),~ :ion ppm 
L: -
~ (: ~ous 

6 492 

3 498 

l3 489 

·1 496 

7 495 

tr 
hr 

2.50 

2.53 

2.48 

2.51 

2.50 

Error in C 
Balance 

+ 8.9% 

- 1.0% 

- 8.4% 

- 6·. 5% 

- 5.7% 

t-' 
0 
~ 



RUN ( 9) : 

Hours o
2 

Flow Head Pressure 
ins. H2o 

ml/min 

4:. 66 1060 4.10 

6.00 1060 4.10 

8.00 1060 4.20 

11. 00 1055 4.30 

14.25 1055 4.40 

--
.. 

' 

.. 
CARBON PPM 

Fili: ered Sonicated Solids 
Solids 

Concentration 
mg/l 

240 435 195 580 

240 430 190 590 

210 395 185 620 

190 335 145 480 

175 325 150 430 

. .......................................................................... -. ......................................... ...... 
~ 
0 
Ul 



RUN (9): (Continued) 

Hours % Vol. Corrected Gaseous 
co

2 
C per litre feed 

mg. 

4.66 0.47 96 

b.00 0.46 93 

8.00 0.44 90 

11.00 0.44 89 

14.25 0.25 51 

.. 

; 
..... ,:: 

·.. ~-

. 
r~ .. , J 

.. 
,, 

---·· 
Total C ppm Influent C 

Solut ion ppm 
+ Cell 
+ Ga:3eous 

53 1 499 

52 3 499 

485 499 

42 4 494 

376 496 

·-· 

tr 
hr 

2.24 

2.24 

2.25 

2.23 

2.23 

Error in C 
Balance 

+ 6.4% 

+ 4.8% 

- 2.8% 

-14.2% 

-24.2% 

I-' 
0 
O"I 



RUN (10): 

Hours o2 Flow Head Pressure 
ins. H2o Filt 

ml/min 
-

9.25 1060 3.80 210 

25.00 1140 3.80 36 

32.25 1110 3.80 39 

48.58 1100 3.75 51 

56.75 1080 ·. 3. 70 46 

72.25 1030 3.75 31 

_81. 00 1.030 3.75 17 

99 ... 25 1000 3.70 21 

. .. ... , __ 

.. 

CARBON PPM 
~red Sonicated Solids 

- -

330 294 

250 211 

250 199 

225 179 

215 184 

220 203 

275 254 

.. 

Solids 
Concentration 

mg/l 

-

740 

600 

480 

460 

480 

500 
: 

680 

.__. 
0 
-...J 



RUN (10): (Continued) 

-
Hours % Vol. Corrected Gaseous Tota1 

co
2 

C per litre feed Solu 
mg. + Ce1 

+ Ga!~ 

9.25 - - -

25.00 0.16 155 48 

32.25 0.17 165 41 

48.58 0.13 125 37 

56.75 0.18 166 39 

72.25 0.20 178 39 

81.00 0.14 122 34 

99.25 0.05 43 31 

' 

C ppm Influent C 
:ion ppm 
.L 
wus 

498 

5 479 

5 501 

5 508 

l 500 

3 495 

486 

B 506 

tr 
hr 

9.96 

9.59 

10.03 

10.17 

10.01 

9.92 

9.72 

10.12 

I 

Error in C 
Balance 

-

+ 1.3% 

-17.2% 

-26.2% 

-21.8% 

-20.6% 

-29.6% 

-37.2% 

1--' 
0 
00 



109 

APPENDIX B 

NUTRIENT MEDIA 

An investigation of bacterial metabolism of the type 

undertaken, requires that one nutrient be supplied in a growth 

limiting concentration, so that bacteria can only grow as fast 

as they can absorb that nutrient. As organic carbon, nitrogen 

and phosphorus are required in some form, in greater then trace 

quantities by all types of bacteria, one of these is normally 

chosen as the growth limiting factor. Organic carbon was 

selected for use in this study. Adequate bacterial nutrition 

necessitates a C:N:P ratio equivalent to 40:5:1 (7). If 

nitrogen and phosphorus are present in excess of this requirement, 

organic carbon will function as the growth limiting nutrient. 

(NH
4

)
2 

HP0
4

, dibasic ammonium phosphate was used to 

provide a nitrogen and phosphorus source, and dextrose (anhydrous 

d-glucose), c6H
12

o
6

, was used as the organic carbon source. 

Mixing dextrose and ammonium phosphate in an approximately 

2.5:1 ratio by weight ensured that organic carbon was limiting. 

This substrate solution was made up in distilled water and 

sterilized at 100°C and atmospheric pressure for 1/2 hour 

before use. 

Trace elements are also required for bacterial metabolism, 

these being supplied from a reservoir of dilution water. Three 

solutions were prepared: · 



(a) Ferric chloride ·(Fec1
3

. 6H
2
0) solution, 

1.0 gm/litre. 

(b) Potassium phosphate (K
2

HP0 4 ) solution, 

SO gm/litre. 

(c) Magnesium sulphate (Mgso
4

. 7H
2
o) solution, 

SO gm/litre. 

These solutions were added to the dilution water 

reservoir (tap water) in the following way: 

(a) l.2S ml FeC1 3 solution/litre of feed. 

(b) 2.S ml K2HP0 4 solution/litre of feed. 

(c) 2.S ml Mgso 4 solution/litre of feed. 

Use of tap water as solvent also ensured the presence of 

calcium as a trace element. The feed streams of substrate 

110 

((NH4 ) 2 HP0 4 + c 6H12o 6 in distilled water), and dilution water 

+ nutrient (Fec1
3

. 6H
2

o + K2HP0 4 + Mgso 4 . 7H
2

o in tap water) 

were supplied from separate reservoirs to the continuous reac~or, 

previous work having showed that this technique minimised growth 

in the feed lines. · The dilution water was also sterilized and 

then acidified with several drops of concentrated hydrochloric 

acid, to keep the trace elements in solution. 
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APPENDIX C 

OXYGEN REQUIREMENTS OF E. COLI UNDER 

THE ENVIRONMENTAL CONDITIONS OF THIS STUDY 

Pirt (55) reported experiments considering the changes 

in end products of bacterial metabolism if oxygen was allowed 

to become growth limiting. Anaerobic conditions drastically 

affected the distribution and type of metabolic products formed. 

A brief study wa~ undertaken to show that fully aerobic conditions 
I 

existed at all times in this work. 

/ 
Schulze (13) showed that for E. coli at 30°C and pH 6.7, 

the respiration rate of the cells varied from 16 mgm. o2/gm 

cell weight/hour at zero growth, to approximately 500 mgm. o2/gm 

cell weight/hour at the maximum growth rate. 

Assume that the mean cellular solids concentration at 

steady state in the reactor = 600 mgm/litre. 

For a constant reactor volume of 3.5 litres, the total cell 

weight = 600 x 3.5 

1000 
gm. cells. 

At the maximum growth rate at 30°C, 500 mgm. o2/gm cell weight/hour 

600 x 3.5 are required. Hence, for the reactor, x 500 mgm. 
1000 

o2/hour will be required at maximum cellular concentration, 

and maximum growth rate. 

Density of oxygen at 24°C and 760 mm. pressure "'""- 1.31 gm/litre 

1310 mgm/litre. 
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Hence, for the reactor, 600 x 3.5 x 500 x 1000 ml. o2/min. 

= 

1000 x 1310 x 60 

13.3 ml oxygen per minute are required by the maximum cell 

* concentration at maximum growth rate. 

* This is a conservative estimate, using a maximum respiration 

rate value at · 30°C, whereas reactor temperature equalled 24°C 

throughout. 

Experimental Proceedure 

1. 3.5 litres of tap water were added to the clean reactor 

vessel and temperature stabilised at 24°C. 

2. Nitrogen from a compressed gas cylinder ~~s b~bbled through 

the water with high speed mechanical stirring until the 

D.O. reading (Y.S.I. D.O. meter) equalled zero. 

3. Stirring rate was set equivalent to the rate used throughout 

all experiments, and aeration initiated at an oxygen flow 

rate of 1000 ml/min, approximately equivalent to the rate used 

in most of the experimental study. Aeration was continued 

until the dissolved oxygen reading showed no further 

increase. 

The entire proceedure was repeated and similar results 

obtained. The resultant graph of dissolved oxyg~n (mgm/Iitre) 

as ordinates against time in minutes as abscissae is shown 

in Figure (22). 
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FIGURE (22): 

Q,) 
"-.... 

........ 
E 
C' 
E .. 
z w 
C> 
>-
"V _.-.... 
0 
0 w 
> 
_J 
0 
CJ) 
(/) 

0 

DISSOLVED OXYGEN (mg/l) VERSUS 
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Results 

The plot of D.O. versus time, shows that the solution 

rate of oxygen can be conservatively maximised at 6.0 mgm/litre/ 

minute at low D.O. values. That is, 6.0 mgm of oxygen/litre/ 

minute are available for cellular uptake. 

Oxygen density at 24°C and 760 mm pressur~ ~ 1310 mgm/1000 ml. 

Therefore, 1 1000 mgm:::;:. ml 
1310 

Hence, for a reactor of 3500 ml capacity, solution rate 

= 3.5 x 6.0 mgm. o2/minute 

3.5 6.0 1000 ml o2/minute x x 
1310 

= 16 ml o2/minute _ 

Hence, reactor oxygenation is sufficient even- at maxl.mum growth 

rates of E. coli. 
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APPENDIX D 

CALIBRATION STANDARDS FOR CARBON ANALYSIS 

Earlier work (43) (29) indicated that solutions of 

sodium oxalate were reliable standards for . calibration of the 

infra-red analyzer. Storage was effected at 4°C, and it was 

found that carbon content was stable. A standard solution 

of 500 ppm carbon was prepared by dissolving 2.7891 gm sodium 

oxalate in 1 litre of distilled water. 50,100,250 ppm carbon 

solutions were prepared by dilution as required. Calibration 

curves were drawn up for the infra-red analyzer for each 

sample taken from the continuous reactor. 
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APPENDIX E 

SUBSTRATE CONCENTRATIONS 

Dextrose concentrations of 500 mgm/litre of organic 

carbonwereused as the total influent concentration throughout 

the study. The dextrose concentration required in the substrate 

reservoir was calculated as follows: 

For the continuous reactor under conditions of steady state 

with a constant 

Kl 

where: Kl = 

D = 

f = 

v = 

tr = 

Therefore, tr 

cell concentration 

= D = f/v = 

specific growth rate 

dilution rate 

total flow rate into 

reactor fluid volume 

mean 

= 
v 
f 

residence 

= 
3500 

f 

time. 

Hence, for 5 hours residence time, 

5 

Therefore, f = 

= 
3500 

f 

700 ml/hour. 

1 

tr 

reactor 

If the dextrose is pumped at 78 ml/hr, the dilution 

water + nutrient pump flow, plus the small alkali flow from 

the pH controller must be adjusted to total 622 ml/hr. 
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Now this total inflow of 700 ml/hr must contain a carbon 

concentration of 500 ppm or 500 mgm/litre. 500 mgm/litre 

carbon a 1250 mgm/litre dextrose. That is, per hour: 

700 

1000 
x 1.25 gm dextrose 

enter the reactor, (i.e., 78 ml of substrate contain 

700 

1000 
x 1.25 gm dextrose) 

= 11.2179 g/l. dextrose. 

Each dextrose reservoir concentration is calculated thus, and 

depends on the residence time, and the pump speed. The pump 

used to transfer the dextrose solution to the reactor, was 

calibrated constantly throughout the experimental work. The 

following table gives the dextrose concentrations used. 

Residence Time Reservoir Glucose Run No. 
Hours Concentration 

gm/l 

5 11.2179 1 

5 11.2179 2 

5 11.2179 3 

5 11.2179 4 

2 25.0659 7 

2.25 22.2532 9 

2.5 19.6035 8 

3 16.7625 6 

6 8.2761 5 

10 5.0435 10 
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APPENDIX F 

LINEARITY OF 90-P3 DETECTOR RESPONSE 

Figure (23) shows a plot of % carbon dioxide by 

volume against peak height. The sampiing was carried out at 

the same sensitivity as was used in all the subsequent 

experiments. Each point is the mean peak of ten peaks. Dalnogare 

and Juvet (64) point out that peak height measurements are 

usually recommended when small peaks must be measured, or 

when the band width is narrow. The height and area of 

chromatographic peaks are affected not :only by the sample size, 

but also by factors influencing the sensitivity of the detector, · 

such as fluctuations in the operating bridge current, the 

carrier gas flow rate, or the column and detector temperatures. 

Hence, the chromatograph was calibrated with a known volume 

% of co 2 mixture for every sample. 

It can be seen that the response of the detection system 

is essentially linear with respect to carbon dioxide concentrations 

up to 3.5% by volume. 



FIGURE (23): 119 
PEAK HEIGHT VERSUS % co2 BY VOLUME 
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APPENDIX G 

ESTIMATION OF BACTERIAL VOLUME 

IN A 20 MICROLITRE SAMPLE 

Let density of bacteria = 1 gm/ml. 

= 1000 mgm/ml. 

Hence the volume of 500 mgm of bacteria = 0.5 ml. 

120 

Hence, 1 litre of an inoculum containing 500 mgm bacteria/litre 

contains 0.5 cc of bacteria. 

Hence, 20 microlitres contains: 

20 0.5 ml of bacteria x 
1,000,000 

= 20 500 microlitres of bacteria x 
1,000,000 

= 1 .01 microlitres = 
100 

Thus, for a 500 mgm/litre bacterial inoculum, a 20 microlitre 

unfiltered sample contains a negligible volume of cellular 

material. The equation: 

solids carbon = unfiltered (sonicated) carbon - soluble 

carbon. 

(where the carbon values are obtained by infra-red analysis) 

is correct. Any inaccuracy caused by cellular volume present 

in the sample is much less than the experimental resolution 

of the analyzer. 
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APPENDIX H 

CALCULATION OF PPM GASEOUS CARBON EVOLVED 

FROM REACTOR PER LITRE OF FEED 

(a) The gram molecular volume of carbon dioxide is corrected 

for reactor temperature, reactor head pressure and 

atmospheric pressure for each sample. 

= 

Therefore: 406.8 x 22414 412.75 x = 
297 

Where: 406.8 ins. water 1 atmospheric pressure 

22414 ~c. = G.M.V. of co2 at S.T.P. 

273°A 0°C 

412.75 ins. water atmospheric pressure + reactor 

head pressure at time of sample. 

297°A 24°C 

v2 = corrected G.M.V. 

(b) The resulting ambient density of gaseous carbon is 

calculated. 

v2 = 24032 

Therefore: 

cc. - 44.0098 gm co2 (= molecular weight) ; 

1 cc. co 2 
44.0098 gm co2 24032 



44.0098 x 12.011 x 1000 
~~~~~~~~~~~~~~~ mgm carbon 

24032 x 44.0098 

Therefore: 1 c~ co2 _ 0.4998 mgm carbon 

(c) The quantity of carbon evolving from the reactor per 

minute is calculated. 

Chromatograph:ic analysis gives 0 .1837 5% by volume co2 

being produced for this sample. Ambient total gas flow 

through the reactor = · 1030 cc/min • 

Hence, per minute, . 18375 
x 1030 cc.carbon dioxide pass. 

100 

.18375 
x 1030 x 0.4998 mgm carbon 

100 

i.e., 0. 9459 mgm carbon/minute · is being evolved. 

(d) Calculation of ppm gaseous carbon evolved from reactor 

per litre of feed. 

Carbon entering at the time of sampling =[dextrose pump 

flow rate ml/hr. x dextrose concentration gm/l x 1000 

x 2) divided by: 

(Total flow into reactor ml/hr. x 1000 x s.] 
= 531 ppm carbon entering at the .time of this 

sample. 

N 1 l •t f 1. 'd t th t 6 · 43 h ow i re o iqui en ers e reac or every r. 
3.5 

= 110.23 min/litre. 

Where: 6.43 = residence time 

3.5 l.= reactor volume. 

122 



Hence, 531 ppm carbon enters every 110.23 min. 

Therefore, carbon evolution per .litre entry = 0.9459 x 110.23 

= 104 ppm carbon. 

123 

That is, 104 

531 
x 100% of the influent carbon is being converted 

to a gaseous form at the particular time of sampling. 



APPENDIX I 

STATISTICAL ANALYSIS OF THE DATA 

124 

The two sets of data obtained for each residence time 

chosen, relate a non-random independent variable free from 

error (time), with a dependent variable (carbon concentration), 

subject to various errors. The sequence of statistical tests 

carried out is defined in the algorithm appended. 

{i) Significance of linear versus polynomial regression for 

the best fit for 14 data sets. 

A program was run, which takes each set of data (x = time, 

hours: y =carbon ppm), and fits polynomials of increasing 

order for increasing numbers of points. Comparison 

of second order regression with linear first order 

regression was done by comparing the difference 

between the sum of squares removed by the linear 

regression and the sum of squares of the second order 

regression with the residual sum of squares of the 

second order regression at the appropriate degrees of 

freedom. An F. test was performed for the increase in 

order. In all sets of data, at the 95% confidence 

interval, linear regression was found to give the best 

data fit. Figures (12) to (18) show the linear least 

squares lines. 

(ii) Significance of deviation of slope of influent carbon 

least squares line from zero. 
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The t-test to establish whether the slope is significantly 

different from zero compares the difference between the 

least squares slope and zero slope with the standard 

deviation of the slope at the relevant number of degrees 

of freedom. The 95% confidence limit was used and 

Table (A) shows the data. 

TABLE (A) 

Run T-.Statistic Degrees of Significance of Slope 
Freedom Difference From Zero 

at 95% Confidence. 

3 1. 6508 2 No significant difference 

4 15.1180 
I 

5 
I 

95% significance of 
difference 

5 2.9970 4 95% significance of 
difference 

6 1.0179 4 No significant difference 

8 0.3360 3 No significant difference 

9 2.0890 3 No significant difference 

10 0.4900 6 No significant difference 

(iii) Significance of fitting each pair of data sets with one 

line or two lines. 

For each run, the sum of squares of deviations from the 

best straight line through all the data and the sums of 

squares of deviations from the best straight lines with 

individual slopes (if individual slopes are significant 
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by test (iv)) or with pooled slopes (if individual 

slopes are not significant by test (iv)), were compared 

at their respective degrees of freedom: i.e., the 

deviations from the best straight line through all the 

data per set were compared with a minimum deviation obtainable 

by straight line correlation. This comparison provides 

a variance ratio which can be tested by the F-test. 

Resulting F-values are shown in Table (B). Significance 

or the lack of it at the 95% confidence level, is also 

shown in Table (B). 

(iv) Significance of difference of sLopes of the two least 

squares lines per pair of data sets. 

Regression an~ly~is procccd~~es having been used to fit 

linear least sq~ares lines to all the sets of data, the 

t-test to establish whether there is significant difference 

between two slopes was run. This requires an expression 

for the pooled estimate of the standard deviation of the 

slopes. The two variances of estimate from the two 

correlations are pooled by weighting according to their 

respective degrees of freedom, to give a pooled variance 

• A of estimate (s(y) . The t-statistic, 
p 

t b - b2 = 1 

~ 

(;l:i s(y) 
+ p 

with N1 + N2 - 4 degrees of freedom. 

1/2 
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where bl = slope of r~gression line through 

first data set 

b2 = slope of regression line for 

second data set. 

I:l 2 2 
I:xl xl = I:xl xl 

I:l 2 2 
I:x2 x2 = I:x2 x2 

= mean x values, set one 

= mean x values, set two 

The t- statistics resulting from this computation are 

listed in Table (B}. Computer programs run on the CDC 

6400 machine are used for test (i} and (iii). 



* Run t-Statistic Degrees of Significance of F-Value Degrees of 
Freedom Different Slopes Freedom 

3 0.4054 4 No significance 479.16 1 and 4 

4 - 0. 04902 9 No significance 34.65 1 and 10 

5 0.0023 8 No significance~ 68.76 1 and 8 

6 0.1776 8 No significance 106.71 1 and 8 

8 0.1645 6 No significance 0.47 1 and 6 

9 3.1799 6 95% confidence 178.47 2 and 5 
of significance~ 

10 0.2433 11 No significance! 36.38 1 and 12 

* Significance or lack of it is considered at the 95% confidence level. 

TABLJ<~ (B) 

* Significance of 
Separate Least 
Squares Lines Over 
One Line For All 
Data Per Run 

High significance 
for separate lines 

~igh significance 
for separate lines 

High significance 
for separate lines 

High significance 
for separate lines 

High significance 
for conunon line 

High significance 
for separate lines 

High significance 
for separate lines 

I-' 
(\,.) 

co 



Test significance of linear/poly.nomial. I-, 
regression for i;est fit of 14 data sets ~ 

linear fit T fit other than linear 

Test significance of deviation of slope 
of influent carbon least squares line 
from zero 

with 
nomial 

Test significance of fitting eac~ pair of I ~ IIf no significance 
data sets with one line or two lines for two lines: no 

two lines significant per pair 
of data sets 

Fit linear least squares regression lines) 
to data sets 

Test significance of difference of slopest 
of two least squares lines per pair of · 
data sets 

significant slope difference 

Examine increasing/decreasing carbon 
balance error 

No 

significance of 
aterials balance 

error 

No significant slope 
difference 

I 
~;-In.t.ers~~t.J Yes 

Assess balance,__ _______________ _ 

error for run 

Ul 
t::! 
IO 
c 
trj 
z 
(J 
t:I:l 

0 
t-J:j 

Ul 
t-3 
~ 
t-3 
H 
Ul 
t-3 
H 
(J 
~ 
t"1 

t-3 
t:I:l 
Ul 
t-3 
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